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1 Introduction 

1.1 Motivation 

For the past years, global temperature records have been broken almost every month [1], clearly indicating 

the ongoing impact of climate change. Climate change has been linked to drought, extreme weather, sea 

level rise and loss of biodiversity. In order to limit the global temperature increase to the 2° C, or even 

1.5° C, as discussed in the Paris climate agreement, a very rapid reduction of CO2 emissions will be needed 

in the coming decades [2].  

To achieve this goal, photovoltaics (PV) deployment targets have been set to 2-10 TWp by 2030 [3]. In 

2015, 18.1% of the global final energy consumption consisted of electricity [4]. At the end of 2014, 1 % of 

this global electricity consumption was produced by PV, corresponding to 177 GWp cumulative installed 

capacity [5]. Since then, approximately another 130 GWp has been added, indicating the rapid growth of 

the PV market, but also showing that PV is still very far from dominating the energy market. In ref. [3] 

economical modelling is used to determine if the PV industry will be able to scale up rapidly enough to 

meet climate change targets of 2-10 TWp installed PV capacity in 2030. It is concluded that, even in the 

demand unconstrained scenario, this will be very challenging and the authors stress the importance of 

reducing capital expenditure (capex), as this would allow PV manufacturers to expand more rapidly. Over 

30 % of PV capex is due to poly-silicon production and it is therefore argued Si thickness should be reduced 

from 180 µm to 10-50 µm. However, doing so for Si wafers will be extremely challenging, as thin wafers 

break very easily.   

The commercial development of thin film silicon solar cells in the years 2000-2010 was mainly motivated 

by the costs of poly-silicon, which was very high at that time. However, when poly-Si costs plummeted, 

after supply finally caught up with demand, it turned out that the thin film silicon technologies had too 

low efficiencies (8-10 % [6]) to compete. Low Si consumption was not the only advantage of thin film silicon 

over silicon wafers: beside their homogeneous appearance (better aesthetics), the thin film silicon process 

is much more integrated (i.e. glass in, module out), resulting in very lower costs [7, p. 192].  

According to the Fraunhofer ISE Photovoltaics report, the annual PV production for 2015 was 43.9 GWp 

for multi-crystalline silicon (mc-Si), 15.1 GWp for mono-crystalline silicon, 2.5 GWp for CdTe, 1.1 GWp for 

CIGS and 0.6 GWp for a-Si [8]. The dominance of mc-Si (69 % in 2015) indicates that the largest market is 

still for moderate efficiency (15-16 %), low cost, mc-Si PV modules and not for higher cost, higher 

efficiency, mono-Si modules. In 2016, overcapacity has resulted in a drop of mc-Si module prices from 

0.45-0.5 to 0.35-0.4 €/Wp, which might further increase the dominance of mc-Si in the coming years.  
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Another development of the past years is that difference in material quality between so called high 

performance (hp) mc-Si wafers and mono-Si wafers has strongly decreased. This was mainly achieved by 

changing the mc-Si growth process to obtain a small grained material, thereby reducing intra-grain 

dislocations, as grain boundaries have the ability to reduce stress [9]. Removing impurities by phosphorus 

gettering and passivating defects by hydrogen passivation have resulted in n-type mc-Si lifetimes >1 ms 

[10], making the material quality comparable to that of mono-Si wafers. Together with the commercial 

break-through of the Passivated Emitter Rear Cell (PERC) technology this has resulted in record mc-Si cell 

and module efficiencies of 21.25 % [11] and 19.86 % respectively. These results clearly indicate the 

efficiency potential of mc-Si.   

The goal for the multi-crystalline silicon on glass technology used in this thesis, is to combine the low cost 

advantages of thin film silicon with the high efficiency of multi-crystalline silicon wafer cells. 

1.2 Solar Cells Based on Crystallized Silicon on Glass  

Figure 1-1 shows a schematic cross-section of a basic crystallized silicon on glass solar cell. An interlayer 

stack between the glass substrate and the crystallized silicon absorber, generally consisting of SiOx, SiNx 

and SiCx layers, is needed as diffusion barrier, anti-reflection coating and defect passivation layer. The 

absorber thickness is typically between 2 and 20 µm. Crystallized silicon on glass can only be contacted 

from one side. Therefore, it requires a backside-contacting (BC) scheme with both contacts (absorber- and 

emitter contact) on the same side and some insulator or air in between to prevent shunting. Illumination 

is generally through the glass (superstrate configuration), but some devices are bifacial, i.e. can be 

illuminated from both sides. The generated minority carriers can only diffuse a relatively short distance 

before recombining and therefore the emitter, which collects the minority carriers, has to cover most of 

the cell area. 

 
Figure 1-1. Schematic cross-section of a basic crystallized silicon on glass solar cell. 

Development of crystallized silicon on glass solar cells started at the UNSW in the late 80’s [12], resulting 

in the founding of the company Pacific Solar (1995-2004)[13]. The silicon on glass was crystallized by 

annealing of a 2-2.5 µm thick amorphous silicon (a-Si) precursor at 600 °C for 20-30 hours, in a process 
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called solid phase crystallization (SPC) [14]. At the same time, this technology was developed at Sanyo 

Electric Co. in Japan, resulting in an n-type cell with an open-circuit voltage (VOC) of 553 mV and an 

efficiency (η) of 9.2 % in 1996 [15]. Pacific Solar was followed by the commercialization of the technology 

by the German company CSG Solar in 2004. Pacific Solar and CSG Solar developed a contacting scheme 

with point contacts for both contact polarities, resulting in the industrial production of 1.4 m2 modules 

and a 94 cm2 mini-module with a record efficiency of 10.4 % [16] in 2007. However, the high VOC of Sanyo 

could not be reproduced by others and the VOC values obtained since were limited to about 500 mV, 

indicating the need for a higher material quality.  

Laser crystallization and annealing of silicon have been developed since the late 70’s and are widely applied 

in the LCD industry to create fast switching transistors for high quality displays. In 1999 Pacific Solar applied 

for a patent on the recrystallization of a 0.1-10 µm thick silicon layer over a liquid phase for making a 

photovoltaic device [17]. Initially, most efforts in this field were focussed on seed-layer crystallization and 

subsequent epitaxial thickening [18]. It wasn’t until 2011 that the first solar cell results were published 

that showed the liquid phase crystallization (LPC) of an approximately 10 µm thick Si precursor layer, 

resulting in a VOC of 545 mV [19], indicating a higher material quality than SPC-Si. Mainly by changing the 

interlayer stack between the glass and the c-Si from SiCx to a SiO2/SiNx/SiO2 stack, the VOC was increased 

to 585 mV and an initial efficiency of 11.7 % [20] was obtained at UNSW, using an adapted version of the 

aforementioned CSG Solar point contact device. In parallel, the LPC-Si development and specifically the 

use of n-type doping at HZB resulted in VOC values above 600 mV and a stable efficiency of 11.8 % [21], 

[22], using a bifacial device concept with stacked contact fingers (“FrontERA”).  

Both at UNSW and HZB the interlayers were deposited by RF magnetron sputtering and the silicon 

precursor was deposited by electron-beam (e-beam) evaporation. At UNSW these layers were deposited 

on 3.3 mm Schott BOROFLOAT33 substrates and crystallized with a line shaped laser beam, while at HZB 

the layers were deposited on 1.1 Corning Eagle XG substrates and crystallized with a line-shaped e-beam.  

The most visible material improvement of LPC-Si over SPC-Si is the increase in grain size from 1-3 µm for 

SPC-Si, to elongated grains in the mm2 range for LPC-Si [14]. However, in ref. [23] it is argued that the 

increase in VOC for LPC vs SPC, is due to a decrease of intra-grain dislocation, rather than the increase of 

the grain size. The effective diffusion length (Leff) in LPC-Si is estimated in the 10-30 µm range [24], [25] 

LPC-Si cells have to be contacted on the backside, which has the potential advantage of avoiding optical 

shading by metal contact fingers and parasitic absorption by contact layers at the front. This is the reason 

why the three highest efficiency crystalline silicon wafer solar cells are all back-side contacted [26], [27]. 
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However, in order to utilize this advantage of no optical shading, it is important to minimize losses due to 

“electrical shading” at the back side. Electrical shading occurs when most of the minority carriers 

generated above the absorber contact recombine before being collected at the emitter. This increased 

recombination can be due to the longer distance they have to traverse to the emitter and the (usually) 

high recombination at the absorber contact. One strategy to avoid electrical shading losses is to use 

passivated (low recombination) contacts, which are also narrow compared to the effective diffusion 

length. This strategy is followed for LPC-Si in ref. [28]. An alternative strategy to minimize electrical shading 

losses (used in the second part of this thesis) is to use point contacts. Point contacts cover only a very small 

fraction of the cell area (2-4 %) and therefore the electrical shading loss is limited to this small fraction.  

Contrary to SPC, LPC results in a uniformly doped c-Si layer, requiring a separate, subsequent emitter 

formation. The UNSW group used high temperature (furnace) diffusion to create an n-type homo-emitter 

on a p-type c-Si absorber, resulting in the aforementioned 11.7 % LPC-Si point contact cell [20]. At HZB this 

point contact cell concept was adapted by laser firing of the absorber point contacts in order to stabilize 

the efficiency [29] and by using both an a-Si/c-Si heterojunction (SHJ) emitter and n-type absorber doping, 

resulting in an 11.5 % point contact cell with a VOC of 619 mV [30]. The efficiency of this cell was mainly 

limited by the low FF of 65.5 % and it was speculated that the high cell resistance was caused by the contact 

between the a-Si emitter and the transparent conductive oxide (TCO).  

An important factor in the 10.4 % SPC-Si efficiency record was the high short circuit current density (JSC) of 

29.5 mA/cm2, despite an absorber thickness of only 2.2 µm. The main reasons for this high JSC were the 

very low reflection loss and excellent light trapping provided by the homogeneous, high angle texturing of 

both the air/glass and glass/Si interfaces. Also, the texturing of the latter interface was (automatically) 

transferred to the Si backside, further improving the optical properties. For LPC-Si, such (high angle) 

glass/Si texturing is incompatible with the crystallization process [31], leading to the need for different 

anti-reflection and light trapping techniques.   

1.3 Goals and Outline 

In a cooperation with the thin film silicon company Masdar PV GmbH, the goal for the first part of this 

thesis (chapters 3 and 4) was the development of the precursor and interlayer deposition by plasma 

enhanced chemical vapour (PECVD) deposition, using the bifacial FrontERA contacting scheme. The main 

reason for this material development was because PECVD deposition was available on an industry scale, 

contrary to e-beam evaporation. After Masdar PV withdrew from PV production at the end of 2014, the 

goal of the thesis shifted to the understanding and reduction of the fill factor (FF) and JSC losses in textured 
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LPC-Si cells, using the (industry compatible) point contacting scheme (chapters 5 and 6).  

In chapter 2 the characterisation methods are introduced. The fabrication methods are mostly specific to 

the first part (PECVD material, using FrontERA) or second part (point contact cells) of the thesis and are 

therefore introduced at the beginning of chapter 3 and chapter 5 respectively. Chapters 3 describes the 

development of PECVD interlayers and precursors, comparing them to sputtered interlayers and e-beam 

evaporated precursors, using bifacial FrontERA cells. In chapter 4 the photocurrent losses and potentials 

of these cells are analysed in more detail, e.g. investigating the effect of absorber texturing and a textured 

anti-reflection foil. This chapter also introduces several concepts and methods that will be used for the JSC 

analysis of the point contact cells in the subsequent chapter. Chapter 5 describes the further development 

of the point contacting scheme, focussing on reducing shunting, increasing the absorber doping, 

implementing absorber texturing and new emitter/TCO combinations. Analysis of the resistance and 

photocurrent losses results in the identification of several other potential efficiency improvements. 

Chapter 6 describes the first LPC-Si (point contact) mini-modules. This is followed by a comparison of the 

p- and n-type, FrontERA and point contacting schemes in chapter 7 and a summary in chapter 8. 
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2 Characterization Methods 

In this chapter an overview is given of the characterization methods used in this thesis. This includes both 

the measurements setups and the methods that were used for analysing the measured data. Section 2.1 

introduces the solar simulator measurement and derivation of the J-V parameters and section 2.2 

describes the Suns-VOC measurement and derivation of the pseudo J-V parameters by. Section 2.3 

introduces the reflectance (R) and transmittance (T) measurements, which is followed by a description of 

the external quantum efficiency (EQE) measurements in section 2.4. Section 2.5 describes the light beam 

induced current (LBIC) measurement and the derivation of the the dead area fraction. Section 2.6 

introduces the dark lock-in thermography measurement and discusses how it can be used to determine 

the location of shunts and locally increased recombination. Section 2.7 describes the derivation of the 

recombination loss and effective diffusion length from the EQE, R and T measurements using the collection 

efficiency model. 

2.1 J-V Curves and Parameters – Solar Simulator 

The J-V curves were measured using a dual-source (tungsten and xenon lamp) sun simulator with class 

AAA characteristics (WXS-155 S-L2 by Wacom Electric Co, Japan). The lamp intensity was calibrated before 

starting the measurements using calibrated c-Si cells. A rotatable chuck (flip-flop-chuck) was used with 

which cells can be measured both in substrate and superstrate configuration. The solar simulator with flip-

flop-chuck is shown in Figure 2-2a-c. The J-V measurements were made with a 4-point probe. 

Figure 2-1a shows an examples of the J-V and P-V curves (for a point contact cell), as well as the derivation 

of all the J-V parameters. The VOC is the voltage for J = 0 and the JSC is the current density for V = 0. The 

power density (P) is obtained by multiplying J and V, and the efficiency (η) equals the maximum power 

density (Pmax) divided by the solar irradiance (I0 = 100 mW/cm2). The VMPP and JMPP are the voltage and 

current density at the maximum power point. The FF is obtained by dividing Pmax by the VOC∙JSC product.  

The inverse of the slope of the J-V curve at JSC is generally presented as the parallel or shunt resistance 

(Rparallel). If the slope at JSC continues linearly for negative voltages, this indicates an Ohmic shunt. Non-

linear slopes at or near JSC can have various causes as will be discussed in sections 4.1 (distributed 

resistance) section 5.3 (non-Ohmic shunts) and section 5.6 (locally increased recombination). 

The slope of the J-V curve at VOC usually equals the sum of the series resistance (Rs) and the “apparent 

resistance” (Rdiode). The apparent resistance is not a resistance, but the slope of the diode curve, which is 

usually about 1 Ωcm2 at VOC, but approaching 0 for higher voltages (>>VOC). Figure 2-1b shows how the 
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slope of the J-V curve (“local Rs”) approaches a limiting value for high voltage because Rdiode becomes 

negligible. Based on the figure, the cell resistance will be determined from the slope of the J-V curve at 

~0.9 V.  

For the J-V measurement of a module with series connected cells, the VOC (or VMPP) per cell is obtained by 

dividing the measured VOC (or VMPP) by the number of cells. The JSC (or JMPP) per cell is obtained by dividing 

the measured current by the area of one of the series connected cells (not the entire module).  

 
Figure 2-1. Fig. a shows example J-V (solid) and P-V (dashed) curves. All J-V parameters and their derivation 
are shown in the graph. Rdiode is the apparent (diode) resistance. Fig. b shows how the local Rs (slope of the 
J-V curve) approaches a limiting value for high V. 

In order to prevent overestimation of the JSC, Tipp-Ex was applied at the edge of the best samples to 

prevent inscattering. This can be a significant factor because the sides of the 3.3 mm thick boro33 substrate 

are often broken under large angles.  

As the point contact cells are optically uniform and their cell area is defined by a laser isolation scribe, they 

were measured with large area illumination (without mask). For FrontERA cells (and test cells [25]), there 

is the possibility of significant collection of carriers from outside the cell area (discussed in section 4.2). In 

order to obtain the correct JSC it is necessary to either use a mask or to determine the collection outside 

the cell area and correct for it. 

Cells with light trapping/scattering in the glass substrate can also be affected by a measurement problem 

which causes an underestimation of the JSC: if the measurement spot (or mask opening) is too small, then 

light is scattered out of the cell area, which is not (fully) compensated by light scattered into the cell area 

through the same mechanism. It is possible to prevent this outscattering problem by cutting the cell out 

of the sample and making the sides reflective, while still being able to measure with a mask. However, this 

would be very difficult and therefore the only practical solution to prevent the outscattering error is to 

increase the measurement spot (assuming optical uniformity over the illuminated area). 
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The J-V curves of the best cells were measured with a textured anti-reflection foil (ARF) by DSM advanced 

surfaces, featuring mm-sized pyramids [32], which is applied on the glass with a thin water adhesion layer 

in between. For measurements with the ARF, it is especially important to account for the in/outscattering 

effect described above, as the light is scattered through the (up to 3.3 mm thick) glass substrate before 

even entering the absorber. 

 
Figure 2-2. Solar simulator with flip-flop chuck and 4-point probe (a-b), sample with Tipp-Ex on edges and 
AR foil on glass (c) and Suns-VOC setup (e) with superstrate contacting unit (d). The arrows indicate the 
direction of the light. 

2.2 Pseudo J-V Curves and Parameters - Suns-VOC 

The Suns-VOC measurement (shown in Figure 2-2e) uses a flash lamp to measure the VOC of a solar cell at 

light intensities between 6 and 0.01 suns. The light intensity is measured with a c-Si reference cell. A special 

contacting unit was constructed to measure point contact cells in superstrate configuration (Figure 2-2d). 

The bifacial test and FrontERA cells were (only) measured in substrate configuration. Even though the flash 

only lasts about 13 ms, this is sufficiently slow for the solar cell to be in a quasi-steady-state [33], allowing 

for the measurement of the VOC at each intensity (i.e. no current flow). By assuming that the JSC varies 

linearly with the light intensity (measured by the reference cell and expressed in suns) and using the 

superposition principle, a pseudo J-V curve is constructed using the measured V = VOC(suns) and [33]:  

 𝐽 = 𝐽SC(1 − 𝑠𝑢𝑛𝑠) ,       (1) 
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where the JSC is an input parameter. This pseudo J-V curve is basically a normal J-V curve without the 

influence of series resistance, as the VOC is not influenced by series resistance. From this pseudo J-V curve, 

the pFF is derived, which is the FF without series resistance.  

2.3 Reflectance and Transmittance - Spectrophotometer 

The reflectance (R) and transmittance (T) were measured using a PerkinElmer Lambda 1050 

spectrophotometer with an integrating sphere as shown in Figure 2-3a. For the cell and AR foil 

measurements, the light spot was made smaller than the cell area, using a focussing lens (RT) or iris 

diaphragm (T). The inside of the integrating sphere is covered with (white) Spectralon (R > 99 %) and the 

light is reflected many times inside the integrating sphere before being measured by the sensor. The tool 

is calibrated before starting the measurements with a 0 % (black cover) and Spectralon (R > 99 %) R 

measurement or a 0 % and 100 % T measurement. 

 
Figure 2-3. Schematic representation of the PerkinElmer Lambda 1050 spectrophotometer with 
integrating sphere. Position of the sample and optical components for the small spot R (red) and T (green) 
measurements in indicated in the figure. The light reaches the sensor after many reflections in the 
integrating sphere. 

2.4 External Quantum Efficiency 

External quantum efficiency (EQE) measurements measure for each wavelength which fraction of the 

incident light is converted to photocurrent. The measurement is calibrated with a calibrated reference cell. 

For measuring cells with well-defined cell area (point contact cells) and/or strong light scattering, an EQE 

setup was used with a measurement spot much larger than the sample (Figure 2-4b). EQE measurements 

of FrontERA cells on this large area EQE tool were corrected for collection outside the cell area (determined 

by LBIC, next section). The setup uses bandpass filters to create monochromatic light about every 20 nm 

between 300 and 1200 nm. For test cells, the measurement area is often not clearly defined because of 

inhomogeneous etching and collection outside the cell area. Therefore, an EQE setup with an 

approximately 2 x 3 mm2 measurement spot (Figure 2-4c) is used, making an accurate determination of 

the cell area unnecessary. This setup uses a monochromator to create monochromatic light, e.g. every 
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10 nm between 300 and 1200 nm.  

The large area EQE uses a halogen lamp that is very weak for short wavelength, causing the EQE to be very 

inaccurate for λ < 340 nm. These values are therefore ignored. The small spot EQE has a dual light source 

(Xenon and Halogen), thereby avoiding this problem.  

The bias light was varied with a halogen lamp. The bias light intensity was determined by dividing the 

measured cell current through the product of the JSC (determined with the EQE measurement) and the 

area of the cell (e.g. 3 mA / 24 mA/cm2 / 0.6 cm2 ≈ 0.3 suns). P-type cells have a strong bias light 

dependence [34] and should therefore be measured with a bias light >0.1 suns. However, too high bias 

light intensity can also cause measurement errors due to a low signal to noise ratio and sample heating. 

The optimum bias light intensity for p-type cells (high EQE, low noise) was found to be 0.1-0.5 suns. For n-

type cells, no fundamental bias light dependence was observed.  

 
Figure 2-4. Figure a and b show the large area (a) and small spot (b) EQE measurement setups. The arrows 
indicate the direction of the light. 

All the possible JSC errors mentioned for the J-V measurement in section 2.1 also apply to the EQE 

measurement, including the compensation of in- and outscattering. Therefore, the large area EQE set-up 

is more accurate (for long wavelengths) for cells with textured c-Si absorbers and especially with the 

textured anti-reflection foil.  

The internal quantum efficiency (IQE) is defined as the EQE corrected for the reflectance (R) and 

transmittance (T) of the cell: IQE = EQE/(1-R-T). In this thesis we distinguish between the IQE and the 

collection efficiency (ηc), which additionally corrects the EQE for the parasitic absorption (Apar) and the 

dead area as will be discussed in section 2.7. 

2.5 Light Beam Induced Current Measurements and Dead Area Fraction 
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Light beam induced current (LBIC) measurements use a low power laser beam to scan the cell and create 

a current map showing the relative current contribution for each location. The LBIC setup is shown in 

Figure 2-5a. All samples were illuminated through the glass. The laser has a wavelength of 532 nm or 

904 nm.  The laser spot has a full width at half maximum (FWHM) of approximately 30 µm. For each cell, 

the laser spot is focussed by positioning the beam inside an absorber contact (i.e. a local collection 

minimum) and moving the lens up and down until the LBIC signal is minimized (i.e. focussed in the local 

minimum). For most samples, the halogen bias light intensity was set to 0.1-0.5 suns (intensity determined 

from the cell current). Lock-in technique is used to separate the LBIC current from the bias light current. 

The bias light mainly influences resistance effects, which become (more) apparent as the current and 

therefore the resistance loss increase. Increasing the bias light intensity also decreases the signal-to-noise 

ratio and causes sample heating. A complete cell measurement generally takes 1-3 days, depending on 

the chosen resolution. Filters are used to reduce the laser beam intensity to a local intensity in the order 

of 50 suns. Reduction of the laser intensity decreases the signal-to-noise ratio. Therefore, the minimum 

laser intensity possible for a cell depends on the bias light intensity. In the presence of bias light, variation 

of the local laser intensity over 2 orders of magnitude (approx. 1-100 sun) did not result in a significant 

difference between the (relative) LBIC scans. Therefore, the local intensity of 50 suns should not affect the 

measurement result. 

 

Figure 2-5. LBIC (a) and DLIT (b) measurement setups. The arrows indicate the direction of the light. 

The LBIC measurement is used, among other things, to determine the dead area fraction due to electrical 

shading by the absorber contact. In order to quantify the dead area, a Matlab program was written, which 
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determined the position of the local minima in the LBIC signal formed by the absorber contacts and 

integrates the relative reduction of the LBIC signal compared to the surrounding cell area for each absorber 

contact. This relative reduction of the LBIC signal is then used to calculate either the width (FrontERA) or 

the radius (point contact) of a hypothetical completely dead line/circle which would cause the same total 

reduction of the LBIC signal. Finally, the median of all the calculated dead area widths/radii for the entire 

measurement (cell) is taken in order to remove outliers. This results in a value for the dead area which can 

be compared to the physical width/radius of the absorber contacts and which can be used for optimization 

of the contact spacing. For the JSC analysis the dead area width/radius is converted to a dead area fraction 

(fDA) using the finger length for the FrontERA cells and the number of point contacts for the point contact 

cell.  

2.6 Dark Lock-in Thermography 

In thermography measurements a voltage is applied on a cell, which results in a (local) current flow and 

local heating. This heating is measured by an IR camera (Figure 2-5b). By applying a voltage to a solar cell 

in the dark, different currents will flow through the cell depending on the voltage: for negative or small 

positive voltages, a current will only flow through shunts and for voltages close to and larger than the VOC, 

a current will flow through the entire active cell area. For moderate voltages, a current will also flow 

through regions with higher recombination (i.e. low VOC). A shunt can also be non-Ohmic, resulting in a 

different current for positive and negative voltage. These currents cause resistive heating, which is 

measured with an IR camera (thermography). The use of the lock-in technique, where the voltage is 

applied at a certain frequency and the measurement is analyzed correspondingly, improves the sensitivity 

and spatial resolution of the measurement [35]. 

2.7 Recombination Losses and Diffusion Length - Collection Efficiency (ηc) 

This section describes a method for analysing the EQE, R and T measurements in order to determine the 

photocurrent loss due to recombination and to estimate the effective diffusion length (Leff). The collection 

efficiency ηc is the fraction of the carriers generated in the absorber which are collected at the emitter for 

each wavelength. The rest is lost due to recombination in the absorber and at the interlayer interface.  

2.7.1 Experimental ηc 

The experimental ηc equals the collected carriers (EQE) divided by the generated carriers (1-R-T-Apar). Also, 

the recombination losses were separated into the wavelength independent recombination (dead area, fDA, 

section 2.5) and the wavelength dependent recombination due to recombination in the bulk and at the 

interlayer interface (recomb), which will be described by ηc(λ)). The experimental ηc is obtained with the 
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following equation: 

 
𝜂c(𝜆) =

𝐸𝑄𝐸

1 − 𝑅 − 𝑇 − 𝐴par − 𝐸𝑄𝐸 × 𝑓DA
=

𝐸𝑄𝐸

𝐸𝑄𝐸 + 𝑟𝑒𝑐𝑜𝑚𝑏
 . (2) 

Apar is generally only known with acceptable accuracy in a small wavelength range, e.g. for LPC-Si cells that 

are illuminated through the glass, the short wavelength light is only absorbed parasitically in the glass, 

resulting in a small and easily calculated Apar for 400 < λ < 600 nm. Fitting the calculated ηc to the 

experimental ηc in this small wavelength range, was used to obtain estimates for the effective diffusion 

length (Leff) and an approximate ηc for the rest of the wavelength range. This ηc was then used to calculate 

the photocurrent loss due to recombination in the bulk and at the interlayer interface. 

2.7.2 Calculated ηc: Equations 

The collection probability (fc(x)), i.e. the probability of collecting at the emitter a carrier generated at 

position x, is given by (e.g. [36], [37]): 

 

𝑓c(𝑥) =

𝑆𝐿
𝐷⁄ sinh(

𝑑 − 𝑥
𝐿 ) + cosh(

𝑑 − 𝑥
𝐿 )

𝑆𝐿
𝐷⁄ sinh (

𝑑
𝐿) + cosh(

𝑑
𝐿)

 , (3) 

 
𝐷 = 𝜇

𝑘𝑇

𝑞
= 𝜇𝑉T (4) 

 where D is the minority carrier diffusion coefficient, µ is the minority carrier mobility, k is the Boltzmann 

constant, T is the temperature, q is the elementary charge, VT is the thermal voltage, the junction is defined 

at x = 0 and the interlayer-Si interface is defined at x = d. For µ, the mobility of mono-Si is assumed [38], 

because no measurements exists for the minority carrier mobility in LPC-Si. Majority carrier mobility 

measurements are presented and discussed in appendix A.3.1. In order to calculate the collection 

efficiency ηc(λ), fc(x) must be multiplied by the generation rate (G(x,λ)), integrated over x and normalized 

by the total generation: 

 𝜂c(𝜆) =
∫ 𝐺(𝑥, 𝜆) × 𝑓c(𝑥)𝑑𝑥

𝑑

0

∫ 𝐺(𝑥, 𝜆)𝑑𝑥
𝑑

0

, (5) 

In order to solve this equation the generation profile must be known. As was done in ref. [39] the 

generation profile can be derived without simulation in two extreme cases: if the absorption depth (1/α, 

where α is the absorption coefficient of silicon) is much larger than the absorber thickness d, only a small 

fraction is absorbed for each pass through the absorber. Therefore, the generation rate can be considered 

uniform. As a result, G drops out of eq. (5) and the collection efficiency is given by [39]: 
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𝜂c =

𝐿

𝑑

𝑆𝐿
𝐷⁄ + tanh(𝑑

𝐿⁄ ) −
𝑆𝐿

𝐷⁄

cosh(𝑑
𝐿⁄ )

1 + 𝑆𝐿
𝐷⁄ tanh(𝑑

𝐿⁄ )
 , for 

1

𝛼
≫ 𝑑 

(6) 

If the absorption depth (1/α) is much smaller than d, the generation profile G can be calculated with the 

Lambert-Beer law (I = I0e-αx). If the light comes from the emitter side (substrate configuration), the 

generation profile is given by 𝐺(𝑥, 𝜆) = 𝐺0,𝑠𝑢𝑏𝑒−𝛼(𝜆)𝑥, where the constant G0,sub is irrelevant as it drops 

out of eq. (5), and ηc becomes [39]: 

 𝜂c(𝜆) =
𝛼𝐿

𝛼2𝐿2 − 1
(𝛼𝐿 −

𝑆𝐿
𝐷⁄ + tanh(𝑑

𝐿⁄ )

1 + 𝑆𝐿
𝐷⁄  tanh(𝑑

𝐿⁄ )
) , for 

1

𝛼
≪ 𝑑 & substrate (7) 

If the light comes from the glass/interlayer side, which is called superstrate configuration, the generation 

profile is given by 𝐺(𝑥, 𝜆) = 𝐺0,𝑠𝑢𝑝𝑒𝛼(𝜆)(𝑥−𝑑) and ηc becomes [40, pp. 727–729]: 

 𝜂c(𝜆) =
𝛼𝐿

𝛼2𝐿2 − 1
(

𝐿(𝛼 + 𝑆
𝐷⁄ )

cosh(𝑑
𝐿⁄ ) + 𝑆𝐿

𝐷⁄  sinh(𝑑
𝐿⁄ )

) , for 
1

𝛼
≪ 𝑑 & superstrate (8) 

The influence of a frontside texturing (e.g. textured anti-reflection foil) on the collection efficiency is to 

change the generation profile. It is possible to correct for this by replacing α in eq. (7)-(8) by α/cosθ, where 

θ is the average angle, relative to the normal, of the light upon entering the silicon [39].  

For d ≈ 10 µm, the 1/α « d condition for eq. (7) and (8) translates too λ < ~600 nm and the 1/α » d condition 

for eq. (6) translates to λ > ~900 nm. The ηc values for the intermittent wavelengths were obtained by 

fitting the calculated ηc values with a hyperbolic tangent function: 

 𝜂c = 𝐴 tanh(𝐵(𝜆 − 𝐶)) + 𝐷 ,  (9) 

where A, B, C and D are fitting parameters. A equals the difference of ηc(300 nm) and ηc(900 nm) and D 

equals the average of ηc(300) and ηc(900). It was determined empirically that C is a value between 500 and 

650 nm and B is a value between 0.01 and 0.03. The tanh function was chosen for fitting because of the 

tanh functions in eq. (6)-(8) and because it results in a good fit, as will be shown in the next section. 

2.7.3 Calculated ηc: Example 

Figure 2-6 illustrates the ηc equations (3)-(8): Figure 2-6a shows G(x), for light coming from the interlayer 

side (superstrate), and the collection probability fc(x), for 4 different combinations of L and S. G(x) was 

normalized in such a way that it shows the fraction of the incoming light absorbed each µm, e.g. for 

λ = 900 nm, ~2-3 % of the incoming light is absorbed each µm. For the solid curves, the recombination is 

completely L-limited (S = 1 cm/s) and for the dashed curves, the recombination is completely S-limited (L 
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= 1 mm). For the light blue L-limited curve Leff = L = 20 µm and for the dark blue L-limited curve Leff = L = 

10 µm. For the S-limited curves, S was chosen such that the effective diffusion length (Leff) equals 20 µm 

(light blue) or 10 µm (dark blue), where Leff is given by [41]: 

 𝐿eff = √𝐷 (
𝐷

𝐿2
+

𝑆

𝑑
)

−1

. (10) 

The other input parameters were d = 10 µm and µ = 317 cm2/Vs (corresponding to 1017 cm-3 doped n-type 

c-Si). By using eq. (5), i.e. multiplying the fc and G curves in Figure 2-6a for λ < 600 nm, integrating over x 

from 0 to d and normalizing by the total generation (eq.(8)), the superstrate ηc values (orange dots) for λ 

< 600 nm in Figure 2-6b were obtained. By doing the same with G(x) curves for light coming from the 

emitter side (not shown) (eq. (7)), the ηc values (green dots) for λ < 600 nm in Figure 2-6b were obtained. 

G(x) for 900 nm is approximately uniform, so by doing the same for a uniform G(x) (eq. (6)) the ηc values 

(black dots) for λ = 900 nm, for both substrate and superstrate configuration, in Figure 2-6b were 

calculated. The lines connecting the calculated ηc values in Figure 2-6b were obtained with the tanh fitting 

eq. (9). It can be seen that this tanh equation results in a good fit. 

It can be seen that the L- and S- limited fc curves (blue, Figure 2-6a) with the same Leff are quite similar, 

except close to the interlayer (x = d). It can be seen from the G(x) curves in Figure 2-6a that the short 

wavelength light is absorbed completely within several µm after entering the c-Si. Therefore, ηc(300 nm) 

≈ fc(0) = 1 for light coming from the emitter side (substrate), while ηc(300 nm) ≈ fc(d) for light coming from 

the interlayer side (superstrate). Therefore, the large fc(d) difference for the S- and L- limited curves results 

in large differences between the L- and S- limited superstrate ηc curves, but almost no difference for the 

substrate curves.  
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Figure 2-6. Fig. a shows the L-limited (solid, S = 1 cm/s) and S-limited (dashed, L = 1 mm) collection 
probability (fc) for Leff = 10 µm (dark blue curves) and Leff = 20 µm (light blue curves). It also shows the 
generation rate G(x) for light coming from the interlayer side, normalized such that it shows the fraction 
of the incoming light absorbed per µm, for λ = 500 (green), 600 (orange) and 900 (red) nm. Fig. b shows 
the collection efficiency (ηc) for λ < 600 nm for superstrate (orange dots) and substrate (green dots) and 
for λ > 900 nm (black dots), calculated from the fc curves in Fig. a, using the equations referred to in Fig. b. 
The lines connecting the dots are fitted using the tanh function in eq. (9). 

In principle, it is possible to obtain a best fit of the measured substrate or superstrate ηc for a unique 

combination of L and S, due to the difference in shape. However, in practice this is only (approximately) 

possible for cells with a very low ηc, i.e. very low Leff. This changes when simultaneously fitting the 

measured substrate and superstrate collection efficiency for (bifacial) cells as is done in appendix A.4. If 

these measurements are not available or possible, it is still possible to estimate the Leff by fitting the 

measured ηc by an L-limited and S-limited curve and taking the average of both Leff values as will be done 

in section 3.3.1, 4.1.5 and 5.8.  Aside from estimating the Leff, the fitted ηc(λ) will be used to determine the 

photocurrent loss due to recombination in the bulk and at the interlayer interface. Finally, the ηc equations 

will be used in section 5.8 to estimate the optimum absorber thickness for various Leff values. 
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3 Development of PECVD Interlayers and Precursors using FrontERA Cells 

In this chapter, bifacial, interdigitated FrontERA cells are used to evaluate interlayers and precursor 

material deposited by plasma enhanced chemical vapor deposition (PECVD) on 3.3 mm BOROFLOAT33 

glass substrates. These layers are compared to the standard material, consisting of interlayers deposited 

by RF magnetron sputtering (physical vapor deposition, PVD), and precursors deposited by electron-beam 

(e-beam) evaporation. Section 3.1 introduces the LPC-Si development leading up to the research in this 

chapter. Section 3.2 presents the material and FrontERA cell preparation. In section 3.3 the PECVD material 

is compared to the PVD/e-beam material, investigating the J-V parameters, absorber doping dependence, 

grain boundary recombination and shunting behavior. Finally, it is shown how the PECVD material resulted 

in p- and n-type LPC-Si cells with record efficiencies. 

3.1 Introduction 

Liquid phase crystalized silicon (LPC-Si) consists of a glass substrate, an interlayer stack and a 5-20 µm c-Si 

absorber, which is crystallized over a liquid phase by melting a silicon precursor layer with a line shaped 

energy source. In ref. [19], Amkreutz et al. sputtered 500 nm SiCx:B interlayers on 1.1 mm Corning Eagle 

XG [42] glass substrates , followed by a 8-13 µm nc-Si precursor deposition by low pressure CVD (LPCVD) 

at 670 °C. These samples were then crystallized using a line-shaped e-beam. Heterojunction test cells were 

made on this material, resulting in a highest VOC of 545 mV and η of 4.7 %. In ref. [43], Dore et al. found 

that the SiOx layer is the best diffusion barrier for impurities from the glass and SiNx is the best anti-

reflection layer. Subsequently, they deposited SiOx and SiNx layer stacks by sputtering or PECVD on 3.3 mm 

Schott BOROFLOAT33 [44] (“Boro33”) substrates, combining the best properties of both layers. This was 

followed by a precursor deposition using e-beam evaporation and crystallization using a line shaped laser 

beam [45]. It was found that by adding a 15 nm thin SiOx layer on the SiNx anti-reflection layer, it is possible 

to obtain both high VOC and JSC. Using a 80/70/15 nm SiOx/SiNx/SiOx (O/N/O) intermediate layer and point 

contact cells with diffused homo-emitter, a VOC of 557 mV, JSC of 24.2 mA/cm2 and η of 8.4 % were 

obtained. In ref. [46], Haschke (and Amkreutz) et al. deposited a 200 nm SiOx and 7-10 SiCx intermediate 

layer on a Corning substrate, followed by e-beam evaporation and crystallization of the precursor. 

Recombination at the interlayer interface was very high, resulting in low JSC for illumination through the 

glass (superstrate configuration). Therefore, a cell design was developed which allows for illumination 

through the contacted side (substrate configuration), while minimizing shading losses, by stacking the 

contact finger grids on top of each other (separated by an insulator). Using these frontside-contacted  

heterojunction cells on e-beam recrystallized absorbers (“FrontERA”) a maximum VOC of 582 mV and η of 

5.7 % were obtained (on different cells). In ref. [47], Amkreutz et al. deposited 200 nm SiOx (instead of 
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SiCx) interlayers on Corning glass substrates by PECVD, followed by e-beam evaporation and crystallization 

of the precursor. Using FrontERA cells, a VOC of 577 mV and η of 7.8 % were obtained. In ref. [20], Dore et 

al. used PVD O/N/O interlayers on Boro33 substrates with e-beam precursors, laser crystallization and 

point contact cells to achieve a VOC of 585 mV and initial η of 11.7 %. This efficiency degraded to 10 % due 

to a contact resistance problem. All cell results presented thus far were made on p-type absorber material. 

By using n-type absorber doping, PVD O/N/O interlayers on Corning substrates, e-beam deposition and 

crystallization of the precursors, and FrontERA cells, Haschke and Amkreutz  et al. obtained a highest VOC 

of 656 mV [25] and stable η of 11.8 % [22]. These latter cells were fabricated during the same time period 

as the cells described in this chapter. 

The heterojunction cells on Corning substrates and e-beam crystallized absorbers by Amkreutz and 

Haschke et al. ([19], [22], [25], [46]) were made at the Helmholtz Zentrum Berlin (HZB), while the 

homojunction cells on Boro33 substrates and laser crystallization by Dore et al. ([20], [43], [45]) were made 

at the University of New South Wales (UNSW). The efficiency progress at both institutes leading up to the 

results in this chapter is summarized in Figure 3-1a (UNSW) and b (HZB). 

 
Figure 3-1. Chronological summary of the LPC-Si efficiency development at HZB (a) and UNSW (b), 
including the most important developments resulting in the efficiency improvements. Fig. a was copied 
from ref. [20] and fig. b was copied from ref. [22]. 

Except for [19], all of the above cells used a precursor deposited by e-beam evaporation and most cells 

used interlayers deposited by PVD. E-beam evaporation allows for high rate (~0.5 µm/min) deposition of 

hydrogen-free silicon and therefore appears very well suited for the precursor deposition. However, no 

large scale, commercial e-beam evaporation tools have been developed and various challenges exist to 

develop such a tool. In contrast, PECVD is a well-developed technology used in large scale fabrication of 

thin film silicon PV modules [6]. Also, it was speculated that deposition of the interlayers and precursor in 
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the PECVD without vacuum brake, might reduce contamination. In this chapter FrontERA cells are used to 

evaluate the development of a large scale (30x30 cm2) PECVD interlayer and precursor deposition process, 

comparing it to the standard PVD/e-beam material. In contrast to the first FrontERA cells [46], 

crystallization was performed using a line-shaped laser and during the measurements the cells were 

illuminated through the glass. 

3.2 Material and Cell Preparation 

3.2.1 PVD/E-Beam Material 

The 100/80/10 nm SiO2/SiNx/SiO2 interlayers were deposited by RF (13.56 MHz) magnetron sputtering 

(PVD) on 1.1 mm Corning Eagle XG substrates. The PVD process takes place at room temperature and a 

pressure of approximately 1 Pa, using O2 or N2 as a reactant gas. Subsequently, 10-11 µm c-Si precursor 

layers were deposited by e-beam evaporation with a substrate temperature of 600 °C and a deposition 

rate of ~0.5 µm/min. Doping was provided during the deposition by a Boron effusion cell heated to 1485-

1615 °C for a corresponding (p-type) dopant concentration of 1016-1017 cm-3.  

Laser crystallisation was performed with a continuous wave, infrared (808 nm), line-shaped laser with a 

width of 30 mm from Lissotschenko Mikrooptik GmbH in an air atmosphere, using a scanning velocity of 3 

mm/s [48]. The rapid, high temperature (> 1400 °C) LPC process results in large thermal stresses [49], 

which result in bending and even breaking of the Corning substrates. In order to reduce this stress, the 

samples were annealed at 960°C for 1 min, directly after the crystallization (Corning glass has a softening 

point of 970 °C). This was followed by a 1 min etch in 30:10:1:15 HNO3(65%):H3PO4(85%):HF(50%):H2O 

(poly-Si etch) [50] and a hydrogen plasma passivation (HPP) at 600 °C for 15-45 min [47]. Finally, the 

samples were again etched with poly-Si etch for 1 min to remove the damage from the HPP and they were 

cleaned using a standard RCA procedure, removing metal and organic contamination [51].  

3.2.2 PECVD Material 

The PECVD interlayers and precursors were deposited with an industrial type AKT1600 PECVD cluster tool 

on 30x30 cm2 substrates, using SiH4, H2, CO2 and N2 as process gasses [52].  Contrary to the PVD/e-beam 

material, all PECVD material was deposited on 3.3 mm Schott BOROFLOAT 33 substrates. This is because 

no PECVD recipe was found that resulted in successful crystallization of PECVD precursors on 1.1 mm 

Corning Eagle XG glass. The used recipes are shown in Table 3-1. The AKT has an electrode area of 1800 

cm2 and an RF frequency of 13.56 MHz, as indicated in the table.  

Initially it was attempted to reproduce the 100/80/10 nm O/N/O PVD interlayer stack. However, for 

reliable and repeatable adhesion, it was found necessary to deposit a 10-20 nm SiNx layer between the 
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glass substrate and the SiO2 diffusion barrier [52]. Furthermore, the 70/10 nm SiNx/SiO2 stack was replaced 

by an SiOxNy layer, partly because this resulted in better wetting and adhesion [52] and partly for electrical 

reasons (see results in section 3.3.1). 

The PECVD a-Si:H precursors, deposited at 400 °C, have a high Si-H content of 10-15 %, as determined by 

Raman Spectroscopy [52]. This hydrogen has to be removed in order to prevent “explosive” effusion of 

the hydrogen during the liquid phase crystallization. Therefore the samples were annealed for 8/8/8 hours 

at 450/550/650 °C (>24 hours total), which also resulted in a solid phase crystallization of the precursor. 

For earlier precursors recipes, the high hydrogen content (15 - 25 %) and/or low density of the precursor 

resulted in cracks in the absorber after annealing. It was found that a higher deposition rate generally 

results in a higher hydrogen content and therefore more cracks. All process parameters were varied until 

a precursor recipe was found (Table 3-1) with a reasonable deposition rate of ~0.74 nm/s (0.044 µm/min), 

which did not result in cracks after the annealing process.  

Doping was provided by adding doping gas to the final stage of the precursor deposition. For a ~10 µm 

thick precursor, a ~85 nm layer with 2-8 sccm diluted TMB gas (2 % in H2) was used for a p-type absorber 

dopant concentration of ~2-8∙1016 cm-3. For n-type, a ~15-60 nm layer with 2 sccm diluted PH3 (2 % in H2) 

was used for a dopant concentration of ~2-8∙1016 cm-3. 

Laser crystallization was performed with a scanning velocity of 3-10 mm/s. The 960 °C (1 min) annealing 

that was used for reducing stress in the Corning substrates is not necessary for the thicker Boro33 

substrates. Instead of bending and breaking the glass substrate, the thermal stress created by the LPC 

process results in long cracks in the LPC-Si absorber, parallel to the crystallization direction [49]. 

Crystallization was followed by the HPP, poly-Si etching and RCA cleaning process, as described in section 

3.2.1. Instead of the poly-Si etch, some samples were textured by etching with an 80 °C potassium 

hydroxide (KOH) based etch, removing 1-3 µm of c-Si. KOH anisotropically etches silicon with the highest 

rate for <100> oriented c-Si and the lowest for <111> crystal orientations [53]. Therefore, it creates tilted 

pyramids with <111> oriented facets and the pyramid tilt depending on the grain orientation.  

Table 3-1. PECVD (AKT) interlayer & precursor recipes. 

Tool layer 
T 

(°C) 
Power 

(W) 
Pressure 

(Torr) 
Spacing 

(mm) 
SiH₄ 

(sccm) 
H₂ 

(sccm) 
Other gas 

(sccm) 
Dep. rate 

(nm/s) 

AKT,   
~1800 
cm², 
13.56 
MHz 

SiOx 400 600 1 16.5 4 200 100 (CO2) 0.24 

SiNx 400 250 1 16.5 10 - 1200 (N2) 0.35 

SiOxNy 400 600 1 16.5 10 200 
20 (CO2) / 
500 (N2) 

0.49 

a-Si 400 100 2.5 15.2 200 1000 - 0.74 
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3.2.3 FrontERA Cells 

After the RCA cleaning, a thin silicon oxide remains, which was removed in 1 % HF directly before 

depositing the silicon heterojunction (SHJ) emitter. The SHJ emitter consisted of a 5-10 nm a-Si(i):H layer, 

which passivates the c-Si/a-Si interface, and a 10-15 nm a-Si(p/n):H layer, which induces a p-n junction in 

the n-/p-type c-Si [54], [55]. Table 3-2 shows the a-Si(i/p/n):H emitter recipes used in this chapter, 

deposited with two different PECVD tools, referred to as ‘AKT’ (see section 3.2.2) and ‘FAP’ [56]. The 

doping gas consisted of PH3 for the n-type layers and TMB (AKT) or B2H6 (FAP) for the p-type layers, all 

diluted 50:1 in H2.  

For the p-type FrontERA cells, the procedure from ref. [46] was followed, resulting in the cross-section and 

top view shown in Figure 3-2a and c. First the 5-10 nm a-Si(i) layer was deposited. This was followed by 

the deposition of a 1 µm thick Al absorber contact grid, using e-beam evaporation through either a 

lithographic lift-off mask or a metal shadow mask. The latter process was developed as part of this thesis 

in order to save time and reduce complexity. Subsequently, a photoresist (AZ 4533 [57]) was spin-coated 

on the sample and structured by photolithography. This resist acts as an insulator, which both defines the 

cell area and isolates the absorber contact from the emitter contact. The insulator has to be annealed for 

30 min at 200 °C to make it insensitive to UV light. During this annealing step the a-Si(i) layer diffuses into 

the Al, resulting in a low resistivity absorber contact [58]. This was followed by the a-Si:H(n) emitter 

deposition and RF magnetron sputtering (at room temperature) of an ~80 nm In2O3:Sn (ITO) layer. Finally, 

the Ti-Ag emitter contact grid was evaporated through a shadow mask. Each 5x5 cm2 sample contains nine 

0.6 cm2 FrontERA cells. 

For the n-type FrontERA cells, the procedure from ref. [25] was followed, resulting in the cross-section and 

top view shown in Figure 3-2b and c. First the 5-10 nm a-Si(i) and ~10-15 nm a-Si(p) layers were deposited 

The Al does not result in a good absorber contact to the 1016-1017 cm-3 doped c-Si(n) and therefore a 10 nm 

Ti contacting layer was used, followed by a 1 µm Ag layer for lateral conductivity. Ti is generally used for 

Table 3-2. AKT and FAP PECVD emitter recipes. 

Tool (name 
, electrode 
area, freq.) 

layer T 
 (°C) 

Power 
(W) 

Pres- 
sure 

 (Torr) 
Spacing 

(mm) 
SiH₄ 

(sccm) 
H₂ 

(sccm) 

doping 
gas 

(sccm) 

Dep. 
rate 

(nm/s) 

AKT,   
~1800 cm², 
13.56 MHz 

a-Si(i)  205 30 1.5 16.5 180 900 - 0.13 

a-Si(p) 205 30 2 20.3 55 540 90 (TMB) 0.20 

a-Si(n) 185 120 1.5 15.2 75 645 50 (PH3) 0.25 

FAP,    ~280 
cm², 60 
MHz 

a-Si(i) 170 10 0.38 30 10 0 - 

~0.3 a-Si(p) 150 10 0.38 23 10 0 2 (B2H6) 

a-Si(n) 150 10 0.38 23 10 0 2 (PH3) 
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contacting (highly doped) c-Si(n) emitters, but should be annealed at T > 400° C to form TiSi2 for obtaining 

a low contact resistivity [59]. As this is not possible without damaging the heterojunction emitters, the 

c-Si/Ti contact resistivity causes a significant resistance [60]. Subsequently, the lithographic lift-off mask is 

applied and first used as etch mask to locally remove the emitter layers. This etch mask has an undercut 

of several µm and the subsequent Ti/Ag deposition by e-beam evaporation is highly directional. This leaves 

a small (isolating) gap between the Ti/Ag absorber contact and the emitter. The deposition of the absorber 

contact was followed by the insulator resin, ITO and Ti/Ag contact grid depositions as described above for 

the p-type cells. 

The width of the metal contact is ~44 µm and the distance between the grid fingers is 666 µm, resulting in 

a contact area fraction of approximately 6.6 %. The gaps on both sides of the contact have a width of about 

25 µm each, resulting in an emitter area fraction of approximately 86 %.   

 
Figure 3-2. The figures show FrontERA cross sections for c-Si(p) (a) and c-Si(n) (b) absorbers, as well as a 

top view image (c) which is identical  for both configurations. The arrows in the cross-section indicate that 

the cell can be illuminated from both sides and indicate the current flow of the generated majority carriers 

(white arrow) and minority carriers (black arrow). The red line in the top view indicates the position of the 

cross section and the cell dimensions are given in mm. The left contact pad in the top view image connects 

to the absorber contact and the right contact pad connects to the TCO. The top-view image is of a KOH 

textured absorber and the different intensities in the cell area are due to reflection differences, caused by 

different orientations of the etched pyramids, caused by different crystal orientations of the grains.  

3.3 Results 

3.3.1 Comparison of Cells on p-type PECVD and PVD/E-Beam Material  

In order to compare PECVD material with PVD/e-beam material, FrontERA cells were fabricated on the 

following p-type, (5 ± 1)∙1016 cm-3 doped, planar LPC-Si absorbers:  

 PVD-1: Corning + 100/80/10 nm O/N/O (PVD) interlayers + 10-11 µm (e-beam) absorber, 

 PECVD-1: Boro33 + 150/70/10 nm O/N/ON interlayers + 4-4.5 µm (PECVD) absorber, 

 PECVD-2: Boro33 + 20/100/80 nm N/O/ON interlayers + 8-9 µm (PECVD) absorber (2 samples). 

The PECVD precursors were crystallized with a laser velocity of 10 mm/s. The emitter consisted of a 5 nm 

‘FAP’ a-Si(i) layer and a 13 nm ‘AKT’ a-Si(n) layer. The standard FrontERA process described in ref. [46] was 
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used.  

Figure 3-3 shows the J-V parameters for these three samples, measured in superstrate configuration, 

without reflector. It can be seen that the VOC and JSC of the PVD-1 and PECVD-1 samples (which both have 

an ONO interlayer stack) is very similar, while the VOC and JSC of the PECVD-2 sample are ~10 mV and 

~2 mA/cm2 higher. It can also be seen that the FF and Rparallel of the PECVD samples are lower than for the 

PVD-1 sample, indicating that the PECVD samples have more shunts. As a result of the higher VOC and JSC, 

but lower FF, η is approximately equal for the PECVD-2 and PVD-1 samples. 

 

Figure 3-3. Boxplots of the J-V parameters of 3 planar, 5∙1016 cm-3 doped, p-type, FrontERA cells fabricated 
on an NO(ON) interlayer + 8-9 µm PECVD absorber (PECVD-2), an ON(ON) interlayer + 4-4.5 µm PECVD 
absorber (PECVD-1) and an ONO interlayer + 10 µm e-beam absorber (PVD-1). Each open circle represents 
a cell. 

The best cells for each sample were measured with an opaque white paper reflector and a textured anti-

reflection foil (ARF) by DSM advanced surfaces [32]. Figure 3-4 shows the J-V curves and parameters for 

these measurements. It can be seen that the JSC gain from the reflector decreases from 20 % to 11 % for 

an increasing absorber thickness from 4 to 10 µm. All samples gained an additional 13-14 % from the ARF. 

The increasing JSC also resulted in a small VOC gain. A more detailed analysis of the reflector and ARF is 

presented in the next chapter. The η of 10.8 % and VOC of 601 mV were one of the highest LPC-Si efficiencies 
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and the highest VOC for a p-type LPC-Si cell at the time, indicating the high quality of the PECVD material 

(presented in [61] and published in [52]). 

 
Figure 3-4. J-V curves (a) and parameters (b) for the best cells made on the different interlayer + absorber 
stacks measured without (solid) and with a white paper reflector, without (dashed) and with (dotted) 
textured anti-reflection foil (ARF). The table also shows the relative JSC gains by the reflector and ARF. 

Figure 3-5a shows the EQE and 1-Reflectance (1-R) for the cells from Figure 3-4, measured with white 

reflector, the small spot EQE and a bias light intensity of approximately 0.1 suns (see section 2.4). Figure 

3-5b shows the IQE of the cells in fig. a and the fitted collection efficiency (ηc) curves, using the equations 

from section 2.7. The effective diffusion length (Leff), corresponding to the fitted ηc, is shown in the figure.  

 
Figure 3-5. Fig. a shows the EQE, 1-Reflectance (1-R) of cells from Figure 3-4, measured with white 
reflector, the small spot EQE and a bias light intensity of approximately 0.1 suns. Fig. b shows the IQE, 
fitted collection efficiency (ηc), and effective diffusion length (Leff) using the equations from section 2.7. 
The uncertainties indicate the difference between the Leff values determined from the L- and S-limited ηc 
curves (not shown). 

It can be seen that, for λ > 700 nm, the EQE, 1-R and IQE values increase with increasing absorber thickness. 

It can be seen that the fitted Leff is approximately equal for the PVD-1 and PECVD-1 cells, but significantly 

higher for the PECVD-2 cell.  This fits with the higher VOC and JSC for the PECVD-2 sample. The lower IQE of 

the PVD-1 cell than for the PECVD-1 cell, despite the similar Leff, is due to its larger absorber thickness. For 
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λ < 400 nm, the IQE of the PVD-1 and PECVD-1 cells is lower than for the NO(ON) cell. This can be explained 

at least partly by parasitic absorption in the 70-80 nm SiNx layers (e.g. [62]).    

3.3.2 Absorber Doping Experiments 

In this section the absorber doping dependence of the J-V parameters for p-type FrontERA cells on 

PVD/e-beam material will be compared to the absorber doping dependence for p- and n-type FrontERA 

cells on PECVD material. In order to determine the optimum absorber doping, ONO PVD/e-beam samples 

with four different absorber doping concentrations (i.e. carrier densities (N)) were fabricated, one of which 

was the PVD-1, (5 ± 1)∙1016 cm-3 doped sample from the previous section. N was measured by Hall effect 

measurements, using 0.25 cm2, square van der Pauw structures, which were fabricated as part of the 

FrontERA samples. The other N were (1 ± 0.2)∙1016, (2 ± 0.5)∙1016 and (1 ± 0.2)∙1017 cm-3. The J-V 

parameters are shown in Figure 3-6, measured in superstrate configuration and without reflector.  

 
Figure 3-6. Boxplots of the J-V parameters of 4 FrontERA samples with PVD ONO interlayers and planar, 
10-11 µm thick absorbers, with carrier densities N = 1016 - 1017 cm-3 as indicated in the figure. Each open 
circle represents a cell. 

It can be seen that the VOC increases with increasing N (results published in [21]). It can also be seen that 

the JSC and Rs decrease and the FF and Rparallel increase for increasing N. For this interlayer stack, absorber 
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thickness, doping type, cell type and superstrate configuration, the optimum N appears to be 

approximately 2∙1016 cm-3.   

The increasing VOC can be explained by the logarithmic dependence of the built-in-potential on N. The 

decrease of the JSC can be explained by a decrease of the minority mobility (µ) [38] and perhaps a 

decreasing effective lifetime (τeff) for increasing N, which both result in a lower Leff. Contact resistance 

measurements, using TLM structures which are part of the FrontERA samples, show that the absorber 

contact resistivity is smaller than 0.1 Ω cm2 (for all N), similar to the contact resistivity determined for this 

contact type in ref. [63]. The decreasing Rs for increasing N can therefore be explained by the decreasing 

sheet resistance of the c-Si absorber. The increasing Rparallel for increasing N is unexpected, as both bulk 

and contact resistances generally decrease for increasing N. Test cells on ONO (PVD) interlayers with n-

type (e-beam) absorbers in ref. [25] show a similar VOC and JSC dependence on N.   

In order to determine if the same optimum applies to the PECVD NO(ON) interlayer stack, N was varied in 

the following two experiments: 

 p-type: N = (4 ± 0.5)∙1016 and (7 ± 1)∙1016 cm-3, using a 10/200/85 nm SiNx/SiOx/SiOxNy interlayer 

stack, a planar, 8-9 µm thick absorber, crystallized 10 mm/s LPC velocity and a 9/13 nm a-Si(i/n) 

‘AKT’ emitter. 

 n-type: N = (3 ± 0.5)∙1016 and (9 ± 1)∙1016 cm-3, using a 20/100/80 nm SiNx/SiOx/SiOxNy interlayer 

stack, a textured, ~11 µm thick absorber, 3 mm/s LPC velocity, 9 nm a-Si(i) + H2 plasma + 13 nm a-

Si(p) (TMB) ‘AKT’ emitter. 

The resulting J-V parameters are shown in Figure 3-7. It can be seen that for the p-type cells, the VOC, 

Rparallel, Rs and FF dependence is similar to that of the p-type ONO cells (Figure 3-6). The only qualitative 

difference is that the JSC does not appear to decrease for increasing N, resulting in a highest η for N = 

7∙1016 cm-3. A similar JSC dependence was observed on test cells (not shown). 

For the n-type cells, the VOC also increases for increasing N. Same as for the p-type NO(ON) cell, the JSC 

appears to be unaffected or even increase with increasing N, resulting in a highest η for N = 9∙1016 cm-3.  A 

similar JSC dependence was observed on test cells (not shown). 

Contrary to the p-type cells, for the n-type cells Rparallel decreases for increasing N and is generally at a much 

lower value (i.e. cells are more shunted). Rs is much higher than for the p-type cells and decreases much 

more steeply with increasing N. It should be noted that the J-V curve is S-shaped around VOC and the Rs 

should be considered as more of a qualitative parameter.  



3 Development of PECVD Interlayers and Precursors using FrontERA Cells  
       

27 
 

The sheet resistance of the n-type absorbers is 3-6 times lower than for p-type cells, mainly due to their 

2-4 times higher mobility for the same N (appendix A.3). Therefore the higher Rs of the n-type cells cannot 

be due to the lateral resistance in the absorber. It might be partly due to the emitter/TCO resistance, but 

considering the dependence on N, Rs is probably mostly caused by the c-Si(n)/Ti contact resistance as was 

also determined the n-type FrontERA cell in ref. [60].    

 
Figure 3-7. Boxplots of the J-V parameters of 2 p-type and 2 n-type FrontERA samples on PECVD absorbers 
with NO(ON) interlayers, with different carrier densities N. Each open circle represents a cell. 

3.3.3 Grain Boundaries and Glass Bubbles 

Figure 3-8a shows LBIC images of a p-type PVD and PECVD cell from section 3.3.1, an n-type PECVD cell 

from section 3.3.2 and an n-type PVD test cell (from ref. [21]), all measured with the λ = 532 nm laser. It 

can be seen that the Corning/PVD/e-beam cells have many grain boundaries with strongly reduced 

collection, in contrast to the Boro33/PECVD cells. Many more LBIC measurements of PVD and PECVD cells 

were made and they all show this difference in the electrical activity at the grain boundaries (e.g. [21], 

[28], [64], [65]). A photoluminescence (PL) and SEM analysis of recombination at grain boundaries and 

grain boundary related dislocations is presented in ref. [24].  
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In order to determine if this difference in grain boundary related recombination was caused by the 

different glass, interlayers or precursor (and corresponding annealing processes), 5×5 mm2, p-type test 

cells were fabricated on Boro33 glass, using different combinations of a 200/70/20 nm ONO (PVD) or 

10/100/80 nm NO(ON) (PECVD) interlayer stack with a 5 µm PECVD or 8.5 µm e-beam precursor. All four 

samples were annealed for 8/8/8 hours at 450/550/650 °C. A 25 nm a-Si(i) layer was deposited on the 

PEVCD interlayer stack before breaking the vacuum and depositing the e-beam precursor. Figure 3-8b 

shows LBIC images for these test cells. It can be seen that both cells with ONO PVD interlayers have many 

local areas with strongly reduced collection, in contrast to the cells with the PECVD interlayers.  This 

comparison strongly suggests that the interlayer stack, and not the precursor, is causing the difference. 

From this experiment it cannot be excluded that the Corning substrate and corresponding 960 °C RTA 

process might have an additional influence.  

 
Figure 3-8. Fig. a shows LBIC measurements of p- and n-type cells made either on Boro33/PECVD or on 
Corning/PVD/e-beam material. Fig. b shows LBIC measurements for a p-type test cell experiment using 
either PVD ONO or PECVD NO(ON) interlayers and either PECVD of e-beam precursors, all on Boro33 
substrates. 

Another difference between the Boro33/PECVD and Corning/PVD samples that can be seen in Figure 3-8a 

are the many small spots with reduced LBIC signal for the Boro33/PECVD samples. The LBIC reflection 

measurement (not shown) reveal that this difference is related to increased reflection. From optical 

inspection it appears that these spots are caused by bubbles in the glass very close to the interlayers, 

similar to those reported in ref. [14] for SPC-Si and investigated in ref. [66] for LPC-Si on 

Boro33/PVD/e-beam samples. 

Figure 3-9a shows images of LPC-Si samples that were crystallized with a laser scanning velocity (vlaser) of 

1, 3 and 10 mm/s. In the images from the glass side it can be seen that the bubble density of the glass 
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substrates increases for decreasing vlaser. It can also be seen that for 1 mm/s the glass is strongly deformed 

in the shape of mm-sized waves.  

Figure 3-9b shows microscope images of LPC-Si samples with vlaser = 3 mm/s from the glass side at different 

magnifications.  It can be seen that the bubbles have many different sizes and (cluster) shapes. The 

dependency of the bubble density on vlaser might be related to the increasing substrate temperature for 

decreasing vlaser (which also causes the wavy glass deformation for 1 mm/s). Corning/PVD/ebeam samples 

were all crystallized at 3 mm/s, but showed no bubbles in glass. Perhaps this is related to the higher 

softening point of the Corning glass or a higher hydrogen content in the PECVD layers. It should be noted 

that vlaser and glass type are not the only factors determining the bubble density as different samples with 

the same vlaser and glass type can have very different bubble density [66]. 

 
Figure 3-9. Fig. a shows images from the glass side (top) and from the Si side (with backlight) (bottom) of 
Boro33/PECVD samples that were crystallized with different laser crystallization scanning velocities (vlaser) 
of 1, 3 and 10 mm/s. Fig. b shows microscope images of the milky glass at different magnifications.  

3.3.4 The Effect of LPC-Si Cracks on FrontERA Cells 

In section 3.3.1 it was observed that the Boro33/PECVD samples result in a lower Rparallel than the 

Corning/PVD samples. The Boro33/PECVD samples also had many cells with very low JSC (< 10 mA/cm2), 

which were excluded from the boxplot in Figure 3-3, resulting in a lower yield for the Boro33/PECVD cells: 

~50 % vs. ~90 % for the PVD samples. In order to determine the reasons for these shunts and the reduced 

JSC, DLIT measurements were made of the Boro33/PECVD cells from section 3.3.1 and these measurements 

are shown in Figure 3-10. The cells were measured under an applied forward bias of 0.7 V (> VOC), resulting 

in a diode current (and corresponding DLIT signal) in the entire active cell area and not just at the shunts. 

The white rectangles indicate the cell area. Both cells have an LPC crack (section 3.2.2, ref. [49]) through 

the metal fingers and it can be seen that the cracks have interrupted the grid fingers, cutting of more than 

half the cell. The cell in Figure 3-10a also has a crack through the bus bars and, from the heat development 

below the bus bar, it appears that the crack has resulted in shunts between the (stacked) bus bars. The 
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shunt is relatively mild as current is still flowing through the rest of the cell. It seems likely that the cracks 

are at least partly responsible for the lower Rparallel (and FF) of the Boro33/PECVD cells observed in section 

3.3.1 (Figure 3-3). 

 

Figure 3-10. DLIT images of FrontERA cells fabricated on Boro33 with PECVD interlayers and precursors, 
measured under a forward bias of 0.7 V. 

In order to prevent these cracks from running through the cell area and interrupting the grid fingers, later 

experiments used laser scribes to prevent cracks in the cell area. These so-called “crack catcher” scribes 

were made before crystallization and parallel to the crystallization direction, using a 1064 nm ps laser from 

the glass side. Figure 3-11a shows a backlight photograph of an n-type FrontERA sample (see J-V 

parameters in Figure 3-7) with 5 crack catcher scribes. It can be seen that this mostly prevents the long 

cracks in the cell area shown in Figure 3-10. However, there are still many smaller “side-cracks”, coming 

out of the crack catchers and extending into the cell area. Figure 3-11b shows the DLIT images 

corresponding to the cells in Figure 3-11a, again measured with a forward bias of 0.7 V. It can be seen that 

6 out of 9 cells are completely shunted, i.e. no DLIT signal except for the hotspot. Comparison of Figure 

3-11a and b shows that four of these cells are shunted where a side-crack crosses the bus bars (and 2 cells 

are shunted at a grid finger). For the cells that are not completely shunted, there are also hotspots where 

side-cracks cross the grid fingers. For this experiment, out of 142 cells, only 1 cell was unaffected by shunts 

(Rparallel > 2 kΩcm2). This cell resulted in a η = 12.1 % record cell (see section 3.3.5). 

From the DLIT measurements in Figure 3-10 and Figure 3-11 and from the Rparallel in Figure 3-7, it appears 

that the n-type cells are more strongly affected by shunts than the p-type cells. This can be explained in 

the following way: for n-type FrontERA cells, if there is an opening in the insulator (e.g. due to an LPC 
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crack), the Ag absorber contact is in direct contact with the TCO, resulting in a low contact resistance. In 

contrast, for the p-type FrontERA cell with an opening in the insulator, there is still an a-Si(n) layer between 

the (Al) absorber contact and the TCO (see Figure 3-2). The high resistance of the a-Si layer and the 

a-Si/TCO contact can explain why the p-type cells appear to be less affected by shunts than the n-type 

cells. 

 
Figure 3-11. Backlight photograph (a) and corresponding DLIT images (b) for a textured, n-type FrontERA 
cell with crack catcher scribes and side-cracks. The DLIT images were made with a bias voltage of 0.7 V.   

3.3.5 Record Cells 

Table 3-3 gives an overview of the p- and n-type FrontERA cells on Corning/PVD/e-beam and 

Boro33/PECVD material with the highest η. The corresponding J-V and IQE curves are shown in Figure 3-12, 

except for the n-type ONO cell, which was not fabricated as part of this thesis, but taken from ref. [22]. 

The PECVD cells were published in ref. [67]. All cells were measured with white reflector and textured anti-

reflection foil (ARF).  

Except for the PVD p-type cell, all cells were measured in superstrate configuration. The p-type PVD cell is 

the 1017 cm-3 doped cell from section 3.3.2 (Figure 3-6) with the highest η, measured in substrate 

configuration with white reflector and ARF. The low IQE for λ < 600 nm is due to the parasitic absorption 

in the a-Si:H emitter and the low IQE for λ > 700 nm is because the cell was not textured. 

The p-type PECVD cell was made on the 7∙1016 cm-3 doped PECVD material with NO(ON) interlayer from 

section 3.3.2 (same 30x30 cm2 deposition), but was crystallized with a vlaser of 3 mm/s (section 3.3.3) and 

KOH textured. Other differences were that the AKT emitter was replaced by a 10/10 nm a-Si(i/n) FAP 

emitter and that the Al absorber contact grid was evaporated through an evaporation mask instead of the 
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more complicated lithographic lift-off mask. The J-V curve shows that the low FF is both due to a high Rs 

and due to a low JMPP/JSC ratio (Figure 3-12a). This latter loss factor has the characteristics of a distributed 

series resistance [68] as was also observed for the p-type FrontERA cell in ref. [46] where it was attributed 

to interrupted grid fingers.   

 
Figure 3-12. J-V and IQE curves of the record p- and n-type FrontERA cells made during this thesis, listed 
in Table 3-3. 

The n-type PECVD cell is identical to that of the 9∙1016 cm-3 doped cells in section 3.3.2 (Figure 3-7), except 

for a 5/10 nm a-Si(i/p) ‘FAP’ emitter instead of the AKT emitter. Due to the very low yield for this series 

(see section 3.3.4), it could not be determined if the ‘FAP’ emitter was the reason for the ~ 30 mV higher 

VOC. The higher VOC of the PECVD cell than for the PVD cell can only partially be explained by the higher N, 

as on PVD cells VOC values of ~650 mV were only published for a doping densities of 1018 cm-3 [21], [25]. 

The reflection loss was higher for the PECVD (NO(ON)) cell than for the PVD (ONO) cell as can be seen in 

Figure 3-5a. The maximum IQE of the PVD cell was 90 % [22], compared to ~80 % for the PECVD cell. These 

JSC losses for the PECVD cell are compensated by the better light trapping of the PECVD cell, due to the 

KOH texturing, resulting in a similar JSC for both cells.  

3.4 Conclusions 

It was shown that the PECVD material can result in cell with similar η as those made with the established 

PVD/e-beam material. Aside from this overall similarity, several differences were also identified. Absorber 

doping experiments using PECVD material indicated that the JSC was unaffected (or even increased) for 

Table 3-3. Overview of highest η FrontERA cells 

Interlayer 
(IL) type 

IL (nm) 
p/n-
type 

N  
(cm-3) 

d 
(µm) 

KOH 
text. 

vlaser 
(mm/s) 

JSC 
(mA/cm2) 

VOC 
(mV) 

FF 
(%) 

η  
(%) 

PVD: 
ONO 

100/80/10  p 1017 10 No 3 25.8 598 73 11.3 

250/70/10 n [7] 4∙1016 10 No e-beam 27.8 632 67 11.8 

PECVD: 
NO(ON) 

15/200/85 p 6∙1016 7.5 Yes 3 29.4 618 65 11.8 

20/100/80 n 9∙1016 11 Yes 3 27.3 649 68 12.1 
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increasing carrier density, contrary to the decreasing JSC observed for cells based on PVD/e-beam material. 

LBIC measurements showed that cells with a PVD ONO interlayer stack had a strongly reduced carrier 

collection near the grain boundaries, contrary to cells with a PECVD NO(ON) interlayer stack, for which the 

collection was not visibly affected by the grain boundaries. It was further found that, for PECVD material 

on Boro33 substrates, a reduction of the laser crystallization scanning velocity resulted in an increasing 

density of bubbles in the glass.  

So far, the PECVD material could only be crystallized successfully on BOROFLOAT33 substrates, which 

resulted in elongated cracks in the LPC-Si absorber. It was shown that these cracks resulted in interrupted 

grid fingers and increased shunting. “Crack catcher” laser scribes were implemented, attempting to 

prevent this. However, for many samples, large side cracks still crossed the bus bars and grid fingers, 

causing interrupted grid fingers and shunts.  

Using PECVD material, new LPC-Si η and VOC records for p-type (11.8 %, 618 mV) and n-type (12.1 %, 

649 mV) cells were obtained, indicating the high quality of the PECVD material. 
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4 Photocurrent Analysis of FrontERA Cells 

In this chapter the photocurrent of the FrontERA LPC-Si cells will be analysed in detail. Section 4.1 presents 

a photocurrent analysis of a planar p-type and textured n-type cell, showing how the photocurrent is 

affected by the absorber contact, LPC-Si cracks, the interlayers, the anti-reflection foil, the white reflector, 

KOH texturing, parasitic absorption and recombination. It is argued that, for the best KOH textured 

FrontERA cells, the largest photocurrent losses are due to electrical shading by the absorber contact, 

reflection and parasitic absorption, while the light trapping efficiency is close to the theoretical limit. This 

photocurrent loss analysis is followed by a discussion of the photocurrent potentials. In section 4.2 a 

detailed LBIC and EQE analysis is presented of p-type FrontERA cells with SiOxNy or Al2O3 based interlayer 

stacks. Simulation is used to argue that the measured carrier collection and bias light dependence, outside 

and inside the cell area, can be explained by a frontside charge inversion layer. The research in section 4.1 

was published in [67] and section 4.2 is a preprint version of [69]. 

4.1 Photocurrent Losses and Potentials 

The goal of this section is to show and discuss the photocurrent losses and potentials for LPC-Si cells in 

general and FrontERA cells specifically. Figure 4-1 shows a schematic cross section of the LPC-Si FrontERA 

cell and all the components that are part of the photocurrent analysis: 

1. Collection (EQE)  

2. Electrical losses 

o Dead area / electrical shading 

o The loss due to recombination in the bulk and at the interlayer interface  

3. Optical losses 

o The (direct) reflectance of light that does not enter the c-Si absorber: Rdirect  

o Light which escapes after entering the c-Si absorber: T and Resc  

o Parasitic absorption (Apar)  

Together these components add up to 1: 

 1 = 𝐴Si + 𝑅direct + 𝑅esc + 𝑇 + 𝐴par , (11) 

where the absorption in the silicon (ASi) equals the EQE +  the electrical losses. The yellow arrows in Figure 

4-1 represent the incoming and reflected light, the red arrows represent the (poorly absorbed) long 

wavelength light and the black arrows represent the transport of the minority carriers.  
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Figure 4-1. Schematic cross section of the LPC-Si (FrontERA) cell, with detached white paper reflector and 
textured anti-reflection foil, and all the components making up the JSC analysis: EQE, direct reflection 
(Rdirect), reflection due to incomplete light trapping (Resc), parasitic absorption (Apar), recombination due to 
bulk and interlayer recombination and dead area due to the absorber contact. 

Section 4.1.1 presents the investigated cells. This is followed by an LBIC analysis in section 4.1.2, 

investigating the dead area losses due to the absorber contact and LPC-Si cracks. In section 4.1.3 the effect 

of the interlayers and the anti-reflection foil on the reflection losses is investigated, using simulation to 

separate the measured total reflectance (RT) into Rdirect and Resc. Section 4.1.4 presents the absorptance 

properties of the substrate, contacting layers and light trapping layers. Also, IQE measurements will be 

used to study the effect of light trapping on the parasitic absorption. In section 4.1.5, the IQE, corrected 

for the dead area and parasitic absorption in the glass, will be used to determine the recombination losses 

and the effective diffusion length (as explained in section 2.7). At this point all the aforementioned 

components of the photocurrent analysis have been determined, except for the Apar in the layer stack (for 

λ > 600 nm). Therefore, the remainder equals Apar (± all potential inaccuracies) (see eq. (11)). In section 

4.1.6 ray tracing simulations are used to compare the light trapping of the cells to the theoretical light 

trapping limit for geometrical optics. This is needed to determine realistic photocurrent losses and 

potentials, as even with perfect light trapping not all the light can be absorbed in the silicon. Subsequently, 

the simulations are also used to estimate the contribution of the individual layers to the total Apar. Finally, 

section 4.1.7 presents an overview of the photocurrent losses, followed by a discussion of the 

photocurrent potentials in section 4.1.8.  

4.1.1 Investigated Cells 

Table 4-1 shows the properties and J-V parameters of the investigated planar p-type cell (A) and textured 

n-type cell (B). The record p- and n-type cells were added for comparison (in grey). Cell A and B were both 
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part of the experiments presented in section 3.3.2 and were selected for their above average current. The 

differences in KOH texturing and doping type between cell A and cell B were selected, in order to illustrate 

how these difference influence the photocurrent losses. The differences in crystallization speed, thickness 

and doping concentration were unavoidable, given the available cells. In ref. [70] it was shown how the 

interlayer thicknesses were optimized to minimize reflection. The p- type cells in Table 4-1 had these 

optimized IL thicknesses, while the n-type cells still had IL thicknesses that were not optimized for anti-

reflection. 

4.1.2 Dead Area due to the Absorber Contact and LPC-Si Cracks 

In this section LBIC measurements will be used to determine the photocurrent loss due to local effects 

(dead area) like electrical shading by the absorber contact and interrupted grid fingers due LPC-Si cracks. 

Figure 4-2a and b show the LBIC measurements of cell A and B, measured from the glass side with a bias 

light intensity of approximately 1 sun and the λ = 532 nm laser. Figure 4-2c and d show the corresponding 

pictures of the cells from the Si side of cell A (c) with backlight and of cell B (d) without backlight.  

For textured cell B, the different grain orientations result in differently tilted pyramids, resulting in 

different reflection, which is visible in the image. The visible grain boundaries are indicated as dashed lines 

in Figure 4-2b. It can be seen that areas with locally reduced current collection in Figure 4-2b (cell B) are 

mostly extending from the grain boundaries or limited to certain grains. These are probably dislocation-

rich areas as determined in ref. [24]. As the effect is relatively small and hard to quantify it is not included 

in the dead area fraction (fDA). Therefore these losses are automatically included in the (wavelength 

dependent) loss due to bulk and surface recombination which will be determined in section 4.1.5. 

It can be seen in Figure 4-2c that cell A has an LPC-Si crack (see section 3.3.4) through the lower-left part 

of the cell and three smaller “side-cracks” extending from the main crack. The LBIC measurement in Figure 

4-2a shows that these cracks result in areas with strongly reduced LBIC signal. By comparing the LBIC signal 

in the affected areas with unaffected neighbouring areas, the fDA caused by the cracks was estimated at 

7 ± 1 %.  For an LBIC measurement without bias light (not shown), the LBIC signal was approximately equal 

on both sides of the cracks, indicating that the cell area below the cracks is not completely cut off, but 

Table 4-1. Investigated (A and B) & record (grey) FrontERA cells. 

Cell 
ID 

Glass 
+ IL 

IL 
(nm) 

p/n-
type 

N  
(cm-3) 

d 
(µm) 

KOH 
text. 

vlaser 
(mm/s) 

JSC 
(mA/cm2) 

VOC 
(mV) 

FF 
(%) 

η  
(%) 

A Boro 
33 + 
NO 

(ON) 

15/200 
/85 

p 
4∙1016 9 no 10 26.2 590 58 8.9 

- 6∙1016 7.5 yes 3 29.4 618 65 11.8 

B 20/100 
/80 

n 9∙1016 11 yes 3 
28.9 568 56 9.2 

- 27.3 649 68 12.1 
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connected to the rest of the cell with a large resistance.  

 
Figure 4-2. LBIC measurements of cell A (a) and cell B (b) as well as the corresponding images of planar cell 
A (c) with backlight (in order to show the cracks) and of textured cell B (d) without backlight (in order to 
show the grain boundaries). The scale bar next to Fig. b shows the current generated by the LBIC laser. The 
dashed lines represent the grain boundaries visible in Fig. d. The LBIC images have been mirrored to match 
the photograph from Fig c and d, which were taken from the silicon side. Fig. e shows the dark and light 
J-V curves of cell B, showing the distributed series resistance effect (slope at JSC) and how it affects the JSC. 
Fig. f shows LBIC linescans and corresponding simplified schematic cross-sections of the cell edge and 
neighboring absorber contact for cell A and B (see Figure 3-2 for comparison).  

Figure 4-2e shows the dark and light J-V curves of cell A. The light J-V curve has a large slope at JSC, but the 

dark J-V curve does not, showing that the cell is not shunted. In ref. [46] it was speculated for a p-type 

FrontERA cell that such a J-V curve can be explained by a distributed resistance, caused by interrupted grid 
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fingers. The JSC loss due to the distributed series resistance estimated from the J-V curve is ~6 %, which fits 

with the 7 ± 1 % estimated from the LBIC measurement. This confirms the hypothesis that the slope in the 

J-V curve around JSC is caused by a distributed series resistance that is caused by (partially) interrupted grid 

fingers. It can be seen in the J-V curve that the resistance/photocurrent loss due to the interrupted grid 

fingers is larger at the maximum power point than at JSC, thus resulting in a reduction of the FF. 

Figure 4-2f shows normalized LBIC linescans and simplified schematic cross-sections of the cell edge and 

neighboring absorber contact for cell A and B. The linescans clearly indicate that the dead area fraction 

(fDA) due to electrical shading by the absorber contact is much smaller for cell A (p-type) than for cell B (n-

type). The fDA due to the absorber contact was estimated at 7.1 ± 0.5 % and 11.0 ± 0.5 % for cell A and B 

respectively, using the method described in section 2.5. The measurement in Figure 4-2f was also used to 

correct the EQE measurement for the collection outside the cell area, which was estimated at 6.5 ± 1 % 

for cell A and 2.6 ± 0.5 % for cell B. The reason for the higher collection below the absorber contact and 

outside the cell area for the p-type cell (A) compared to n-type cell (B) will be discussed in section 4.2. 

As discussed in section 3.3.3, the many small spots of reduced LBIC signal are caused by bubbles in the 

glass below the interlayers, created during laser crystallisation. They are more numerous and appear to 

be larger for cell B, which is related to the lower vlaser for cell B (3 mm/s) compared to cell A (10 mm/s) (see 

section 3.3.3). As this loss is also part of the reflection loss (next section) it is not included in fDA.  

4.1.3 Reflection 

In this section the impact of the optimized interlayer thicknesses and the ARF on the reflection will be 

investigated. Simulation will be used to divide the measured total reflectance RT into the Rdirect, defined as 

the reflected light which has not entered the c-Si absorber, and Resc, defined as the light escaping the cell 

after entering the c-Si absorber. This division is made, because these losses are caused by different effects, 

requiring different solution, i.e. anti-reflection vs. light trapping.  

A simulated Rdirect (Rdirect,sim) was calculated with PV Lighthouse’s OPAL2 [71], simulating a glass halfspace, 

followed by the intermediate layers, followed by a silicon halfspace. The reflection of the glass-air interface 

was added to the simulated reflectance, taking into account multiple reflections and absorption in the 

glass. The simulated interlayer thicknesses were adjusted until Rdirect,sim fitted the measured RT for λ < 

600 nm, as for λ < 600 nm all the light is absorbed in a single pass and therefore Resc = 0, i.e. RT = Rdirect. 

Rdirect and Resc were defined as: 

 𝑅𝑑𝑖𝑟𝑒𝑐𝑡 ≡ 𝑅𝑇                  , for λ < 600 nm, (12) 
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 𝑅𝑑𝑖𝑟𝑒𝑐𝑡 ≡ 𝑅𝑑𝑖𝑟𝑒𝑐𝑡,𝑠𝑖𝑚    , for λ > 600 nm, (13) 

 𝑅𝑒𝑠𝑐 = 𝑅𝑇 − 𝑅𝑑𝑖𝑟𝑒𝑐𝑡 (14) 

i.e. Rdirect,sim is only used for λ > 600 nm. Figure 4-3 shows RT (solid) and Rdirect,sim (dashed) for cell A (fig. a) 

and cell B (fig. b), with ARF (blue) and without ARF (red). All measurements were made with back reflector. 

It can be seen from the differences in the interference peaks that different interlayer thicknesses were 

used for cells A and B: 15/200/85 vs. 20/100/80 nm. The optimization of the interlayer thicknesses to 

minimize reflection was presented in ref. [70]. It can be seen that cell A has two reflection minima, thereby 

“spreading” the anti-reflection effect over a wider wavelength range. From Rdirect it was calculated that the 

optimized IL thicknesses for cell A reduced the direct reflection loss by 1.1 ± 0.2 mA/cm2.  

It can be seen how the ARF strongly reduced Rdirect for both samples. The Rdirect,sim with ARF could not be 

simulated and was instead fitted to the measured RT by shifting the Rdirect,sim without ARF by 40 nm to 

shorter wavelengths and reducing the reflectance by 65 % for cell A and 50 % for cell B. From Rdirect it was 

calculated that the ARF reduced the direct reflection loss by 3.8 ± 0.2 mA/cm2 for both cells. 

The ARF has a mm-sized texturing and therefore falls in the geometrical scattering domain. The schematic 

ray tracing examples in Figure 4-3b (similar to ref. [16]) shows how the ARF can reduce both the “Rdirect loss 

caused by the glass/air interface” (1) and the “Rdirect loss caused by the glass/interlayer/Si interface” (2): 

by texturing the glass/air interface, the ~4 % reflectance at this interface can be reduced to 0.042 = 0.0016, 

as the light is reflected upon a neighbouring pyramid, getting a “second chance” for transmission 

(“multiple bounce”). However, this reduction cannot explain the magnitude, nor the wavelength 

dependence, of the observed reduction. A reduction of the “Rdirect loss caused by the glass/interlayer/Si 

interface” can be explained by light trapping, i.e. total internal reflection, at the textured ARF/air interface 

as is shown in Figure 4-3b. In other words, the ARF changes both the incoupling (1) and the outcoupling 

(2) at the glass/air interface. For Lambertian light trapping (randomized light), the fraction of the light 

outside the escape cone for total internal reflection, i.e. the fraction which is reflected back into the cell, 

is given by 1-1/n2 [72]. For glass (nglass = 1.47 [44]) this equals 1 − 1 𝑛𝑔𝑙𝑎𝑠𝑠
2⁄ = 0.54, which can explain the 

observed 50-65 % reflectance reduction by the ARF, indicating that the ARF is very effective at trapping 

the light. The wavelength shift can be explained by a shift of the interference peaks as scattering by the 

ARF increases the effective optical pathlength in the interlayer stack.  

Cell A has a planar Si backside, resulting in a large Resc
 (poor light trapping), and cell B has a KOH textured 

Si backside, resulting in a small Resc. It can be seen that the ARF reduces Resc for cell A, but not (significantly) 

for cell B. This will be discussed in more detail in section 4.1.6. 
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Figure 4-3: Fig. a and b show the measured total reflectance (RT) and the simulated direct reflectance 
(Rdirect) with and without textured anti-reflection foil (ARF) for cell A (a) and for cell B (b). The inset in fig. b 
schematically shows how the ARF can reduce both the incoupling (1) and the outcoupling (2) at the 
glass/air interface. 

4.1.4 Parasitic Absorption 

In this section we present the absorptance properties of the layers in the FrontERA cells. Subsequently, 

the IQE measurement are used to show the effect of light trapping on parasitic absorption. The actual Apar 

loss in the cells and in the individual layers for λ > 600 nm, cannot be determined yet in this section as it 

requires the determination of the recombination losses (section 4.1.5) and optical simulation (section 

4.1.6).    

The absorptances of the ARF, glass and SiNx layer are shown in Figure 4-4a. The SiNx interlayer is the only 

interlayer with a significant absorptance. A logarithmic axis is used in order to show both the very high 

absorptance (up to 80 %) for 300 < λ < 400 nm and the low absorptance (< 2 %) in the rest of the 

wavelength range.  

The high parasitic absorption for 300 < λ < 400 nm only represents a relatively small JSC loss (0.1-

0.3 mA/cm2), as the photon flux of the AM1.5 spectrum is very low in this wavelength range. The roughly 

1 % absorptance of the Boro33 glass and ARF for λ > 400 nm both cause an approximately 0.3-0.4 mA/cm2 

JSC loss on the first pass. The absorptance in the Corning glass for λ > 400 nm is less than 0.1 mA/cm2. 

Figure 4-4b shows the simulated absorptance of a 5/10 nm a-Si(i/p) emitter, the measured absorptance of 

the ITO layer and the white paper reflector and the transmittances of cell A and B. The transmittance curve 

of planar cell A shows how much light reaches the back of the c-Si absorber. It can be seen that, in the 

wavelength range where the a-Si emitter shows relevant absorptance, very little light actually reaches the 

emitter, making the parasitic absorption in the emitter negligible. The figure also shows the absorptance 
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of the ITO layer and the white paper reflector1. The low transmittance of textured cell B without reflector 

indicates that the backside texturing traps most of the light in the cell. As only the transmitted light reaches 

the reflector, this strongly limits the possible parasitic absorption in the reflector for cell B. 

In addition to the layers presented in Figure 4-4b there is one more potentially important cause of parasitic 

absorption: the 10/1000 nm Ti/Ag absorber contact. The (simulated) absorptance of a textured Si / 10 nm 

Ti / Ag interface is ~70 % and the surface coverage of the absorber contact is ~6 %, resulting in an area 

weighted absorptance of about 4 %. For comparison: this is higher than the absorptances of the ITO 

(~1.5 %) and white paper (~3 %). 

 
Figure 4-4. The calculated (dashed) and measured (solid) absorptance in the frontside (a) and backside (b) 
layers. Figure b also includes the transmittance (dotted) of textured cell A and planar cell B, both measured 
w/o ARF and reflector. Due to the strong light scattering, the uncertainty for the ARF measurement is 
approximately ± 1 %, i.e. the absorptance for 400 < λ < 800 nm is 0-2 %. For the backside layers, the 
absorptance is only shown for λ > 600 nm.  

Figure 4-5a and b show the internal quantum efficiency (IQE) of both cells, with (dashed) and without 

(solid) reflector and with (blue) and without (red) ARF, measured with the large area EQE set-up (see 

section 2.4). For cell B, there was no bias light dependence between 0.4 and 1 suns (not shown), so the 

bias light was set to 0.4 suns in order to improve the signal to noise ratio. For cell A, there was a strong 

bias light dependence between 0.4 and 1 sun, mainly due to the interrupted grid fingers (as discussed in 

section 4.1.2). Therefore, the bias light intensity was set to ~1 suns.  

It can be seen that the ARF strongly reduced the IQE for λ < 400 nm as would be expected from the 

absorptance measurement shown in Figure 4-4. The ARF decreased the IQE for 500 < λ < 700 nm by 

approximately 2 % for cell A and 1 % for cell B, which fits with the expected loss due to the parasitic 

absorption in the ARF.  

It can be seen that, for the planar cell (A), the addition of the ARF and the back reflector strongly decreased 

1 From a comparison of white reflectors it was found that, for 800 < λ < 1100 nm, white paper has 
the lowest absorptance (~3 %), followed by white PVB foil (~6-7 %) and white paint (~9 %). 
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the IQE for λ > 700 nm. For the textured cell (B), the IQE does not decrease with the addition of the reflector 

or ARF. For λ > 700 nm, the IQE for cell B is approximately equal to that of cell A without reflector or ARF.  

The observation that the Apar for cell B is not increased by the reflector and ARF can be explained by the 

low transmittance of textured cell B without reflector in Figure 4-4b, i.e. very little light is absorbed in the 

(detached) reflector and ARF because the KOH texturing traps most of the light in the c-Si/TCO stack. It 

can be concluded that texturing the Si absorber strongly reduces the relative parasitic absorption by 

trapping most of the light within the absorber (and TCO) layer.  

 
Figure 4-5: IQE of (a) cell A and (b) cell B, with (dashed) and without (solid) reflector and with (blue) and 
without (red) anti-reflection foil (ARF). 

4.1.5 Recombination and Effective Diffusion Length 

In the previous sections the measured EQE, R and fDA were presented and these measured quantities are 

shown in Figure 4-6a for cell B, without reflector or ARF. The remainder (white area) consists of the losses 

due to parasitic absorption (Apar) and recombination in the bulk and at the interlayer interface. For 

400 < λ < 600 nm the parasitic absorption consist only of the (small) absorption in the glass and the 

remaining loss is due to recombination.  

Using the equations in section 2.7, this can be used to estimate the recombination loss in the entire 

wavelength range by fitting a calculated collection efficiency (ηc) to the experimental ηc for 

400 < λ < 600 nm, as is shown in Figure 4-6b. Aside from the experimental ηc (dots) for cell A (blue) and B 

(green), the figure also shows the fitted ηc curves, for the assumptions that the recombination is either 

completely determined by the bulk diffusion length (L-limited, light, dashed curves, S = 0 cm/s) or 

completely determined by the surface recombination velocity at the interlayer interface (S-limited, dark, 

dashed curves, L = 1 mm). This is similar to what was done in ref. [60] by using AFORS-HET. All possible 

fitted ηc curves are between the two dashed curves, thereby showing the maximum inaccuracy of the fit. 
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Ignoring the measurement uncertainties, the fitted effective diffusion length (Leff) is 30 ± 4 µm for cell B 

and 20 ± 3 µm for cell A. The solid lines show the fitted ηc used for the JSC analysis. 

 
Figure 4-6: Fig. a shows the measured EQE (orange), fDA × EQE (green) and R+T (blue), for cell B without 
reflector and ARF. The remainder (white) consists of recombination and Apar. Fig. b shows the experimental 
ηc (dots), for cell A (blue) and B (green), and the fitted ηc curves (dashed), for the assumptions that ηc is 
either completely determined by the bulk diffusion length (L-lim) (light green/blue) or completely 
determined by the surface recombination velocity at the interlayer interface (S-lim) (dark green/blue). The 
used L and S values for the L and S limited curves are indicated in the graph. The S values were converted 
to Leff using eq. (10), allowing for comparison to the fitted L (= Leff) values.  

The recombination loss can be calculated with the following equation: 

 
𝑟𝑒𝑐𝑜𝑚𝑏. = 𝐸𝑄𝐸 (

1

𝜂c
− 1) , (15) 

The fitted ηc for the measurements without reflector or AR foil, were also used to calculate the 

recombination loss for the measurements with reflector and/or AR foil, as both optical improvements do 

not significantly affect ηc. After calculating the recombination loss, the remainder is the loss due to 

parasitic absorption (eq. (11)): 

 
𝐴par  = 1 − 𝐴Si − 𝑅T − 𝑇 = 1 − 𝐸𝑄𝐸 (

1

𝜂c
+ 𝑓DA) −  𝑅T − 𝑇 , (16) 

4.1.6 Simulation of Light Trapping Limits and Parasitic Absorption 

Geometrical light trapping has a theoretical limit [72]. Hence, even with perfect light trapping, only part of 

the long wavelength light can be absorbed in the silicon. Therefore, counting the entire optical losses 

determined in the previous sections (T, Resc, Rdirect and Apar) as a JSC loss, would create an unrealistic 

expectation about the JSC potential. In order to determine which fraction of the optical losses can be gained 

by improved light trapping, a theoretical light trapping limit must first be determined. Light trapping by a 

an attached Lambertian reflector is generally considered the maximum light trapping obtainable with 

geometrical optics, and is also referred to as the Yablonovitch [72] or 4n2 limit. In order to compare 
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Lambertian light trapping for the LPC-Si structure with light trapping by (mono-Si) backside pyramid 

texturing and the experimentally observed light trapping, simulations were made with PV Lighthouse’s 

online ray tracer [73]. The ray tracer simulations were also be used to estimate the JSC losses due to 

parasitic absorption in the backside layers.   

In order to compare the light trapping for the experimental and simulated structures, it is necessary to 

calculate a light trapping efficiency (ηLT), showing the light absorbed in the silicon (ASi) as a fraction of the 

escaped light + the light absorbed in the silicon: 

 𝜂LT =
𝐴Si

𝐴Si + (𝑅esc + 𝑇)
=

𝐴Si

1 − 𝑅direct − 𝐴par
 . (17) 

For the experimental ηLT, the input parameters for this equation are derived with eq. (11)-(16) and for the 

simulated ηLT, the input parameters follow directly from the simulation. The simulated layer stack 

consisted of: air, Boro33 glass, the intermediate layers, 11 µm c-Si (9 µm for cell A), 2 µm high, non-

periodic pyramids, 15 nm a-Si:H (p), 75 nm ITO, and a detached white (Lambertian) reflector with a 

reflectance of 97 %, which represents the white paper (see measured absorptance in Figure 4-4b). For the 

simulation of Lambertian light trapping, the Si was planar and the emitter/ITO/reflector stack was replaced 

by an attached Lambertian reflector with R = 100 %. The attached Lambertian randomizes the light in the 

silicon absorber, thereby trapping it in the cell by total internal reflection. This is in contrast to a detached 

Lambertian reflector which randomizes the light in the air layer, contributing very little to light trapping as 

the angular distribution of the scattered light is strongly reduced upon refraction into the silicon. 

Figure 4-7 shows the experimental ηLT curves (solid) for cell A (a) and cell B (b), with and without reflector 

and with and without ARF. These curves are compared to the simulated ηLT curves (dashed) for the 

Lambertian reflector and for the pyramid textured cell with and without detached reflector. Figure a also 

includes two calculated ASi curves (dotted) for 1 and 3 passes through the absorber, using the Lambert-

Beer law: ASi = 1 - e-αdZ, where α is the absorption coefficient of c-Si, d is the absorber thickness and Z is the 

number of passes through the absorber.  

In Figure 4-7a it can be seen that the light trapping for planar cell A without reflector (light red)  only 

slightly exceeds the calculated single pass absorptance (dotted curve). Adding a diffuse reflector increases 

the optical pathlength enhancement to about 3 passes. Adding the textured ARF mainly increased the ηLT 

for the measurement with reflector, as without reflector most of the light escapes at the back of the cell, 

which is not affected by the ARF. The simulated ηLT for cell A, but with pyramid texture, was added as a 

reference.  
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Figure 4-7b shows that the ARF has no significant effect on the ηLT of the textured cell (B). The experimental 

ηLT, could be reproduced quite well by the simulated ηLT. For wavelengths between 800-1000 nm, the 

measured ηLT is lower than the simulated ηLT, especially without a reflector. It can also be seen that the 

pyramid texturing results in slightly better light trapping than the Lambertian light trapping. Therefore, 

instead of an attached Lambertian reflector, we assume the simulated ηLT for the (non-periodic) pyramid 

textured backside (with a detached Lambertian reflector) to be the maximum achievable light trapping 

with geometrical optics (ηLT,lim). This limit results in a JSC,lim of 40.2 mA/cm2 for the 9 µm thick c-Si absorber 

of cell A and 40.6 mA/cm2 for the 11 µm thick absorber of cell B. 

The better light trapping for the pyramid textured c-Si than for the Lambertian reflector can be explained 

using the schematic ray tracing examples in Figure 4-7b: for the first reflection at the backside, the pyramid 

texturing reflects all the light beyond the critical angle of the opposite interface, while, for the Lambertian 

reflector (which scatters the light uniformly in all directions) 1/n2 = 8 % [74] of the light is reflected within 

the escape cone of c-Si to air [75].  

 

Figure 4-7. The experimental ηLT curves for cell A (a) and cell B (b) (solid), with reflector (dark blue/red) 
and without reflector (light blue/red) and with ARF (blue) and without ARF (red). These experimental 
curves are compared to the simulated ηLT curves (dashed) for the Lambertian reflector and for the pyramid 
textured cell with and without detached reflector. Figure a also includes two calculated ASi curves (dotted) 
for 1 and 3 passes through the absorber, using the Lambert-Beer law: ASi = 1 – e-αdZ, where α is the 
absorption coefficient of c-Si, d is the absorber thickness and Z is the number of passes through the 
absorber, as indicated in the figure.  

The difference between the experimental and simulated ηLT can be explained by the randomly tilted 

pyramids (or even some planar areas) of the polycrystalline LPC-Si cell, compared to the simulated 

monocrystalline Si pyramids (pyramid angle = 54°). The tilted pyramids will let part of the light escape at 

the first reflections, especially without a back reflector. After multiple internal reflections the direction of 

the light becomes randomized [75] and the experimental ηLT (λ > 1000 nm) more closely resembles the 
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simulated ηLT. The difference between the experimental ηLT and the simulated ηLT,lim will be used in the 

next section to calculate the loss due to incomplete light trapping.  

The simulation with pyramids and reflector for cell B was also used to estimate the parasitic absorption in 

the emitter, ITO and reflector. It could not be used to determine the parasitic absorption in the Boro33 

glass, as it was not possible to simulate a 3.3 mm thick glass layer. The 9 µm Boro33 glass layer, which was 

used instead, resulted in the small interference peaks every ~30 nm in Figure 4-7, i.e. the effect on ηLT was 

negligible. The simulation confirmed the conclusion in section 4.1.4 that the emitter has no significant 

contribution to the parasitic absorption (< 0.05 mA/cm2). From the simulation is it was estimated that the 

JSC loss (for cell B) due to parasitic absorption in the ITO and detached reflector is approximately 1 and 

0.2 mA/cm2 respectively. It should be noted that the ηLT curves indicated that for the LPC-Si cells, more 

light reached the back reflector than for the simulation. Therefore the actual absorption is the reflector 

was probably slightly larger. Nonetheless, the small simulated parasitic absorption in the reflector fits with 

the unaffected IQE for addition of the reflector observed in Figure 4-5, indicating that the absorptance in 

the reflector is indeed small. 

4.1.7 JSC Loss Overview 

In this section the measurements and simulations presented in the previous sections are used to derive 

the JSC losses for cell A and cell B, with and without reflector and with and without ARF. 

In order to obtain the JSC loss due to incomplete light trapping (LTloss), the difference between the 

experimental ηLT and simulated ηLT,lim is multiplied by 1-Rdirect-Apar to convert the efficiency back into a 

current loss as follows from eq. (17). The JSC loss due to direct reflection was obtained by multiplication of 

Rdirect by ηLT,lim. As in eq. (16) the remainder, corrected for the ηLT,lim, equals the loss due to parasitic 

absorption (± all potential inaccuracies):  

 𝐿𝑇loss  = (𝜂LT,lim − 𝜂LT)(1 − 𝑅direct − 𝐴par) , (18) 

 𝑅direct
′ = 𝜂LT,lim𝑅direct ,  (19) 

 𝐴par
′ = 1 − 𝐴𝑆𝑖 −  𝐿𝑇loss − 𝑅direct

′  (20) 

Figure 4-8 shows examples of the JSC loss analysis for the planar cell A, without reflector or AR foil, and for 

the textured cell B with reflector and AR foil. Table 4-2 gives an overview of all the JSC losses.  
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Figure 4-8. Wavelength dependent analysis of JSC losses for planar cell A without reflector and AR foil (a) 
and for textured cell B with reflector and AR foil (b). The corresponding losses in mA/cm2 are indicated in 
the figures. 

Without texturing, reflector or ARF (Figure 4-8a), incomplete light trapping (LTloss) is the largest loss factor, 

and Apar is very small. Table 4-2 shows how, by using the ARF and reflector, the LTloss decreases from 10 to 

3.3 mA/cm2 and Rdirect decreases from 5.8 to 1.9 mA/cm2, but at the same time Apar increases from 0.9 to 

5.5 mA/cm2, partly compensating these gains. The EQE and electrical losses (dead area and recombination) 

increase for increased light trapping because they scale with the absorption in the silicon.  

For the textured cell (B) with reflector and AR foil (Figure 4-8a), the most important causes for current loss 

are direct reflection (3.3 mA/cm2), the dead area loss due to the absorber contact (3.2 mA/cm2), parasitic 

absorption (3 mA/cm2) and bulk and interface recombination (2 mA/cm2). It can be seen that the light 

trapping loss is negligible for the KOH textured FrontERA cell (with reflector). Using simulation, it was 

estimated that 1 mA/cm2 of Apar was due to the TCO and 0.2-0.3 mA/cm2 was due to the white paper 

reflector. From the measured absorptance in the ARF and Boro33, Apar losses of ~0.4-0.7 mA/cm2 were 

estimated for both (0.1-0.3 mA/cm2 for λ < 450 nm and 0.3-0.4 mA/cm2 for λ > 400 nm), leaving 0.1-

1 mA/cm2 for absorption by the absorber contact (and the measurement uncertainties). 

Table 4-2. Overview of JSC losses (mA/cm2). The colours indicate the high (red), average (orange/yellow) 
and low (green) JSC losses for each column. 

Cell ARF Refl. EQE Dead area Recomb. Apar LTloss Rdirect JSC,lim 

A 
 

No 
No 18.8 2.6 2.1 0.9 10.0 

5.8 
40.2 

Yes 21.2 3.0 2.3 2.5 5.5 

Yes 
No 21.3 3.0 2.3 2.2 9.5 

1.9 
Yes 23.7 3.3 2.5 5.5 3.3 

B 
No 

No 25.5 2.8 1.9 2.0 1.2 
7.1 

40.6 
Yes 26.4 2.9 1.9 2.1 0.2 

Yes 
No 27.9 3.1 2.1 2.5 1.7 

3.3 
Yes 28.9 3.2 2.1 2.9 0.1 
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4.1.8 Discussion of JSC Potentials 

In this section the JSC potentials will be discussed. For cell B, the largest JSC loss was the direct reflection 

loss. It can be seen from Rdirect for cell A that this loss can be decreased from 3.3 to ~1.9 mA/cm2, by using 

the optimized interlayer thicknesses. Using simulation in OPAL2, it was determined that this loss can be 

reduced further to ~1.5-1.6 mA/cm2 by using an optimized SiO2/SiNx/SiO2 (PVD) or SiNx/SiOx/SiNx/SiOxNy 

(PECVD) interlayer stack. A possible solution for further reduction of Rdirect is presented in ref. [76], where 

a high angle glass/interlayer texturing is made smooth with a TiO2 solgel (n ≈ 2), creating a geometrically 

smooth surface that is needed for a low defect LPC process [31], while preserving its optical roughness for 

anti-reflection.  

The second largest JSC loss for cell B was the dead area loss. The LBIC measurements indicated that fDA can 

be reduced from ~11 % to ~7 % by using p-type cells (without interrupted grid fingers). However, the p-

type cells generally result in lower VOC values [21]. Alternatively, the dead area loss could be reduced by 

increasing the spacing between the absorber contacts, but this will also increase both the lateral resistance 

and the contact resistance, which are already high for the FrontERA cells (see section 3.3.2). The approach 

chosen in this thesis was to use the point contact device concept, which has an absorber contact area of 

only 2-4 %. 

The third largest JSC loss for cell B was Apar. Glass absorption could be reduced by replacing the 

BOROFLOAT33 glass by Corning Eagle glass (Figure 4-4a) or thinning and texturing the glass by sandblasting 

and HF etching as was done for the record 10.4 % SPC-Si module in ref. [16]. Texturing the glass/air 

interface could also be used to replace the ARF, which would strongly reduce parasitic absorption. 

Absorption by the absorber contact will be mostly prevented by switching to the point contact cell concept, 

due to the smaller contact area and higher reflectivity of the contacts. The optical properties of the ITO 

are already relatively good, but the absorptance could be reduced further by decreasing the carrier density 

[77]. This would increase the sheet resistance of the ITO, but that will not cause a significant Rs loss as long 

as the TCO sheet resistance remains much smaller than the sheet resistance of the c-Si absorber (as the 

contact spacing is identical for the c-Si and TCO contact fingers).  

Considering the high material quality (Leff ≈ 30 ± 4 µm) determined for cell B in section 4.1.5, a reduction 

of the 2 mA/cm2 recombination loss will require either a fundamental improvement in the LPC-Si material 

quality or a reduction of the LPC-Si absorber thickness. In section 5.8.6 the optimum absorber thickness 

will be estimated, using the models described in this chapter and measured (point contact cell) input 

parameters for the light trapping and parasitic absorption. 
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4.2 Influence of the Frontside Inversion Layer on the Minority Carrier Collection in p-Type 

LPC-Si Cells 

This section is a preprint version of [69] (DOI: https://doi.org/10.1002/solr.201700100). In this section EQE 

and LBIC measurements are used together with electrical simulations to investigate the bias light 

dependent collection of p-type FrontERA cells inside and outside the cell area.  

In the previous section, LBIC measurements indicated that, for the p-type cell (A), the collection below the 

majority carrier contact and the collection outside the cell area is 2-3 times higher than for the n-type cell 

(B) (section 4.1.2, Figure 4-2f). Both cells had a SiNx/SiOx/SiOxNy interlayer stack. Capacitance-voltage (C-

V) measurements of a 20/100/80 nm SiNx/SiOx/SiOxNy LPC-Si interlayer stack revealed a high positive fixed 

charge density at mid gap (Qf,MG) of 1.4∙1012 cm-2 [78], which is similar to the values reported for SiNx:H 

layers on c-Si wafers [79]. On p-type wafers, such Qf,MG values result in a charge inversion layer [80]. In 

refs. [81], [82] it was argued with 2D simulation and through experimental results, that it is possible for a 

backside contacted cell to collect minority charge carriers by conduction through a front floating emitter 

(FFE), which is similar to a frontside inversion layer. In this section we present evidence supporting the 

hypothesis that it is possible for a backside contacted (p-type, LPC-Si) cell to collect minority charge carriers 

by conduction through a frontside inversion layer. 

In ref. [34] a strong bias light dependence of the EQE was observed for p-type LPC-Si cells with SiO2 

interlayer. It was speculated that this is related to the excess carrier density (Δn) dependence of the 

effective surface recombination velocity (Seff) observed for p-type wafers with SiO2 passivation [83]. Ref. 

[84] presented p-type LPC-Si cells with a SiO2/Al2O3/SiO2 interlayer stack. It was shown that the bias light 

dependence of the EQE for the cells with Al2O3 interlayer is much smaller than for the reference cells with 

SiO2/SiNx/SiO2 interlayer stack. Al2O3 layers have a negative fixed charge density (Qf,MG ≈ -1013 cm-2 on 

wafers [85]). On p-type silicon, this negative Qf results in a charge accumulation, instead of the 

aforementioned charge inversion caused by SiNx layers on p-type wafers. 

In this section, a p-type LPC-Si cell with a SiOxNy based interlayer stack (η = 11.8%, see section 3.3.5, Table 

3-3) and a p-type cell with Al2O3 based interlayer stack described in ref. [84] are compared using external 

quantum efficiency (EQE) and LBIC measurements (section 4.2.2). Simulation is used to argue that the 

measured collection and bias light dependence outside the cell area (section 4.2.3) and inside the cell area 

(section 4.2.4) can be explained by a frontside charge inversion layer. 

4.2.1 Investigated Cells 

https://doi.org/10.1002/solr.201700100
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The material properties of the two investigated p-type FrontERA cells are summarized in Table 4-1. For the 

sample with SiOxNy interlayer, a 10/200/85 nm SiNx/SiOx/SiOxNy interlayer stack and 9 µm Si layer were 

deposited by PECVD on Boro33 glass. For the sample with Al2O3 interlayer, the first 200 nm SiOx was 

deposited by PVD on Corning glass, followed by 30 nm Al2O3 by atomic layer deposition (ALD) and 10 nm 

SiO2 by PVD. Subsequently 10 µm silicon was deposited by e-beam evaporation. After this, both samples 

were crystallized with a laser crystallization scanning velocity of 3 mm/s. The Si absorber of the sample 

with the SiOxNy interlayer (called “SiOxNy cell” in this section) had a measured acceptor density (NA) of 

6∙1016 cm-3 and the silicon was textured with KOH, etching away ~1.5 µm. The sample with the Al2O3 

interlayer (called “Al2O3 cell” in this section) had a measured NA of 1.5∙1017 cm-3 and was not textured. 

FrontERA cells were simultaneously fabricated on these LPC-Si materials. 

4.2.2 EQE and LBIC Measurements 

Figure 4-9a shows the large area EQE measurement results of the SiOxNy (blue curves) and Al2O3 (red 

curves) cells, for a bias light intensity of 0.3 suns (dark curves) and ~5∙10-4 suns (light curves). For the SiOxNy 

cell, the EQE curves are shown with a mask (dashed curves) and without a mask (solid curves) that had an 

opening slightly smaller than the cell area. The difference between the EQE curve without and with mask 

represents the collection outside the cell area. 

For the SiOxNy cell, it can be seen that the EQE measured with mask (dashed) decreases when the bias light 

intensity is decreased from 0.3 to ~5∙10-4 suns, e.g. at λ = 600 nm the EQE decreases from ~70 % to ~60 %. 

In contrast, for the measurement without mask (solid), it can be seen that the reduction of the bias light 

intensity results in an increase of the EQE from ~70 % to ~120 % (at λ = 600 nm). As mentioned, the 

difference between the EQE curve without and with mask represents the collection outside the cell area, 

explaining the EQE > 100 %. Thus it can be seen that the collection outside the cell area strongly increases 

with decreasing bias light intensity in case of the SiOxNy based interlayer stack. For the Al2O3 cell, the EQE 

shows almost no bias light dependence, as was published in ref. [84]. 

Figure 4-9b shows the normalized EQE signal, measured at λ = 600 nm, for the Al2O3 and SiOxNy FrontERA 

cells, with and without mask, as a function of bias light intensity. The EQE signal was normalized to the 

average of the EQE signals with and without mask at 0.3 suns. The lowest intensity of 10-4 suns corresponds 

Table 4-3. Investigated Cells 

Cell name 
& ref. 

Glass 
Interlayers NA 

(cm-3) 
dabs 

(µm) 
KOH 
text dIL (nm) Materials Deposition 

SiOxNy [10] Boro33 15/200/85  SiNx/SiOx/SiOxNy PECVD 6∙1016 7.5 yes 

Al2O3 [15] Corning 200/30/10  SiO2/Al2O3/SiO2 PVD/ALD/PVD 1.5∙1017 10 no 
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to the intensity of the EQE measurement spot at λ = 600 nm (i.e. no bias light).  

For the SiOxNy cell, the EQE measurement with mask shows a steadily decreasing EQE for decreasing bias 

light intensity. It can be seen that the collection outside the cell area (EQEno mask – EQEmasked) increases 

steadily for decreasing bias light intensities, reaching a maximum at ~3∙10-4 suns.  For the Al2O3 cell, the 

EQE with and without mask is identical, indicating that the collection outside the cell area is negligible. It 

can also be seen that the bias light dependence of the EQE measurement (with mask) is much smaller for 

the Al2O3 cell than for the SiOxNy cell. 

 
Figure 4-9. Figure a shows large area EQE measurements of the SiOxNy (blue) and Al2O3 (red) cells, with 
low bias light intensity (5∙10-4 suns, light curves) and high bias light intensity (0.3 suns, dark curves) and, 
for the SiOxNy cell, with mask (dashed) and without mask (solid). The difference between the EQE with and 
without mask represents the collection outside the cell area. Figure b shows normalized EQE measured at 

λ = 600 nm for the SiOxNy (blue) and Al2O3 (red) cells, measured with mask (open symbols) and without 
mask (closed symbols), as a function of the bias light intensity in suns. The dashed lines are a guide to the 
eye. 

Figure 4-10 shows the normalized LBIC signal for line-scans across the absorber contact and cell edge (see 

Figure 3-2a) with and without (~0.5 suns) bias light, for the SiOxNy and Al2O3 cells. The grey dotted curves 

are the calculated collection probabilities (fc = e-x/Leff [65]) for effective diffusion lengths Leff = 20, 200 and 

1000 µm.  

It can be seen that, for the SiOxNy cell, the LBIC signal outside the cell area is large and strongly bias light 

dependent. For the Al2O3 cell, the LBIC signal outside the cell area is small and bias light independent. It 

can also be observed that the collection from below the (Al) absorber contact is much larger for the SiOxNy 

cell than for the Al2O3 cell and that this collection is not bias light dependent.  

The collection outside the cell area for the Al2O3 cell can be fitted by the calculated fc for a diffusion length 

of 20 µm, which is in line with the typical LPC-Si Leff of 10-40 µm [24], [65], [86] (though it should be noted 

that the LBIC FWHM spot size is ~30 µm). For the SiOxNy cell, the collection outside the cell is 1-2 orders of 
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magnitude larger and also doesn’t quite follow the exponential fc curves. Instead, (without bias light) the 

signal drops off at the cell edge by about 30-40 %, followed by a much slower decay. 

In section 4.2.3 it will be discussed how the collection outside the cell area can be explained and in section 

4.2.4 it will be discussed how the bias light dependence of the collection inside the cell area can be 

explained. 

 
Figure 4-10. The normalized LBIC linescan and simplified schematic cross-section of the Al absorber 

contact and cell edge (see Figure 3-2a) for the SiOxNy (blue) and Al2O3 (red) cells with (dashed line) and 
without (solid line) bias light (~0.5 suns). The calculated collection probability (fc = e-x/Leff) curves (grey, 
dotted), for effective diffusion length Leff = 20, 200 and 1000 µm, are plotted for comparison.  

4.2.3 Collection Outside the Cell Area 

In this section we provide an explanation for the observed collection of charge carriers from outside the 

cell area using three arguments: a comparison of the Al2O3 and SiOxNy cells (A), wavelength dependence 

of the collection outside the cell area (B) and bias light dependence of the collection outside the cell area 

(C). 

A. Comparison of the Al2O3 and SiOxNy Cells 

There are three potential collection paths for the charge carrier collection from outside the cell area: the 

back, the bulk and the front, i.e. collection through a hypothetical backside inversion layer, diffusion within 

the absorber and collection through a frontside inversion layer (generated by the positive charge in the 

SiOxNy interlayer).  

The backside of the Al2O3 and SiOxNy cells is identical, as they were processed simultaneously. As the Al2O3 

cell doesn’t show a large charge carrier collection outside the cell area, collection through a backside layer 
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cannot explain the carrier collection observed for SiOxNy cell. In Figure 4-10 it can be seen that the charge 

carrier collection outside the cell area is still high far away (> 200 µm) from the cell edge. An Leff of 200-

1000 µm would be required to explain this with collection by diffusion within the LPC-Si absorber, which 

is not realistic since Leff = 10-40 µm for LPC-Si [24], [65], [86]. Also, the Leff would have to increase from 

~200 to ~1000 µm for decreasing bias light intensity, instead of decreasing as would be inferred from the 

decreasing collection (EQE) inside the cell area. Therefore, by exclusion of the back and the bulk, it can be 

concluded that the observed charge carrier collection from outside the cell area is related to the frontside. 

B. Wavelength Dependence 

Figure 4-11a shows a schematic cross-section of the FrontERA cell with SiOxNy based interlayer. The arrows 

indicate the uniform bias light (yellow) and local LBIC laser light (red) coming through the glass. The figure 

includes representations of four factors which determine the collection from outside the cell area: 

I. The collection efficiency (ηc(λ)), for diffusion towards the inversion layer,  

II. The collection probability (fc(d), where d is the absorber thickness) for diffusion from the inversion 

layer to the emitter, 

III. The operating voltages and corresponding currents of the p-n junctions created by the charge 

inversion layer. In Figure 5a it can be seen how the current has to flow in opposite directions through 

the diode inside the cell area (orange) and the diode outside the cell area (green). Appendix A.1 

provides a qualitative explanation of this effect (adapted to our cells from ref. [81]). 

IV. The resistance loss ΔV = IR in the inversion layer, where I is the current and R is the resistance of the 

inversion layer. In section 4.2.3C simulation will be used to determine if the observed bias light 

dependence of the collection outside the cell area can be explained by the resistance in the inversion 

layer (R).  

Of these four factors only the first factor depends on the wavelength of the incoming light: short 

wavelength light is absorbed close to the inversion layer and therefore has a higher collection efficiency 

for diffusion toward the inversion layer than the long wavelength light, which is absorbed more uniformly 

in the LPC-Si material (see section 2.7). The opposite wavelength dependence is expected for collection at 

the backside. 

Figure 4-11b shows IQE curves measured inside (orange) and outside (green) the cell area of the SiOxNy 

cell, with a low bias light intensity of ~3∙10-3 suns. The IQE curves were fitted with the ηc(λ) equations that 

describe collection at the frontside (section 2.7, eq. (6)-(7)) and collection at the backside (eq. (6)-(8)). The 

comparison between measured IQE and calculated ηc(λ) confirms that the minority carriers generated 
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outside the cell area are initially collected at the frontside (and the minority carriers generated inside the 

cell area are collected at the backside).  

The short wavelength light (λ < 450 nm) is absorbed very close to the interlayer. If this light is absorbed 

outside the cell area, the generated minority carriers are directly collected at the inversion layer, resulting 

in a calculated ηc (λ < 450 nm) ≈ 100 %. The calculated ηc was therefore multiplied by the measured IQE at 

450 nm (48 %) to account for the three wavelength independent loss factors (Figure 4-11a, factors II-IV)). 

If the short wavelength light is absorbed inside the cell area, the generated minority carriers subsequently 

diffuses from the interlayer to the emitter. Therefore, the IQE inside the cell area for λ = 450 nm 

approximately equals the collection probability for diffusion from the interlayer to the emitter fc (d) (II). In 

Figure 4-11b it can be seen that the 1 - fc(d) loss can explain most of the observed IQE(450 nm) = 48 %. The 

remainder is presumable caused by the diodes (factor III) and the resistance in the inversion layer (IV).  

 
Figure 4-11. Figure a shows schematic cross-section of the FrontERA edge and absorber contact (for the 
SiOxNy cell). The yellow and red arrows indicate the bias and LBIC laser light. The black and white arrows 
indicate the collection path for the generated minority and majority carriers. The roman numerals (I-IV) 
indicate the different factors determining the collection probability through the inversion layer. Figure b 
shows small spot IQE measurements inside and outside the cell area of the SiOxNy cell (solid lines). The 
dashed lines are calculated collection efficiency (ηc) curves, using equations for collection at the frontside 
(section 2.7, eq. (6)-(7)) and for collection at the backside (eq. (6), (8)). The calculated ηc(λ) for frontside 
collection (factor “I”) was multiplied by the measured IQE(λ = 450 nm) ≈ 48 % (presumably caused by the 
wavelength independent factors “II-IV”). The collection probability for diffusion from the inversion layer 
to the emitter (fc(d)) (factor “II”) approximately equals the backside ηc at 450 nm. 

C. Bias Light Dependence 

In this section, simulations are performed in order to determine if the sheet resistance of the inversion 

layer can quantitatively explain the measured bias light dependence outside the cell area. In order to 

determine the sheet resistance of the inversion layer, the electron and hole densities (n(x) and p(x)) of the 

inversion layer at the SiOxNy/LPC-Si(p) interface were simulated in AFORS-HET [87]. As input parameters 

we used the measured Qf,MG = 1.4∙1012 cm-2 and defect density at midgap Nit,MG = 4∙1011 cm-2, based on the 



4 Photocurrent Analysis of FrontERA Cells         

55 
 

C-V measurements in ref. [78]. In AFORS-HET, a 1 nm c-Si defect layer, with a defect density of 4∙1018 cm-3 

was used to simulate Nit. The hole/electron capture cross sections (σp/n) of the SiOxNy/LPC-Si interface were 

not measured, nor are there (to our knowledge) corresponding literature values. For a charge inversion in 

c-Si(p), holes are the minority charge carriers and therefore, σp will determine Seff. Literature values for σp 

vary from 10-17 cm2 for the SiOx/c-Si interface [88], to σp ≈ 10-13 cm2 for the SiNx/c-Si interface [89]. For our 

simulations, we assumed σp/n = 10-15 cm2.  

Figure 4-12a shows the simulated E(x), n(x) and p(x) for the SiOxNy/LPC-Si(p) charge inversion layer. It can 

be seen how the positive fixed charges in the SiOxNy repel the positive charges in the c-Si(p) and induce 

negative charges in the c-Si(p) near the surface, causing a charge inversion. A strong charge inversion, as 

shown in figure 7 (psurface << nbulk), can passivate the silicon surface just as well as a charge accumulation 

[90].  

By integrating the simulated n(x) in the inversion layer, it is possible to estimate the sheet resistance of 

the inversion layer [91]. The majority carrier mobility (µ) in the inversion layer is relatively low, which is 

mainly due to Coulomb scattering. Based on the data in ref. [92], we estimate µ ≈ 150 cm2/Vs. This results 

in an order of magnitude estimate for the sheet resistance of the inversion layer of 105 Ω/□. A variation of 

σp from 1013 to 1017 cm-2 did not affect this estimate. 

In order to determine if the bias light dependence of collection outside the cell area in Figure 4-9 can be 

explained by the sheet resistance of the inversion layer, resistance simulations were performed with 

Quokka 2 [93]. In order to compare the simulated collection to the measured collection outside the cell 

area, the measured EQE (λ = 600 nm) data from Figure 4-9b was converted into the ratio of the collection 

outside the cell area to the collection inside the cell (EQEout/in) using: 

 

In the 2D Quokka simulations, the JSC was determined for a 10 µm thick, 1.5 cm long solar cell structure 

with a single contact on the left, for uniform illumination intensities between 10-3 and 1 sun and an 

absorber sheet resistance of 105 Ω/□. The simulated structure is shown in Figure 4-12b. The sheet 

resistance of the emitter was set to 20 Ω/□ to ensure that the resistance in the emitter was negligible. The 

JSC (for full collection and 1 sun illumination) was reduced optically to 15 mA/cm2, in order to roughly 

approximate the collected current density through the inversion layer, which is lower than the cell JSC due 

to factors I-III. The diffusion length was set to 20 µm. The obtained current collection in mA/cm was divided 

by the relative illumination intensity (suns) and multiplied by the circumference of the cell without the bus 

 𝐸𝑄𝐸𝑜𝑢𝑡/𝑖𝑛 =
𝐸𝑄𝐸𝑛𝑜 𝑚𝑎𝑠𝑘−𝐸𝑄𝐸𝑚𝑎𝑠𝑘

𝐸𝑄𝐸𝑚𝑎𝑠𝑘
 . (21) 
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bar (2.2 cm) to obtain the approximate total current collected outside the cell area in mA. This was then 

divided by the approximate total current from within the cell area (22 mA/cm2 × 0.6 cm2) to obtain the 

ratio of the collection outside/inside the cell area. 

The measured EQEout/in and the simulation result, for 105 Ω/□, is shown in Figure 4-12c.  It can be seen that 

the simulation fits the measured data very well. Variation of the estimated input parameters shifts the 

simulated EQEout/in vs bias light intensity curve up and down, but doesn’t significantly change its slope (not 

shown). This indicates that the bias light dependence of the collection outside the cell area can be 

explained by the resistance in the inversion layer.  

 
Figure 4-12. Fig a shows the simulated band diagrams and hole (p) and electron (n) densities for a SiOxNy/c-
Si(p) charge inversion using AFORS-HET[87]. The fixed charge density (Qf), interface trap density (Nit) and 
c-Si(p) acceptor density (NA) are given in the figure. Fig. b shows a cross-section of the structure simulated 
in Quokka. Fig. c shows the collection outside the cell area divided by the collection inside the cell area 
(EQEout/in), for the EQE measurements from Figure 4-9b (dots) and for the 2D simulation in Quokka (line). 

4.2.4 Bias Light Dependent Collection Inside the Cell Area 

In this section, it will be attempted to explain the bias light dependence of the EQE inside the cell area for 

the SiOxNy and Al2O3 cells. For this purpose the excess carrier density (Δn) dependence of the effective 

surface recombination velocity (Seff) will be modelled, using the extended Shockley-Read-Hall surface 

recombination model, solved according to ref. [94]. 

Figure 4-13 shows the modelled Seff vs. the bulk excess charge carrier density (Δn) for the SiOxNy and Al2O3 

interlayers, using the aforementioned input parameters for the SiOxNy interlayer and also for a reduced Qf 

of 1012 cm-2. For the Al2O3 interlayer, there is no C-V measurement data and therefore Nit = 4∙1011 cm-2 and 

Qf = -1011, -1012 or -1013 cm-2 were used as input parameters. The uncertainty of Qf and Nit for the Al2O3 

interlayer and of σp/n for both interlayers (see section 4.2.3.C) introduces a quantitative inaccuracy, but 
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the purpose of this calculation is to determine the qualitative dependence of Seff on Δn.   

It can be seen that, for the SiOxNy structure, Seff increases for decreasing Δn, especially for the simulation 

with Qf = 1012 cm-2. In contrast, the Seff of the “Al2O3” layer is unaffected by Δn, for Δn < 1012 cm-3, 

independent of the chosen Qf. This fits with the much lower BL dependence for the EQE of the Al2O3 cell. 

It can be concluded that the increasing Seff for decreasing Δn (for Δn < 1012 cm-3) is typical for the inversion 

type passivation.  

 
Figure 4-13. Effective surface recombination velocity Seff vs. the bulk excess carrier density Δn for the 
SiOxNy (blue) and Al2O3 (red) samples for the fixed charge densities (Qf) indicated in the figure. The 
approximate bias light intensities in suns corresponding to the Δn, as simulated for JSC conditions in AFORS-
HET, are indicated in the figure. 

In order to estimate Δn for the EQE measurements in Figure 4-9b, AFORS-HET simulations of a 10 µm 

c-Si(p) absorber with L = 20 µm were made, for 0 V (JSC) and light intensities between 10-4 and 1 sun. This 

resulted in a simulated Δn of ~108 – 1012 cm-3. Therefore, it can be concluded that the bias light intensity 

of 10-4 to 1 sun in Figure 4-9b roughly corresponds to Δn = 108 – 1012 cm-3 in Figure 4-13. By comparison of 

these figures it can be seen that the dependence of Seff on Δn, for Qf = 1012, roughly corresponds to the 

decreasing EQE for decreasing bias light intensity. This doesn’t necessarily mean that the actual Qf is lower 

than the Qf determined by the C-V measurements. Alternatively, Nit or σp might be higher than the values 

used in the simulation. 

In addition, the AFORS-HET simulations were also made at VOC and MPP conditions, resulting in a simulated 

Δn of ~1014 and ~1013 cm-3 respectively. In Figure 4-13 it can be seen that this results in a higher Seff (more 

recombination) at MPP than at VOC, thereby reducing the FF [95].  

4.2.5 Conclusions 
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EQE and LBIC measurements of a p-type FrontERA cell on LPC-Si with SiOxNy-based interlayer, showed a 

large, bias light dependent collection outside the cell area. This was in contrast to a simultaneously 

fabricated FrontERA cell with an Al2O3 based interlayer stack. The measured collection from below the 

absorber contact was also much higher for the SiOxNy cell. 

Using these two p-type LPC-Si cells, we argued that, for backside contacted solar cells, minority carriers 

can be collected through a frontside charge inversion layer: 

1. The very small and bias light independent collection outside the cell area for the Al2O3 cell showed 

that the collection outside the cell area for the SiOxNy cell cannot be due to collection through a 

backside layer. The magnitude of the collection showed that the collection cannot be due to 

diffusion within the bulk. By exclusion, the only remaining collection path is through the frontside 

inversion layer. 

2. The wavelength dependence of the IQE measurement outside the cell area could be fitted by the 

collection efficiency (ηc(λ)) equations for collection at the frontside. 

3. Using AFORS-HET, it was simulated that, for the investigated p-type LPC-Si with a SiOxNy-based 

interlayer stack, the measured positive fixed charges in the interlayer result in a passivating charge 

inversion layer, with a sheet resistance of ~105 Ω/□. Using 2D resistance simulations in Quokka, the 

measured bias light dependence of the collection outside the cell area could be explained by the 

resistance in the ~105 Ω/□ inversion layer.  

The EQE of the SiOxNy cell inside the cell area also showed a strong bias light dependence. Simulation of 

the effective surface recombination at the SiOxNy/LPC-Si interface for excess carrier densities between 108 

and 1012 cm-3 could explain this bias light dependence between 10-4 and 1 sun. 

4.3 Conclusions 

In this chapter the photocurrent of LPC-Si FrontERA cells was investigated, using LBIC, EQE and optical 

measurements. The measurement results were analysed using optical simulation in PV Lighthouse’s OPAL2 

and online ray tracer and electrical simulations in AFORS-HET and Quokka.  

Using LBIC measurements, it was shown that the collection from below the absorber contact and from 

outside the cell area is 2-3 larger for p-type than for n-type FrontERA cells. Using simulation and bias light 

dependent EQE and LBIC measurements of p-type cells with SiOxNy or Al2O3 based interlayer stacks, it was 

argued in three different ways that this collection could be explained by a frontside charge inversion layer, 

induced by fixed charges in the SiOxNy layer. Using the calculated Δn dependence of the Seff, it was further 

argued that this inversion layer is also responsible for the bias light dependence (and reduced FF) of the 
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p-type LPC-Si cells. 

Using LBIC measurements, a slope in the J-V curve at JSC, for a p-type FrontERA cell, could be explained as 

a distributed series resistance caused by grid fingers that were interrupted by LPC-Si cracks, confirming a 

hypothesis from ref. [46]. 

The large dead area losses due to electrical shading by the absorber contact and interrupted grid fingers, 

as well as the measurement difficulties due to collection outside the cell area, provide part of the 

motivation for switching to the point contact cell concept. 

Reflection measurements indicated that the textured anti-reflection foil causes a reduction of Rdirect by 50-

65 % and a shift of ~40 nm to shorter wavelengths. It was argued that this is caused by a combination of 

(1) reduction of the reflection at the glass-air interface and (2) total internal reflection at the glass-air 

interface of light that was reflected by the glass/interlayer/Si interface. Using optimized NO(ON) interlayer 

thicknesses and the ARF, the Rdirect loss could be reduced to 1.9 mA/cm2. Simulation indicated that this 

could be reduced further to 1.5 mA/cm2 by using an ONO or NON(ON) interlayer stack.  

For the KOH textured cell (with detached white paper reflector), it was shown that the light trapping 

efficiency (ηLT) was higher than the simulated ηLT for a Lambertian reflector and very close to the simulated 

ηLT for mono-Si pyramids. As it was argued that the ηLT for these mono-Si pyramids constitutes the light 

trapping limit for geometrical optics, the incomplete light trapping loss was estimated at 0.1 mA/cm2. 

From the IQE measurement it could be seen that, contrary to the planar cell, the addition of the reflector 

and ARF did not significantly increase the parasitic absorption for λ > 700 nm. It was concluded that 

texturing the Si absorber strongly reduces the relative parasitic absorption (Apar) by trapping most of the 

light within the absorber layer. The Apar loss for the textured cell with reflector and ARF was estimated at 

3 mA/cm2. Using simulation, it was estimated that 1 mA/cm2 of this was due to the TCO and 0.2-

0.3 mA/cm2 was due to the white paper reflector. From the measured absorptance in the ARF and Boro33, 

Apar losses of ~0.4-0.7 mA/cm2 were estimated for both, leaving 0.1-1 mA/cm2 for absorption by the 

absorber contact (and the measurement uncertainties). It was proposed that the Apar losses could be 

reduced by thinning and texturing the glass as was done for the 10.4 % CSG mini-module in ref. [16] and 

by reducing the carrier density in the ITO. 

The JSC analysis methods and results presented in this chapter will be used in section 5.6 to analyse the 

point contact cells and to estimate the optimum absorber thickness and LPC-Si JSC potential. 
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5 Solar Cells with Laser Fired Absorber Point Contacts and Heterojunction 

Emitters for Textured LPC-Si 

This chapter describes the development and analysis of backside contacted LPC-Si cells with heterojunction 

emitters and laser fired absorber point contacts. The starting point for this cell development is an 11.5 %, 

planar, 2∙1016 cm-3 doped, n-type point contact cell [30], which was mainly limited by a high Rs. In this 

chapter we describe the implementation new emitters to reduce Rs, a higher absorber doping to increase 

VOC (and reduce Rs) and KOH texturing to increase JSC. Measurements and simulations are used to determine 

the Rs losses and potentials and to estimate the optimum point contact spacing as a function of absorber 

doping. A passivated isolation scribe is implemented to prevent an observed recombination problem and a 

new point contact cell with an efficiency of 12 % is presented and compared to the 11.5 % cell from ref. 

[30]. Comparison of the photocurrent losses of the point contact cells to those of the FrontERA cells from 

section 4.1 reveals that parasitic absorption and light trapping losses are higher for point contact cells. It 

is argued that this is mainly due to the attached white reflector and several solutions are discussed to 

prevent these losses. It is also argued that, for the LPC-Si absorbers in this study, the absorber thickness 

should be reduced to ~6 µm to reduce recombination losses. 

5.1 Introduction 

Development of crystalline silicon on glass (CSG) at UNSW included the development of a corresponding 

backside point contacting scheme on which the device in this chapter is based [13], [96]. A 30×40 cm2 mini-

module pilot plant by Pacific Solar [97], and subsequent industrial production of 1.38 m2 point contacted, 

solid phase crystallized silicon (SPC-Si) modules by CSG Solar AG [16], showed the industrial compatibility 

of the point contact process. 

For SPC-Si, the initial doping profile is more or less maintained during crystallization and it was therefore 

possible to create thin, highly doped crystalline silicon layers, acting as front side emitter and back surface 

field. After the SPC process, a laser isolation scribe (isoscribe) was made to separate the SPC-Si into cells 

and a hydrogen plasma passivation was used to reduce the defects [23]. A white resin was applied on the 

film and point contact openings to the emitter and BSF were made by inkjet printing with a KOH based ink. 

This was followed by the deposition of an Al layer, contacting the emitter and BSF. Finally, a laser was used 

to structure the Al layer into interdigitated fingers. This process resulted in a 94 cm2 mini-module with an 

independently verified record efficiency of 10.4 % by CSG Solar [16]. The VOC of this SPC-Si module was 

only 492 mV/cell, showing the need for a higher material quality, e.g. LPC-Si. The schematic cross-section 

and top view image of this SPC-Si point contact module are shown in Figure 5-1a and b. It can be seen that 
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the BSF point contacts of cell 1 are connected to the emitter point contacts of cell 2, thereby creating a 

module interconnection between the cells.  

Contrary to SPC-Si, LPC-Si results in a uniformly doped c-Si layer, requiring a separate emitter formation. 

At UNSW this was solved by using a high temperature phosphorus diffusion process on an LPC-Si (p) 

absorber to create a homo-junction, resulting in a cell efficiency of 11.7 % with a VOC of 585 mV, a JSC of 

27.6 mA/cm2 and a FF of 72.4 %. This cell, shown schematically in Figure 5-1c, was made on a ~8∙1015 cm-3 

doped, planar, p-type absorber and sputtered ONO interlayer stack [20], using a point contacting scheme 

based on that of CSG Solar. However, this cell efficiency was not stable, degrading over time to 10 % due 

to a problem with the c-Si(p)/Al absorber contact.  

 

Figure 5-1. Figure a shows a schematic cross-section of the p-type SPC-Si point contact cell, developed at 
CSG Solar [16]. Figure b shows a top-view image from ref. [12] of the mini-module interconnection. The 
red line indicates the position of the cross-section in fig. a. Figure c shows a schematic cross-section of the 
p-type LPC-Si point contact cell with diffused homo-emitter developed at UNSW [20]. Figure d shows a 
schematic cross-section of the n-type LPC-Si point contact cell with silicon heterojunction (SHJ) emitter 
and laser fired contacts (LFC) developed at HZB [30]. The arrows indicate the direction of the light (yellow) 
and of the generated electrons (black) and holes (white). 

At HZB, the absorber contacts of p-type point contacts cells from UNSW were laser fired, resulting in a 

stable, low contact resistivity without increasing the point contact opening [29]. The point contact cell 

concept at HZB was further adapted from homo- to hetero-junction emitters and from p- to n-type 

absorbers, resulting in a cell efficiency of 11.5 % with a VOC of 619 mV, a JSC of 28.2 mA/cm2 and a FF of 

65.5 % [30]. This cell, shown schematically in Figure 5-1d, was made on a planar, 9 µm thick, ~2∙1016 doped, 

n-type absorber with a 15/200/60/20 nm NON(ON) PECVD interlayer stack. The efficiency of this cell was 
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mainly limited by the low FF of 65.5 %, caused by an Rs of 5.2 Ωcm2, determined from the slope of the J-V 

curve at VOC. The measured Rs contributions by the absorber and TCO point contacts were only 0.2 and 

0.1 Ωcm2 respectively and it was therefore argued that the high cell Rs was caused by the a-Si(p)/TCO 

contact resistance. It was also discussed that the lack of backside texturing resulted in a lower EQE in the 

long wavelength region. 

In this chapter a modified point contact process is presented with the following elements: an improved 

absorber contact etch process, new emitters to decrease the Rs, an increase of the absorber doping to 

increase the VOC and decrease the Rs, KOH texturing to increase the JSC and an adapted isoscribe process 

to increase the FF. Analysis of the Rs and JSC losses in the resulting device, led to the identification of several 

other potential efficiency improvements. 

Section 5.2 describes the fabrication of the material, point contact cells and test structures used in this 

chapter, followed by an overview of the investigated cells. In section 5.3 the etching in the absorber point 

contact opening is investigated for different emitter/TCO combinations and etch solutions, attempting to 

prevent shunting without increasing the dead area loss. In section 5.4, measurements and simulations are 

used to show how the point contact resistance depends on the absorber doping. The dead area and 

resistance results from section 5.3 and 5.4, are then used to estimate the optimum point contact spacing 

as a function of absorber doping. In section 5.5 test structures are used to analyse many different 

emitter/TCO combinations, attempting to reduce the Rs without reducing the VOC. Also, the resistance of 

n-type point contact cells with different emitters is analysed, resulting in an overview of the Rs losses and 

potentials. In section 5.6 a recombination problem at the isolation scribe is identified, requiring the 

introduction of passivated isolation scribes. In section 5.7 a resulting point contact cell with an efficiency 

of 12 % is compared to the 11.5 % cell from ref. [30], indicating how the developments described in this 

chapter increased the cell efficiency. In section 5.8 the photocurrent losses of textured point contact cells 

are analysed and compared to those of the FrontERA cells from chapter 4, which is followed by a discussion 

of the JSC potentials and optimum absorber thickness. 

5.2 Fabrication  

Section 5.2.1 describes the interlayer and absorber fabrication and section 5.2.2 the emitter/TCO 

deposition, insofar they deviate from the fabrication process described in chapter 3. Section 5.2.3 

describes the fabrication of the point contact cells and TLM structures, which is followed by the fabrication 

of the test (quasi) cells in section 5.2.4 and emitter/TCO resistivity test structures in section 5.2.5. Section 

5.2.6 will present an overview of the six experiments which provided the investigated cells in this chapter. 



5 Solar Cells with Laser Fired Absorber Point Contacts and Heterojunction Emitters for Textured LPC-Si 
        

63 
 

5.2.1 Interlayer and Absorber  

The fabrication of the PECVD (AKT) (and PVD/e-beam) material was described in section 3.2 and also 

applies to the material used in this chapter. Unless mentioned otherwise, all the absorbers in this chapter 

are KOH textured. All PECVD (AKT) absorbers on Boro33 glass were crystallized with 10 mm/s to minimize 

bubbles in the glass (see section 3.3.3), which can interrupt the isolation scribe by scattering the laser 

beam.  

Some of the interlayers in this chapter were deposited in a different PECVD tool, which will be referred to 

as “PC1”. These 200/60/10 nm SiOx/SiNx/SiOx interlayers (recipes in Table 5-1) were deposited both on 

Corning and on Boro33 substrates. Subsequently, the precursors for these interlayers were deposited by 

e-beam evaporation. The absorber doping was determined by deposition of a thin a-Si(n) layer on the 

precursor before crystallization, similar to the PECVD precursors (see section 3.2.2). 

5.2.2 Emitter and TCO 

Several different emitter and TCO layers were used than in chapter 3 in an attempt to reduce the 

emitter/TCO resistance and for compatibility with the point contact etching process. The emitter layers in 

this section are either amorphous (a-Si) or nano-crystalline (nc-Si), where the latter can potentially result 

in a lower resistance [98]–[100]. The nc-Si layer has a deposition process which can damage the underlying 

layers [101]. The rate at which the nc-Si layer nucleates during the deposition can be influenced by many 

factors like surface treatment, morphology and doping gas [98], [102], [103]. For the p-type emitters, the 

doping gas was either TMB or B2H6, where the latter is known to result in much higher conductivity [104], 

potentially resulting in lower resistance losses. The emitter recipes, deposited in the AKT PECVD, are listed 

in Table 5-2. The nc-Si(p) layer consists of a 10 s (~1-2 nm) nucleation step, followed by a ~28 nm thick 

layer and finished by a 1-2 nm, higher doped contacting layer. The deposition rate was estimated for 

textured wafers by division of the measured deposition rate on planar wafers by a geometry factor of 1.7 

[105]. It should be noted that for the tilted pyramids on textured LPC-Si the geometry factor and 

corresponding deposition rate depend on the pyramid/grain orientation. None of these recipes were 

developed as part of this thesis, but they were used in new combinations. Unless mentioned otherwise, 

the emitters in this chapter consisted of a ~6 nm a-Si(i) layer, followed by a ~6 nm a-Si(n/p) layer and a 

Table 5-1. Recipes of the PECVD Interlayers from the “PC1”. 

Tool, area, 
freq. 

layer T (°C) 
Powe
r (W) 

Pressure 
(mbar)  

Spacing 
(mm) 

SiH₄ 
(sccm) 

H₂ 
(sccm) 

Other gas 
(sccm) (gas) 

DR 
(nm/s) 

PC1, 314 
cm2, 13.56 
MHz 

SiOx 
400-
600 

160 0.5 13 8 0 
100 (CO2) + 
100 (N2O) 

1.1 

SiNx 
400-
600 

130 0.8 13 3 0 
100 (N2) + 
3.5 (NH3) 

0.29 
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20/30 nm nc-Si(n/p) layer. 

The TCO’s used in this chapter are ZnO:Al (AZO) and In2O3:Sn (ITO). The AZO was deposited at room 

temperature (~25°C) and the ITO was deposited at 200°C in a Leybold AV600 pulsed DC magnetron 

sputtering tool. The recipes are shown in Table 5-3. Unless mentioned otherwise, the TCO stack in this 

chapter consisted of a 10 nm 200 °C ITO contacting layer and a 250 nm 25°C AZO layer for lateral 

conductivity (and high etch rate) (“ITO-AZO”). 

5.2.3 Point Contact Cells 

This first process step in the point contact cell process consists of the laser isolation scribe (isoscribe). In 

this thesis three different methods were used for making the isolation scribes: 

 Method 1: one laser scribe after TCO deposition (as used in ref. [30]), 

 Method 2: two slightly overlapping scribes after LPC and a 3rd scribe (within the first two scribes) 

after TCO deposition, 

 Method 3: one scribe before LPC (i.e. crack catcher scribe) and a 2nd scribe after TCO deposition, 

where the second and third method were developed during this thesis in order to passivate the isolation 

scribes (section 5.6). The scribes that remove the c-Si were made with a 1064 nm, picosecond pulse (ps) 

laser, while the scribes that remove only the emitter and TCO were made with a 532 nm ps laser, because 

the a-Si emitter is transparent for 1064 nm light. For method 1 and 2, separate crack catcher scribes were 

made just outside the cell area before LPC to reduce cracks through the cell area (see section 3.3.4). 

As described in the introduction, after the emitter/TCO isoscribe, a roughly 5 µm thick white resin (P150W) 

Table 5-2. Emitter Recipes from the “AKT” 

layer 
T 

 (°C) 
Power 

(W) 
Pressure 

(Torr) 
Spacing 

(mm) 
SiH₄  

(sccm) 
H₂  

(sccm) 

doping gas Dep. rate 
(nm/s) 

Thick. 

type (sccm) (nm) 

a-Si(i)  205 30 1.5 16.5 180 900 - - 0.11 6 

a-Si(p) 205 30 2 20.3 55 540 
TMB/  
B2H6 

90 0.20 6-12 

nc-Si(p) 

205 400 9 16.5 10 6100 
TMB/ 
B2H6 

2 (10 s) 

30 205 330 5 15.2 12 4800 4 0.12 

205 400 9 16.5 10 6100 4 (10 s) 

a-Si(n) 185 120 1.5 15.2 75 645 
PH3 

50 0.25 6-12 

nc-Si(n) 185 500 9 16.5 10 2000 6 0.30 20 

 

Table 5-3. TCO Recipes from the “Leybold” 

Layer Freq. 
Target area 

(cm) 
T 

 (°C) 
Power 
(kW) 

Pressure 
 (µbar) 

Ar 
(sccm) 

O₂ 
(sccm) 

Dep. rate 
(nm∙m/min) 

Thick 
(nm) 

ITO 
40 kHz 

60 × 12.5 200 0.5 6.7 500 2 ~9 10 

AZO 60 × Ø 15.3 25 2 5.2 570 0.07 ~23 250 
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layer was applied by spin coating and structured by inkjet printing with a KOH based ink. The P150W was 

made in-house, by mixing TiO2 particles into a protective coating resin (Clariant AZ® P150). The opening of 

the P150W was followed by a TCO etch (1 min, 5 % HF for standard ITO-AZO) and an emitter etch, using a 

HF + KMnO4 (purple etch) solution or an HF + HNO3 (poly-Si etch) solution. Etch times are presented in 

section 5.3. The sample was then placed in a solvent atmosphere for several minutes, allowing the P150W 

to “reflow” several µm, covering the TCO and emitter edge within the point contact opening. 

Subsequently, the resin was opened for the TCO point contacts (with the inkjet printer) and annealed at 

150°C, which is the maximum temperature the P150 can withstand. Figure 5-2a and b show a schematic 

cell cross section (a) and top view image (b) after these process steps. The etch and reflow steps are 

indicated in the cross-section, numbered in chronological order.  

Subsequently, the absorber and TCO were contacted by depositing a 100 nm Ag layer for the n-type 

samples, or 20/100 nm Ag/Al for the p-type samples, using the Leybold sputtering tool. It is not possible 

to do an HF etch to remove the native oxide before depositing the metal, as the HF would etch away the 

AZO in the TCO point contact openings. In combination with the low c-Si doping, the impossibility to anneal 

at T > 150 °C and the small contact area, this results in a very high absorber point contact resistance. In 

order to reduce this contact resistance, each absorber point contact was fired with a 532 nm ns laser. Only 

laser firing of the absorber contact is insufficient to strongly reduce the contact resistance; it is also 

necessary to supply dopants for a local n+ or p+ c-Si doping. For p-type cells, the 100 nm Al layer provided 

the doping source [29] (and the 20 nm Ag layer is needed for a low contact resistivity to the AZO).  For n-

type cells, an adenosine diphosphate (ADP) sodium salt layer was applied on the sample from a solution 

(before the laser firing). Subsequently, a heat gun (200 °C) was used to quickly evaporate the water, before 

the corrosive ADP solution can damage the TCO and TCO/Ag contact. After laser firing, the metal layer was 

patterned into interdigitated metal fingers, using a 355 nm ps laser. The result is shown in Figure 5-2c and 

d. The cell area is 1 cm2 (1.8 × 0.56 cm2). The standard point contact spacing in the x-direction is 564 µm 

(for both the TCO/Ag and c-Si/Ag contacts) and the standard spacing in the y-direction is 141 µm for the 

TCO/Ag contacts and 282 µm for the c-Si/Ag contacts. The top-view images (fig. b and d) include one cell 

and, below that, two transfer length measurement (TLM) structures, which were used to measure the TCO 

sheet resistance and TCO/Ag contact resistivity (left TLM structure) and the c-Si sheet resistance and c-

Si/Ag contact resistivity (right TLM structure), as will be explained in section 5.4.1. 
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Figure 5-2. Schematic cross sections of the point contact cell after making the TCO point contact opening 

(a) and after structuring the metal (c and d). The structuring processes are indicated in fig. a and c, with 

the etch and reflow processes numbered chronologically. The laser steps are described by laser 

wavelength and approximate pulse duration: nanosecond (ns) or picosecond (ps). Fig. b and d show the 

top view images of a point contact cell and both the TCO/Ag and c-Si/Ag TLM structures after making the 

absorber point contacts opening (b) and after structuring the metal (d).The red lines in the figures show 

the position of the cross-sections. The arrows indicate the direction of the light (yellow) and of the 

generated minority carriers (black) and majority carriers (white).  

5.2.4 Quasi Cells 

In addition to the point contact cells, simple test cells (quasi-cells) were made to quickly characterize the 

VOC (and pFF) for different emitters using a process similar to the process described in ref. [34]: circular 

Kapton dots with a diameter of 8 mm were applied on the TCO. Subsequently, the TCO outside these 

Kapton dots was etched away by HF (or HCl) and the emitter was etched away using the HF + HNO3 (poly-Si 

etch) solution. In order to reduce shunts a second Kapton dot was applied (on top of the first) with a 

diameter of 9 mm before depositing the metal, thereby creating a ~0.5 mm gap between the metal and 

cell. For n-type cells, 10 nm Ti + a several 100 nm thick Ag layer was evaporated. The resulting cross-section 

and top-view image are shown in Figure 5-3a and b. Finally, the Kapton is removed and the cell can be 

measured by contacting the TCO inside the cell area and the Ag outside the cell area. 

5.2.5 Emitter/TCO Resistivity Test Structures 

For determination of the emitter/TCO resistivity (ρc), the emitter and TCO layers were co-deposited on 

textured c-Si wafers with same doping type as the emitter. A thick (1.5 µm) metal layer was deposited on 

top of the TCO in order to prevent significant lateral resistance within the metal. This was followed by a 
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lithographically structured resin (AZ4533) etch mask. The Ag was etched away using NH4OH + H2O2, the 

TCO was etched away with HF and the emitter was etched away with poly-Si etch. After the etching, the 

resin mask is removed with acetone, resulting in the structure shown in Figure 5-3c and d. 

 
Figure 5-3. Figure a and b show the cross-section (a) and top view image (b) of the n-type Kapton dot quasi 
cell. The masking and etching steps are indicated in the figure, numbered chronologically. The arrows 
indicate the direction of the light (yellow) and of the generated electrons (black) and holes (white). Figure 
c and d show the cross-section (c) and top view image (d) of the emitter/TCO resistivity test structure. The 
red lines indicate the position of the cross-sections.  

The measured resistance between two metal fingers (R) is composed of 2× the emitter/TCO resistance (Rc) 

and the lateral resistance within the wafer: Rwafer / w × Δx, where Rwafer is the sheet resistance of the wafers, 

w is the width of the metal finger (15 mm) and Δx is the distance between the finger.  The wafers had a 

thickness of 400-500 µm and a doping of ~5∙1016 cm-3, resulting in a very low Rwafer of 3-7 Ω/□. This makes 

the lateral resistance negligible for even the lowest emitter/TCO ρc, allowing for the calculation of ρc 

(Ωcm2) from the median of the measured resistances between the fingers: ρc = R / 2 × w × l, where l is the 

length of the finger (230 µm). The low wafer Rwafer also ensures that the transfer length (LT) (e.g. [106]) is 

always much larger than the physical contact length, i.e. that the physical contact length can be used as 

the effective contact length. The ρc determined by these emitter/TCO test structures includes both the 

emitter/TCO contact resistance and the resistance within the emitter, which can be significant in some 

emitters.   

5.2.6 Investigated Cells 

Table 5-4 presents an overview of the 6 experiments which provided the investigated cells for this chapter, 

showing the cell type, glass type, interlayer type and thickness, absorber doping type and concentration, 

thickness and texturing, laser crystallization velocity (vlaser), emitter type, TCO type, isoscribe method, 

absorber point contact emitter etching type and duration and other intentional (and unintentional) 

process variations. In addition, emitter/TCO ρc test structures were fabricated by co-deposition with the 

cells. In each result section the experiment number (1-6) will be specified, together with the relevant cell 

parameters, which will be presented in more detail than in the table. The unintentional variations, which 

mostly resulting in increased resistance, will be briefly discussed in the relevant result sections.  
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Table 5-4. Overview Point Contact and Quasi Cell Experiments. 

Exp 
Cell 
type 

Glass Interlayers 
Doping 
(cm-3) 

d (µm) & 
Texturing 

vlaser 
(mm/s) 

emitter TCO 
Isocribe 
Method 

Emitter 
etching (s) 

other 

1 
Point 
Contact 

Boro33 

20/100/60/20 
NON(ON) 

n, 2∙1016 7.5 µm, 
KOH 
textured 

10  
nc-Si (AKT)  
and  
a-Si (FAP) 

ITO- 
AZO, 
with ITO 
depo at 
25 °C 

1 

purple etch, 
a-Si(n): 20 
nc-Si(n): 40 
a-Si(p): 60  
nc-Si(p): 120 

-Point contact   
spacing and 
radius variation  
-p-type: 100 nm 
Al (no Ag) 
n-type: long 
ADP contact 

20/100/80 
NO(ON) 

p, 2∙1016 

10/200/85 
NO(ON) 

n, 1017 8.5 µm, 
KOH 

3  
p, 1017 

2 

Point 
contact 

Boro33 

10/200/85 
NO(ON) 

p/n, 8∙ 
/10∙1016 

8.5 µm, 
KOH 

10 
a-Si vs. nc-Si 
(AKT) 

ITO vs 
AZO 

1 
purple etch,  
40-120 s 

-misalignment 
-metal problem 

Quasi 
cell 

10/200/60/20 
NON(ON) 

p, 8∙1016 
7.5 µm, 
KOH 

- 
Emitter in cell 
gap 20/100/80 

NO(ON) 
n, 1017 

3 

Point 
contact 

Boro33 
10/200/85 
NO(ON) 

p/n, 8∙ 
/10∙1016 

8.5 µm, 
KOH 

10 

a-/nc-Si 
p:AZO 
n:ITO- 
AZO 

2,3, exp. 
purple etch,  
40-120 s 

n-type: Ag 
corroded away 
by ADP 

Quasi 
cell 

a-Si vs. nc-Si 
(AKT) 

ITO vs. 
AZO 

- - 

4 
Point 
contact 

Boro33 
10/200/85 
NO(ON) 

p/n, 7∙ 
/9∙1016 

p: 7.5,  
n: 11 µm  
KOH 

10 
a-Si vs. nc-Si, 
TMB vs. B2H6 
(AKT) 

ITO- 
AZO 

2 
purple etch,  
40-120 s 

evaporated Ag 
 high Rs 

5 
Point 
contact 

Boro33 
10/200/60/20 
NON(ON) 

n, 1017 
8 µm, 
KOH 

10 
a-Si (B2H6)  
a-/nc-Si ITO- 

AZO 
2 

poly-Si etch, 
90 s 

-Different a-Si(i) 
-low LFC energy  

Corning 
200/60/10 
ONO (PVD) 

n, 
1.5∙1017 

13 µm, 
various 

3 a/nc-Si 

6 
Point 
contact 

Boro33 
10/200/60/20 
nm NON(ON) 

n, 1017 
8 µm, 
KOH 

10 
a-Si(B2H6) 
a/nc-Si  

ITO- 
AZO 

2 & 3 
poly-Si etch, 
40 s & exp. 

1 cm2 cells vs. 4 
and 10 cm2 
mini-modules 

Corning 200/60/10 
ONO (PC1) 

n, 
1.5∙1017 

13 µm, 
KOH 

3 
Boro33 
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“a-/nc- Si” refers to the 5 nm a-Si(p/n) + 20-30 nm nc-Si(p/n) (TMB/PH3) emitter stack. “ITO-AZO” refers to 

the 10 nm 200 °C ITO + 250 nm 25 °C AZO TCO stack. A lot of emitter/TCO experiments were repeated 

several times, as these experiments were difficult to evaluate. A new a-Si(i) layer was developed, for which 

the first 1-2 nm was deposited with 2-6 times the normal power, as will be discussed in appendix A.5. This 

new a-Si(i) layer was implemented in experiment 5. 

5.3 Etching of the Absorber Point Contact Opening 

The point contact device requires etching of the TCO and emitter layers in the absorber point contact 

openings after opening the P150W with the inkjet printer. Too short etching will result in shunting and too 

long etching will result in etching of the emitter/TCO layers below the P150W, resulting in increased dead 

area losses. In this section, J-V curves and LBIC measurements are used to show how the etching of the 

emitter and TCO layers in the absorber point contact influences both shunting and the dead area loss. 

Section 5.3.1 presents the etch rates and etch uniformity for different emitter and TCO layers and section 

5.3.2 shows the shunting and dead area losses for different emitter layers and etch processes. Finally, a 

new process will be presented which allows for longer etching and a small dead area loss. 

5.3.1 Etch Rate and Uniformity 

In order to determine the etch rates, emitter stacks were co-deposited on glass during device fabrication, 

followed by co-deposition of the TCO layers. Table 5-5 shows the approximate etch time required to 

completely remove the indicated layer and the corresponding etch homogeneity, using either purple or 

poly-Si etch for the emitter layers and 5 % HF for the TCO’s. It can be seen that the purple etch resulted in 

short etch times and good homogeneity for n-type emitters, but long etch times and poor homogeneity 

for the p-type emitter. The opposite was observed for poly-Si etch, indicating that purple etch should be 

used for the n-type emitters and poly-Si etch should be used for the p-type emitter.  

The long etch time for the a-Si (B2H6) emitter with the purple etch solution, might be related to the 

observation that even very long HF etching of emitters with B2H6 as doping gas does not result in 

dewetting. This would normally indicate that the SiOx is not yet removed. The poly-Si etch also resulted in 

yellowing of the P150W, but so far no negative effect of this yellowing on the cell performance was 

observed. 

With regard to the TCO etching, a relatively high concentration (5 %) HF solution was used to minimize the 

etch time. The test results indicate that the ITO has a very low etch rate of about ~0.4 nm/s, while the AZO 

has a high etch rate of about 50 nm/s. Other etch tests of 100 nm ITO layers on textured LPC-Si (with 

a-/nc-Si emitter) showed that, aside from the inhomogeneity on planar samples, the ITO has an etch rate 
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that is much lower for the textured LPC-Si areas than for the planar areas of the LPC-Si sample.  

As the ITO has better electrical properties than the AZO (e.g. section 5.5), it was attempted to replace the 

250 nm AZO with a 100 nm ITO stack for 1 sample from exp. 2. However, LBIC measurements of the point 

contacts cells from this sample showed that etching for 10 min in 5 % HF resulted in a dead area radius 

(rDA, section 2.5) up to 100 µm and even partial lift-off of the P150W due to excessive etching in some 

areas. In other areas the rDA was only about the size of the point contact opening, suggesting that 

significantly shorter etching would have resulted in shunting due to incomplete etching. Because of these 

etching problems, a very thin 10 nm ITO contacting layer was combined with a 250 nm AZO layer for lateral 

conductivity (and high etch rate) and this TCO stack could be removed successfully by etching for 1 min in 

5 % HF.   

5.3.2 Shunting and Dead Area 

The etch tests in the previous section indicated that, for etching the p-type emitters, the purple etch should 

be replaced by poly-Si etch. After experiment 4 it was found out by etch tests that the purple etch solution 

was “used up” and that probably the emitters from experiment 3-4 had not been etched away completely 

(a new solution was used for the experiment in Table 5-5). The fact that the cells from exp. 4 were not 

completely shunted can be explained by the high ρc of the (oxidized) emitter/Ag contact and the laser 

firing of the Ag and phosphorous doping through the emitter. The emitters in experiment 5 were etched 

for 90 s with poly-Si etch instead of purple etch. A problem with the ITO-AZO stack is that the 250 nm AZO 

layer is etched away within ~5 s (in 5 % HF), while the thin ITO layer requires about ~25 s (Table 5-5). 

Together with the emitter etch (1 % HF) this causes etching of the AZO below the P150W. In order to 

prevent this, in experiment 6 the poly-Si etch time was reduced to 40 s, which is still 2 times the etch time 

in Table 5-5, and one sample was etched with an adapted etching process: it was etched for 30 s in 5 % 

HF, followed by a 90 s reflow, to remove any “high etch rate layers” from the opening and protect them 

from further etching. This was followed by a 90 °C anneal and the same etch process as the reference 

samples: 1 min in 5 % HF and 40 s in poly-Si etch, followed by a 5 min reflow. As the 30 s, 5 % HF etch does 

Table 5-5. Etch time and homogeneity of indicated layers on glass substrate. 

Layer stack Purple Etch Poly-Si Etch 

Emitters Etch time Homogeneity Etch time Homogeneity 

~10/34 nm a-/nc-Si(n)       – PH3 ~20 s + ~40 s - 

~10/50 nm a-/nc-Si(i/p)      – TMB ~45 s - ~20 s + 

~20 nm a-Si(p)                    – B2H6 ~150 s - ~15 s + 

TCO 5 % HF  

~10 nm  200 °C ITO ~25 s - 

250 nm  25 °C   AZO ~ 5 s + 
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not etch the emitter and most of the reflow takes place in the first 90 s, this adapted process leaves a 

passivating emitter layer below most of the reflow area. This etch-reflow-etch-reflow process will be 

abbreviated as “e-r-e-r”. All investigated cells in this section had an ITO-AZO TCO stack. As shunts 

represented a larger loss than dead area, longer etching times were used than the (minimum) etch times 

indicated in Table 5-5. 

Figure 5-4a and b show the J-V curves for point contact cells from exp. 4 (old purple etch) and exp.  5 (90 s 

poly-Si etch), using three different emitters: 6/30 nm a-Si/nc-Si(p) (TMB), 12 nm a-Si(p) (B2H6) and 6/30 

nm a-Si/nc-Si(p) (B2H6). It can be seen that the shunts are non-ohmic, i.e. non-linear and different for 

forward and reverse bias. It can also be seen that the cells with the B2H6 emitters are more shunted than 

the cells with the TMB emitter. Finally, it can be seen that the 90 s poly-Si etch (exp. 5) strongly reduced 

shunting compared to the old purple etch solution (exp. 4). The best cell from Figure 5-4b, measured with 

anti-reflection foil, resulted in a 12 % efficiency cell, which will be presented in more detail in section 5.7.  

Figure 5-4c shows the dead area radius (rDA) determined by LBIC (see section 2.5), for various cells from 

exp. 3 (old purple etch), exp. 5 (90 s poly-Si etch) and exp. 6 (40 s poly-Si etch and e-r-e-r). Each point 

represents a single point contact. All cells are from different samples and the number of measured cells 

for each process (n) is indicated in the figure together with the median rDA and corresponding dead area 

fraction fDA = 𝑁p𝜋𝑟DA
2 /𝐴𝑐𝑒𝑙𝑙, where Np is the number of absorber point contacts in the cell (558) and Acell 

is the area of the cell (1 cm2).  

It can be seen that the rDA for experiment 3 is very small, especially for the p-type sample. However, in 

Figure 5-4a it was shown that cells with this etch process were all shunted. The 90 s poly-Si etch in exp. 5 

prevented these shunts, but in Figure 5-4c it can be seen that this process also resulted in an fDA of about 

8 % (= relative JSC loss). It can be seen that by reducing the poly-Si etch time from 90 s to 40 s in exp. 6, the 

rDA was reduced from 68 to 54 µm and by using the e-r-e-r process, the rDA was decreased further to 42 

µm. 

Figure 5-4d shows the J-V curves of the cells with the e-r-e-r process (dashed) and of the reference cells 

(solid). Both samples used Corning substrates with PC1 ONO interlayers and a textured, 1.5∙1017 cm-3 

doped, 13 µm thick absorber. It can be seen that, compared to the reference sample, the cells with the 

e-r-e-r process have a higher JSC, lower Rs and no completely shunted cells. The J-V curves also show that 

most of the e-r-e-r samples are affected by non-Ohmic shunting, similar to the shunts in Figure 5-4a. DLIT 

images (not shown) reveal that, for both samples, the shunts occur in the middle of the cell and might 

therefore be due to the absorber point contacts. 
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Figure 5-4. Figures a, b and d shows J-V curves of point contact cells with different emitters and emitter 
etch processes (indicated in the figures) from experiments 4 (a), 5 (b) and 6 (d). The dotted lines in fig. a 
are the individual J-V curves and the thick, solid lines are the average of these curves. Figure c shows the 
dead area radius (rDA, see section 2.5) measured by LBIC, for a p-type (red) and an n-type cell from exp. 3 
(old purple etch),  for 2 n-type cells from exp. 5 (90 s poly-Si etch), for 4 n-type cells from exp. 6 (40 s poly-
Si etch) and for the cell from exp. 6 with the etch-reflow-etch-reflow (e-r-e-r) process. The number of cells 
for each process (n) is indicated in the figure together with the median rDA and corresponding dead area 
fraction (fDA).  

5.3.3 Discussion and Conclusions 

It was attempted to implement 100 nm Leybold ITO layer to replace the 250 nm AZO, but inhomogeneous 

etching (10 min. in 5 % HF) resulted in >50 µm etching below the P150W (at some locations) and a 

corresponding dead area loss. This etching problem was solved by combining a thin 10 nm ITO contacting 

layer with a thick 250 nm AZO layer.  

For the emitter etch experiments, the rDA was reduced from ~68 to ~54 µm (ΔrDA = 14 µm) for a reduction 

of the poly-Si etch time from 90 to 40 s (Δt = 50 s). Based on the ITO and AZO etch rates, the maximum 

etching below the P150W should be ~400 nm for the 10 min etch of the ITO and 2.5 µm for the 50 s poly-

Si etch process, instead of the observed >50 µm and 14 µm. These observations seem to indicate that 

either the lateral etch rate of these layers is much higher than the vertical etch rate or that some other 

layer is being etched. 
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Etch tests showed that the poly-Si etch resulted in faster and more homogeneous etching of p-type 

emitters than purple etch. Therefore the purple etch was replaced by a 90 s poly Si etch. This resulted in 

shunt free cells and a 12 % efficiency record, but it also resulted in an fDA increase of ~3.4 % to ~8 %. In 

order to prevent this, the etch process was modified to a short etch and reflow to etch any “high etch rate 

layers” and protect them from further etching, followed by a longer etch and reflow to etch and cover any 

“low etch rate layers”. This e-r-e-r process resulted in a low fDA of 3 % and generally better cell results than 

with the reference process, though the cells with the e-r-e-r process still had some non-Ohmic shunts. The 

reduced fDA for the e-r-e-r process can be explained by a combination of reduced etching below the P150W 

and not etching the emitter below most of the reflow area. With the new etch process it should be possible 

to further increase the duration of the second etch to prevent shunting, without increasing fDA. 

5.4 Absorber Point Contact Resistance and Spacing 

As mentioned in the introduction, the 11.5 % LPC-Si point contact cell from ref. [30] was mainly limited by 

a FF of only 65.5%, caused by an Rs of 5.2 Ωcm2. This section presents an analysis of the absorber point 

contact resistance, laying the groundwork for a cell Rs analysis in section 5.5. In section 5.4.1 the point 

contact TLM structures are used to analyse the dependence of the c-Si/Ag point contact resistance on the 

c-Si doping and point contact radius. In section 5.4.2 simulation is used to determine the lateral resistance 

in the c-Si, which is then used to analyse a point contact spacing experiment and estimate the optimum 

point contact spacing as a function of absorber doping. 

5.4.1 Point Contact Resistance 

As mentioned in section 5.2.3, the point contact samples include transfer length measurement (TLM) 

structures for measuring the sheet resistance (Rlayer) of the c-Si (and TCO) and the contact resistance (Rc) 

of the c-Si/Ag contact (and TCO/Ag contact). Figure 5-5a and b show a schematic cross-section and a top 

view image of the c-Si/Ag absorber contact TLM structure. By plotting the measured resistance against the 

distance between the finger (Δx), Rlayer can be determined from the slope of the curve (i.e. the resistance 

which depends on Δx) and Rc can be determined from the intersection with the y-axis (i.e. the resistance 

which doesn’t depend on Δx):  

 
𝑅 =

𝑅layer

𝑤
∆𝑥 + 2𝑅𝐶 = slope ∙ ∆𝑥 + intersection with y axis , 

(22) 

where w is the width of the TLM structure (3.5 mm). Compared to the standard rectangular contact TLM 

structure, the current flow in point contact TLM structures is more complicated due to both the point 

contact geometry and current crowding near the point contacts. Current crowding refers to the fact that 

the local resistive power loss depends on the square of the local current and therefore, local high current 
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densities contribute disproportionally to the power loss. In ref. [107] it is shown that most of the resistive 

power loss in the absorber takes place very close to the point contact, where the current density is highest. 

This increased resistance next to the point contact does not depend on Δx and will therefore be interpreted 

as a contact resistance. The measured contact resistance, must be corrected for this apparent contact 

resistance (Rc,apparent).  

In ref. [108], the program SourceField was used to correct a point contact TLM structure. SourceField uses 

a semi-analytical model with point sources and sinks to calculate the potential drop (ΔV) between two 

point contacts [109]. These source-sink pairs are mirrored many times in order to create a rectangular unit 

cell. SourceField was used to simulate R vs Δx, which was subsequently analyzed as a TLM measurement, 

resulting in a Rc,apparent. Figure 5-5c shows an example of a measured and a simulated R vs Δx curve. The 

actual Rc is the difference between the measured Rc,measured and the simulated Rc,apparent. In order to obtain 

a more easily interpretable value, the Rc values were converted to a cell Rs contribution (in Ωcm2) using: 

 
𝑅s,c = 𝑅c

𝑁TLM

𝑁cell
𝐴cell = (𝑅c,measured−𝑅c,apparent)

𝑁TLM

𝑁cell
𝐴cell , 

(23) 

where NTLM is the number of point contacts in a TLM finger (10), Ncell is the number of point contacts in the 

cell (588) and Acell is the area of the cell (1 cm2). The distance between the c-Si/Ag point contacts on a TLM 

finger (Δy) is 282 µm (same distance as for the cells), but for the upper contact the distance to the isoscribe 

is 423 µm (Δyupper) and for the lower point contact the distance is 282 µm (Δylower) (see Figure 5-5b). The 

Rs,c for these outer regions was simulated separately and the total Rs,c for these parallel resistance was 

calculated by: 

 1

𝑅s,c
=

1

𝑅s,c,upper
+

8

𝑅s,c,middle
+

1

𝑅s,c,lower
 , 

(24) 

Figure 5-5d shows the Rs,c,apparent for the c-Si/Ag TLM with and without Δyupper/lower as a function of Rlayer. It 

can be seen that Δyupper/lower have a significant influence on the Rs,c,apparent. The addition of Δyupper/lower also 

increased the slope of the simulated TLM curve by about 4 %. The measured Rlayer was therefore obtained 

by:  

 𝑅layer = slope ∙ 𝑤 /1.04 , (25) 

For the TCO/Ag point contact TLM structure, which will be used for the cell Rs analysis in section 5.5.2, the 

point contacts are almost touching (see Figure 5-2d) and therefore there is no significant Rs,c,apparent due to 

current crowding, i.e. the structure can be analyzed as a standard TLM structure. 
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Figure 5-5. Figure a and b show a schematic cross-section and a top view image of the point contact (c-
Si/Ag) TLM structure. Figure c shows a measured and a simulated TLM measurement with the same sheet 
resistance (1278 Ω/□). The actual Rc is the difference between Rc,measured and Rc,apparent. From the simulation 
it followed that the slope not only had to be multiplied by the width of the TLM structure (w) (eq. (22)), 
but also divided by 1.04 to reproduce the Rlayer (input parameter). Figure d shows the Rs,c,apparent for the c-
Si/Ag TLM with (solid) and without (dashed) Δyupper/lower as a function of Rlayer. 

Figure 5-6a shows the measured and corrected Rs,c of the c-Si/Ag contact, measured by TLM for p- and n-

type samples (from exp. 1, 3 and 4), plotted against Rlayer (also determined by TLM). Each point represents 

2-5 TLM structures from a single sample. The absorber doping was approximately 2∙1016 - 1017 cm-3, which 

corresponds to an Rlayer of ~400-1300 Ω/□ for the p-type samples and ~100-400 Ω/□ for the n-type samples 

(see Hall mobility (µHall) measurements in appendix A.3). It can be seen that both the p- and the n-type Rs,c 

appear to have a very similar, approximately linear dependence on Rlayer, which appears to go through 0 

for Rlayer ≈ 75-200 Ω/□ (i.e. not 0 Ω/□). This corrected Rs,c (linear interpolation) will be used in the next 

section as input for the optimization of the point contact spacing as a function of Rlayer. 

The radius of the point contact opening (~40 µm) is much larger than the LFC radius (rp ≈ 17 µm). Therefore, 

if the LFC radius can be increased, the resistance could probably be reduced without increasing the dead 

area radius (rDA ≈ 40 µm, see section 5.3.2). As the LFC radius cannot be increased significantly without 

making hardware changes to the laser, it was increased by making 3 slightly overlapping LFC in the same 
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contact opening. Figure 5-6b shows the measured and corrected Rs,c for either 1 or 3 LFC’s on p-type 

samples, with an Rlayer of ~1250 Ω/□ (experiment 1). Microscope images of the contacts are included in the 

figure: the white circles are the openings made with the inkjet and the black dots in the middle are the 

laser fired contacts. It is estimated that the effective radius rp for the 3 LFC contact is 30 µm and the 

measured Rs,c is corrected correspondingly. Both the measured and corrected Rs,c for the 3 LFC’s is 40 ± 

20 % lower than for 1 LFC, which is less than the 66 % that would be expected from the tripling of the LFC 

area. 

 
Figure 5-6. Fig. a shows the measured and corrected Rs,c of the c-Si/Ag contact, for p-type (blue) and n-
type (green) samples plotted against the measured Rlayer of the c-Si. Each point represent 2-5 TLM 
structures from a single sample. Fig. b shows the Rs,c of the c-Si/Ag contact for either 1 LFC or 3 slightly 
overlapping LFC within the same point contact opening on p-type samples with an Rlayer of ~1250 Ω/□. 
Microscope images of the point contact openings (white) and LFC (black) are included in the figure. 

In this section the TLM measurement was corrected for current crowding effects and it was observed that 

the c-Si/Ag point contact resistance can be reduced by decreasing the c-Si Rlayer or by using multiple LFC to 

effectively increase the point contact radius. 

5.4.2 Point Contact Spacing 

Point contact cells were fabricated with a c-Si/Ag point contact spacing Δy = 141, 282 (standard) and 

564 µm, for several p-type cells with an Rlayer of approximately 1250 Ω/□ (experiment 1). Microscope 

images of the point contact spacing (for Δy = 141 and 564 µm) are shown in Figure 5-7a.  

In order to determine the contribution of the lateral resistance in the c-Si to the cell Rs (Rs,l) from the 

measured Rlayer, 3D solar cell simulations were made in Quokka2 [93]. The Rs,l was simulated for Rlayer = 

500 Ω/□ and scaled linearly to the measured Rlayer (see appendix A.2.2 for more details regarding the 

simulation). Similar to the TLM structures, at the edge of the cell the distance of the point contacts to the 

isoscribe is larger than Δy/2 and Δx/2 in the rest of the cell. These outer regions with larger unit cells, 

shown in the top view cell image in Figure 5-7b, are simulated separately and their Rs,l is added relative to 
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their ractions. Table 5-6 shows the simulated Rs,l  for the difference regions and the resulting total Rs,l, 

which will be used to analyze the experimental results. The TCO/Ag point contact geometry (Δy = 141 µm, 

Δx = 564 µm) was also simulated as it will be needed for the Rs analysis in section 5.5. By comparison of 

Rs,l,middle and Rs,l,total, it can be seen that, for Rlayer = 500 Ω/□, the outer regions add about 0.1 Ωcm2 (for all 

values of Δy). For the standard point contact spacing, this represents an addition of about 50 %. 

Figure 5-7c shows the cell Rs of the aforementioned Δy experiment (black), the Rs,l calculated with the 

Quokka simulation (red), the corrected Rs,c from the TLM contact resistance measurements (blue) and the 

sum of both Rs contributions (purple) as a function of Δy. The cell Rs values, determined from the J-V curve 

at 0.9 V (see section 2.1), are from two different samples, each containing a cell for each Δy. The high cell 

Rs can be explained by a high TCO/Al Rs,c for this experiment. In order to better see if the observed 

dependence of the cell Rs on Δy can be explained by the sum of the Rs,l and Rs,c, the purple curve was 

shifted up (purple, dashed) to the cell Rs curve (black, dotted).  

 
Figure 5-7. Fig. a shows microscope images of point contact cells with Δy = 141 µm (left) and 564 µm 
(right). The white circles are the openings made with the inkjet and the black dots in the middle are the 
laser fired contacts. Figure b shows a top view image of the point contact cells, divided into regions with 
different Δx or Δy. The curves in fig. c show the average cell Rs determined from the J-V curves (dotted, 
black), the Rs,l contribution calculated with Quokka (red), the corrected Rs,c from the TLM  measurements 
(blue) and the sum of both Rs contributions (purple). The dashed curve was shifted up to the cell Rs curve 
for easier comparison of the Δy dependence. The black circles correspond to the cell Rs from one point 
contact sample and the black squares to the cell Rs of the other point contact sample. 

Table 5-6. Simulated Rs,l (in Ωcm2) for different point contact spacing Δx and Δy (for Rlayer = 500 Ω/□). The 
results for the standard point contact spacing are underlined. 

Contact 
rp  

(µm) 
Δy  

(µm) 

Rs,l,middle Rs,l,top/bottom Rs,l,left Rs,l,right 
Rs,l,total 

Δx: 564 µm Δy: 694 µm Δx: 1404 µm Δx: 864 µm 

Area: 82 % 11.8 % 4 % 2.4 % 100 % 

c-Si/Ag 17 

141 0.09 

0.77 

0.90 0.32 0.21 

282 0.21 1.21 0.49 0.32 

564 0.58 2.12 1.02 0.67 

TCO/Ag 45 141 0.03 0.39 0.76 0.10 0.10 
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It can be seen that the sum of the Rs,l and Rs,c accurately reproduces the observed cell Rs dependence on 

Δy for both samples (black circles/squares). This experiment indicates that the corrected TLM Rs,c, together 

with the simulated Rs,l, can accurately determine the (combined) c-Si/Ag contact and lateral c-Si resistance.  

In order to optimize the point contact spacing, the lateral and contact resistance losses must be balanced 

with the dead area loss. For the point contact cells, the point contact opening and corresponding dead 

area has a radius (rda) of approximately 40 µm (section 5.3). In order to optimize the point contact spacing 

Δy and Δx, the dead area and the resistances must be converted to the relative power losses PDA and PR,rel 

according to:  

 𝑃DA =
dead area

unit cell area
=

𝜋𝑟DA
2

𝛥𝑥𝛥𝑦
 , (26) 

 
𝑃R,rel =

𝑃R

𝑃M
=

𝑅s𝐽M
2 𝛥𝑥𝛥𝑦

𝐼M𝑉M
=

𝑅s𝐽M

𝑉M
 , 

(27) 

where PM, JM, IM and VM are the power, current density, current and voltage at the maximum power point. 

It is assumed that the corrected Rs,c depends linearly on the total contact area and, for Rlayer > 150 Ω/□, 

depends linearly on Rlayer (trendline in Figure 5-6a).  

The 3D solar cell simulations are too time intensive for simulating the large parameter space required for 

optimizing the point contact spacing. Also, the relative uncertainty of the simulated Rs,c increases for 

decreasing resistance and mesh re-optimization is needed for different unit cell sizes. Therefore, an 

analytical model was developed to calculate the lateral resistance for uniformly generated current flowing 

to a point contact from a rectangular unit cell. This model is explained and compared to the Quokka 

simulation in appendix A.2.2.  It was found that the model can reproduce the simulated Rs,l, within the 

uncertainty of the simulation for a unit cell aspect ratio of 1 (Δy = Δx) and overestimates the resistance for 

an aspect ratio diverging from 1.   

Figure 5-8a shows the relative power losses PR,lateral, PR,contact, PDA and the combined (total) relative power 

loss Ptotal as a function of Δy, for Δx = 500 µm and Rlayer
 = 300 Ω/□.  It can be seen that there is a minimum 

Ptotal at Δy ≈ 500 µm, i.e. an aspect ratio of 1 (Δy = Δx). Figure 5-8c shows the relative total power loss as a 

function of Δy and Δx. It can be seen that, for each cross-section (fixed Δy or Δx), the minimum power loss 

is at Δy = Δx. For Δy = Δx, (dashed line), the optimum spacing is found at Δy = Δx ≈ 480 µm. 

This optimum spacing was found for Rlayer = 300 Ω/□, but for different values of Rlayer, the optimum spacing 

will be different. In Figure 5-8d, the relative total power loss is shown as a function of Rlayer and the point 

contact spacing (Δy = Δx). It can be seen that, as Rlayer increases, the optimum spacing decreases, the power 

loss increases and the power loss depends more strongly on the spacing.  Figure 5-8b shows the optimum 
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spacing and corresponding relative total power loss as a function of Rlayer. The figure also includes reference 

lines for the currently standard values for Δx = 564 µm and Δy = 282 µm. Above the figure the approximate 

n- and p-type carrier densities (N), corresponding to the Rlayer values, are indicated for an absorber 

thickness (d) of 10 µm: 1017 cm-3 doped LPC-Si(n) results in Rlayer ≈ 100 Ω/□, 2∙1016 cm-3 doped LPC-Si(n) and 

1017 cm-3 doped LPC-Si(p) both result in Rlayer ≈ 375 Ω/□ and 2∙1016 cm-3 doped LPC-Si(p) results in Rlayer ≈ 

1400 Ω/□ (see µHall measurements in appendix A.3).  

 
Figure 5-8. Fig. a shows the relative power losses due to lateral resistance, contact resistance, dead area 
and the total relative power loss, as a function of the point contact spacing in the x direction Δx, for Δy 
= 500 µm and Rlayer

 = 300 Ω/□.  Fig. b shows the relative total power loss as a function of Δy and Δx. In fig. 
c the relative total power loss is shown as a function of Rlayer and the point contact spacing (Δy = Δx). Fig. d 
shows the optimum spacing and corresponding relative total power loss as a function of Rlayer. The figure 
also includes reference lines for the current standard point contact spacing: Δx = 564 µm and Δy = 282 µm. 
Above the figure the approximate n- and p-type carrier densities (in cm-3), corresponding to the Rlayer values 
are indicated for an absorber thickness d = 10 µm. 

Based on this optimization, the average of the standard spacing (Δy = 282 µm and Δx = 564 µm) is close to 

the optimum distance for highly doped p-type samples and lowly doped n-type samples. For the lowly 
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doped p-type samples Δx should be reduced and for the highly doped n-type samples, Δy should be 

approximately doubled to 564 µm. However, the potential gain from these optimizations is relatively small: 

it was estimated that the relative total power loss can be reduced from ~11.5 % to 9.5 % for the p-type N 

= 2∙1016 cm-3 material and from ~3.1 % to 2 % for n-type N = 1017 cm-3 material.  

The potential gain for increased absorber doping from 2∙1016 to 1017 cm-3 is ~2.5 times larger: in Figure 

5-8b the relative power loss decreases from ~10 % to ~4.5 % for p-type, and from 4.5 % to ~2 % for n-type 

cells (d = 10 µm).  

5.4.3 Discussion and Conclusions 

Simulations were made to correct the point contact TLM measurement for current crowding effects, 

enabling the measurement of the contact and sheet resistances. 3D solar cell simulations were made to 

determine the lateral resistance from the measured sheet resistance. For both the TLM and the cell 

simulations it was found that the large distances of the point contacts to the edge of the structure, strongly 

affected the simulated resistance. This increased distance at the edge of the cell was implemented because 

of processing problems due to a thinner P150W layer near the isoscribe. Reducing these cell edge distances 

could reduce the Rs,l by ~50 % for the standard point contact spacing.  

It was observed that the Rs,c appears to depend linearly on Rlayer, varying from 0.8 Ωcm2 for Rlayer ≈ 1250 Ω/□ 

to 0.1 Ωcm2 for Rlayer ≈ 300 Ω/□. This dependence of Rs,c on Rlayer is not expected for the laser fired contacts 

(LFC), because the c-Si at the contact is doped p+ or n+ by the LFC process (using Al for p-type and APD for 

n-type cells). Furthermore, it seems unlikely that the p and n-type contact resistances would have exactly 

the same dependence on the sheet resistance. These observations indicate that there might be some 

additional lateral resistance effect influencing the TLM measurement. Nonetheless, the sum of the 

corrected Rs,c  and simulated Rs,l could accurately predict the measured cell Rs vs spacing (Δy) dependence.  

A spacing optimization was performed for a dead area radius of 40 µm and Rlayer = 100-1400 Ω/□, using the 

measured Rs,c and a calculated Rs,l. The lowest relative total power loss was always found for Δy = Δx. For 

lowly doped p-type (2∙1016 cm-3) material, it was found that a decrease of the spacing should result in a 

relative power gain of ~2 % and, for highly doped n-type (1017 cm-3) material, it was found that the doubling 

of the spacing should result in a relative power gain of ~1 %, i.e. in this range the power is relatively 

insensitive to a spacing variation. The relative power gain for increasing the absorber doping from 2∙1016 

to 1017 cm-3, was estimated at ~5.5 % for p-type samples and ~2.5 % for n-type samples. 
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5.5 Emitter-TCO Resistance  

As mentioned in the introduction, in ref. [30] it was argued that the high Rs of 5.2 Ωcm2, for the 11.5 % 

point contact cell, was caused by the a-Si(p)/TCO resistivity (ρc), where the a-Si(p) emitter was deposited 

with TMB as doping gas. In this section it is attempted to reduce the emitter/TCO ρc (without reducing the 

VOC) by replacing the TMB by B2H6 and the a-Si by nc-Si.  

In ref. [104] it was determined that a-Si emitters with B2H6 as doping gas have a much higher conductivity 

than emitters with TMB as doping gas, which resulted in a much higher FF on the corresponding c-Si wafer 

silicon heterojunction (SHJ) cells. In ref. [98] it was attempted to reduce the emitter/TCO ρc of 

interdigitated backside contacted (IBC) SHJ cells by using a 20 nm nc-Si(p) layer, combined with a 6 nm a-

Si(p) layer between the a-Si(i) and nc-Si(p) (using B2H6 as doping gas). A thickness of 6 nm was used because 

it was determined (on test structures) that an increase of the thickness from 2 to 6 nm in resulted in an 

increase of the effective lifetime from 1.5 to 1.8 ms and a further increase of the thickness did not affect 

the lifetime. Test structures indicated that the addition of the nc-Si(p) layer reduced the ρc, but efficiency 

of the corresponding IBC-SHJ cells was mainly increased (to 23.4 %) by an increase of the VOC and JSC. In a 

subsequent paper the authors applied the nc-Si layer on both the a-Si(i/p) emitter and a-Si(i/n) back 

surface field (BSF). Test structures were used to measure the ρc, which was found to increase from 0.38 to 

0.49 Ωcm2 for the p-type emitter and decrease from 0.37 to 0.10 Ωcm2 for the n-type BSF. This latter 

reduction was confirmed by a corresponding Rs reduction of the IBC cell.  

In section 5.5.1 the emitter/TCO ρc will be investigated for various emitter and TCO combinations, using 

quasi cells (see section 5.2.4) to determine the VOC and emitter/TCO test structures (see section 5.2.5) to 

determine the corresponding emitter/TCO resistivity (ρc). In section 5.5.2 it will be attempted to verify the 

TLM results by analysing the Rs losses of point contact cells for different emitters. This Rs loss analysis also 

shows the Rs potential for the LPC-Si point contact cells. The investigation focusses on n-type cells (with p-

type emitters). Parts of this section were published in ref. [110]. 

5.5.1 Emitter/TCO VOC and Resistivity 

Figure 5-9 shows the VOC values, measured by Suns-VOC, for textured LPC-Si quasi cells from experiment 2 

using either 30 nm nc-Si(p), 12 nm a-Si(p) or 6 nm a-Si(p) + 30 nm nc-Si(p) as emitter. For the cell with the 

12 nm a-Si emitter the doping gas was either TMB or B2H6. The cells had a 6 nm a-Si(i) layer and a 100 nm 

ITO layer.  

It can be seen that nc-Si emitter results in a ~80 nm VOC loss compared to the a-Si emitter, which was 

confirmed by similar VOC losses in point contact experiment 1 (~70 mV) and quasi cell experiment 3 (~50 
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mV) (not shown). By adding a 6 nm doped a-Si layer between the a-Si(i) and nc-Si(p), this VOC loss could be 

prevented. It can be seen that the doping gas type does not significantly affect the VOC, which was 

confirmed in subsequent experiments. No significant VOC differences were found for a variation of the TCO 

(ITO vs AZO). 

 
Figure 5-9. Boxplot of the VOC values, measured by Suns-VOC, for quasi cells from experiment 2, using either 
30 nm nc-Si(p) (orange), 12 nm a-Si(p) (green) or 6 nm a-Si(p) + 30 nm nc-Si(p) (blue) as emitter. For the 
cell with the 12 nm a-Si emitter the doping gas was either TMB or B2H6. The cells had a 6 nm a-Si(i) layer 
and a 100 nm ITO layer. 

The emitter/TCO ρc test structures on textured wafers were co-processed with the quasi and point contact 

cell experiments 2-5. For each structure, one I-V curve was measured to evaluate whether the contact was 

Ohmic or non-Ohmic. It was found that almost all the I-V curves were S-shaped (non-Ohmic) to a certain 

degree. The ρc (slope of the I-V curve / 2 × contact area) was calculated for each V and is plotted in Figure 

5-10a for various a-Si and nc-Si emitters with ITO or AZO as TCO. It can be seen that the S-shapes add a 

(large) uncertainty to the ρc measurements, but can still be used to compare different emitter/TCO 

combinations and derive a ρc estimate. As it is impractical to measure and compare a statistically 

meaningful number of ρc curves, the ρc was subsequently measured with a multi-meter and these ρc values 

are listed in Figure 5-10b (table) for several experiments, each involving many TLM samples. The ρc range 

in the table refers both to differences between samples and the uncertainty due to the S-shapes. The 

a-Si(B2H6) and a-Si/nc-Si(TMB) emitters with ITO as TCO were also tested on a planar wafer (without 

changing the deposition time).  

It can be seen that: 

 Changing the doping gas from TMB to B2H6 

o strongly decreased ρc for the a-Si emitter, 

o had no significant effect for the a-/nc-Si emitter. 
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 Changing the emitter material from a-Si to nc-Si reduced the ρc to ~0.05 Ω cm2
. 

 Adding a 6 nm a-Si(p) layer between the a-Si(i) and nc-Si(p)/ITO increased the ρc by 0.6-2 Ω cm2,  

o which is lower than the 12 nm a-Si emitter with TMB as doping gas, 

o but higher than the 12 nm a-Si emitter with B2H6 as doping gas. 

 ITO generally resulted in lower ρc than AZO. 

o (The same ρc was obtained for samples with 100 nm ITO or 10 nm ITO + 250 nm AZO) 

 The ρc for planar wafers was ~4 times higher than for textured wafer. 

Figure 5-10. Figure a shows ρc curves, derived from the slope of the I-V curves of emitter/TCO ρc test 
structures on textured wafers, for a-Si (red), nc-Si (purple) and a-Si/nc-Si (blue) emitters with ITO (solid), 
AZO (dashed) as TCO. For the p-type emitters the doping gas was either TMB (light) or B2H6 (dark). The 
table in fig. b presents an overview of the emitter-TCO ρc for the different emitter/TCO combinations on 
textured or planar (indicated in table) c-Si wafers.  

The nc-Si emitter results in the lowest ρc values, but strongly reduces the VOC. Therefore, the best emitter-

TCO layer stacks appear to be a-Si(p)(B2H6)/ITO.  

5.5.2 Cell Rs Analysis 

In the previous section the emitter/TCO ρc was estimated using test structures on c-Si wafers, allowing for 

the comparison of many different emitter/TCO combinations. However, aside from the measurement 

uncertainty, the TLM structures were made on textured mono-crystalline wafers instead of textured poly-

crystalline LPC-Si (with tilted pyramids) and also the lack of a p-n junction might affect the resistance 

measurement. Therefore, in this section the Rs of point contact cells with different emitters will be 

compared to the emitter/TCO ρc determined with the wafer test structures (ρc,wafer). Due to variations in 

the point contact resistances it was necessary to make a full analysis of the resistance components of the 

cells, instead of just comparing the cell Rs. Figure 5-11 schematically shows all the components making up 

the series resistance of the point contact cell: 

1. Lateral transport in c-Si to point contact (Rs1) 

Emitter ρc (Ω cm²) 

stack Gas ITO AZO 

12 nm a-Si 
TMB 3-10 4-15 

B2H6 
0.2-0.6 

2-3 (planar) 
1-1.5 

30 nm nc-Si 
TMB ~0.05 - 

B2H6 - ~0.05 

6 nm a-Si + 
30 nm nc-Si 

TMB 
0.8-2 

4-7 (planar) 
2-10 

B2H6 0.6-1.5 1-4 

  b 
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2. Lateral transport in TCO to point contact (Rs2) 

3. Resistance in the metal fingers (Rs3) 

4. c-Si/Ag contact resistance (Rs4) 

5. TCO/Ag contact resistance (Rs5) 

6. Emitter/TCO (contact) resistance (Rs6) 

 
Figure 5-11. All the components (Rs1-Rs6) making up the series resistance of the point contact cell. 

The point contact and sheet resistance were obtained from the point contact TLM structures as described 

in section 5.4.1. The lateral resistance was calculated from the measured sheet resistances, using the 

simulations presented in section 5.4.2. Finally, the metal finger resistance contribution was calculated in 

appendix A.2.1 to be 0.09 Ωcm2. The cell Rs was obtained from the J-V curve at 0.9 V (see Figure 2-1b). 

After subtracting Rs1-Rs5 from the cell Rs, the remainder should be due to Rs6, i.e. the emitter/TCO ρc (ρc,cell). 

The result is shown in Table 5-7 for n-type, ~9∙1016 doped samples from experiment 3 and 4. The TCO 

consisted of 10 nm ITO + 250 nm AZO (see section 5.3). The values are the median + standard deviation 

(σ) values for 5-6 TLM structures (or 4 cells) per sample. The cells were affected by the following Rs issues:  

a) For experiment 3, the ADP salt layer was left on too long and corroded away almost the entire Ag 

layer. After LFC and metal cut, a 2nd Ag layer was deposited and the metal cut was repeated. This 

resulted in a very low Rs. 

b) For experiment 4, the c-Si/Ag (Rs4) and TCO/Ag (Rs5) contact resistance were higher than usual. It 

is suspected that this was due to the use of e-beam evaporated Ag instead of the sputtered Ag  

The VOC values (in the table) confirm the quasi cell result that these emitters do not significantly affect the 

VOC. It can be seen that the Rs6 (remainder) for the cell with the a-Si/nc-Si (TMB) emitter is significantly 

smaller than the smallest ρc determined on the wafer test structures (ρc,wafer). For the a-Si (B2H6) emitter, 
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Rs6 fits with ρc,wafer. It can be concluded that the ρc,cell difference between the a-Si/nc-Si (TMB) and a-Si 

(B2H6) emitters is smaller than was determined with the wafer based ρc test structures. From the individual 

Rs components, a cell Rs of 0.6 Ωcm2 appears to be achievable for n-type, ~9∙1016 doped, LPC-Si point 

contact cells (by combining the 0.8 Ωcm2 cell with the a-Si (B2H6) emitter).  

5.5.3 Discussion and Conclusions 

The a-Si/ITO ρc,wafer could be reduced to 0.2-0.6 Ωcm2 by switching from TMB to B2H6 as doping gas and to 

~0.05 Ωcm2 by switching from a-Si to nc-Si emitters. However, the nc-Si emitter also resulted in a 50-80 mV 

VOC loss. This loss could be prevented by adding a 6 nm doped a-Si layer between the a-Si(i) and nc-Si layer, 

but that also increased the ρc,wafer to 0.6-2 Ωcm2. Further optimization should be attempted to reduce the 

ρc for the a-Si(p)/nc-Si(p) emitter to the ρc of the nc-Si(p) emitter (0.05 Ωcm2), e.g. by reducing the a-Si 

thickness and/or the B2H6 flow in the nc-Si layer (to increase crystallinity [98]). 

In order to determine if these emitter/TCO ρc,wafer values (measured on textured wafers) correspond with 

the actual ρc,cell for the LPC-Si point contact cells, the Rs of point contact cells with a-Si/nc-Si (TMB) or a-Si 

(B2H6) emitters were analyzed. It was found that ρc,cell is significantly lower than ρc,wafer for the a-Si/nc-Si 

(TMB) emitter and roughly equal to the ρc,wafer for the a-Si (B2H6)  emitter. 

The emitter/TCO ρc,wafer measurements showed a ~4 times higher ρc for planar than for textured wafers. 

This higher ρc can be explained partly by a ~1.7 [105] times smaller contact area and partly by the (~1.7 

times) higher deposition rate for the planar wafers, resulting in increased layer thicknesses and probably 

different material properties (e.g. crystallinity). Contrary to the wafers, the LPC-Si samples have many 

Table 5-7. Cell resistance analysis showing the Rs contributions (Ωcm2) for cells with different emitters. 
The VOC and Rs values are the median ± σ values for 5-6 TLM structures (or 4 cells) per sample. 

Emitter type a-Si(p)/nc-Si(p) a-Si(p) 

Doping gas type TMB B2H6 

Experiment 3 4 

VOC (mV) 600 ± 21 582 ± 9 

c-Si (Ω/□) 115 100 

Rs1: c-Si lateral (Ωcm2) 0.07 ± 0.02 0.06 ± 0.02 

Rs4: c-Si/Ag (Ωcm2) 0.05 ± 0.05 0.26 ± 0.05 

TCO (Ω/□) 151 320 

Rs2: TCO lateral (Ωcm2) 0.03 ± 0.00 0.06 ± 0.01 

Rs5: TCO/Ag (Ωcm2) 0.04 ± 0.02 0.15 ± 0.15 

Rs3: Ag fingers (Ωcm2) 0.09 0.09 

Total (Rs1-Rs5) (Ωcm2) 0.28 ± 0.09 0.62 ± 0.23 

Cell Rs (Ωcm2) 0.79 ± 0.04 0.93 ± 0.05 

Rs6: Remainder (Ωcm2) 0.51 ± 0.13 0.31 ± 0.28 

ρc,wafer (Ωcm2) (Rs6) 0.8-2 0.2-0.6 
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different pyramid orientations (including planar areas for <111> oriented grains) as can be seen in the 

microscope image in Figure 5-12a. The tilted pyramids of the LPC-Si samples mean that these pyramids 

have both surfaces with larger and smaller angles than the 54° of the mono-Si pyramids on the textured 

wafers. Based on the texture dependence observed for the ρc,wafer measurements, it seems likely that the 

areas with pyramid angles > 54° on the LPC-Si samples have a lower ρc than the ρc,wafer. These differently 

tilted LPC-Si pyramid surfaces should form parallel resistances with high ρc for the low angle surfaces and 

low ρc for the high angle surfaces (shown schematically in Figure 5-12b). As the diffusion length is larger 

than the pyramid size, a large fraction of the current should flow through the low ρc areas. Diffusion, 

together with conduction through the charge inversion layer [111], can transport minority carriers from 

planar areas to textured areas. This might explain the lower ρc,cell than ρc,wafer for the samples with a-Si/nc-

Si emitter.  

 
Figure 5-12. Figure a shows a microscope image of a KOH textured LPC-Si sample. Figure b shows a 
schematic cross-section of the textured LPC-Si sample with different pyramid orientations. The black 
arrows schematically show the different paths the minority carriers can take through the c-Si absorber, 
inversion layer, emitter and TCO, with the corresponding parallel resistances R1-R3. 

It was found that the ρc on the textured LPC-Si cells is approximately 0.51 ± 0.13 Ωcm2 for the a-Si(i/p)/nc-

Si(p)(TMB)/ITO/AZO stack and 0.31 ± 0.28 Ωcm2 for the a-Si(i/p)(B2H6)/ITO/AZO stack. For ~9∙1016 cm-3 

doped n-type cells, an Rs of 0.8 Ωcm2 was obtained with the a-Si/nc-Si (TMB) emitter and 0.6 Ωcm2 should 

be obtainable with the a-Si (B2H6) emitter.  

5.6 Passivated Isoscribe 

The 11.5 % point contact cell from ref. [30] was made, using a planar, 2∙1016 cm-3 doped absorber and the 

isoscribes were made with a single laser scribe after the TCO deposition. Based on the absorber doping 

and KOH texturing experiments on FrontERA cells presented in chapter 3, it was concluded that, in order 

to improve the cell efficiency, the absorber doping had to be increased to about 9∙1016 cm-3 and the 

absorber had to be textured. In section 5.6.1 it will be shown how the resulting textured LPC-Si cells were 

affected by a FF loss that was related to the isoscribe. In section 5.6.2 it will be shown how a passivated 

isoscribe process was implemented to prevent this problem. The investigation will focus on n-type cells. 
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5.6.1 Isoscribe Recombination 

In experiment 1 all the absorber layers were textured and the doping of some samples was increased to 

8∙1016 cm-3. The emitter consisted of an nc-Si layer and the TCO of 10 nm 25°C ITO + 250 nm AZO. Figure 

5-13a shows the light J-V curve of the 11.5 %, 2∙1016 cm-3 doped, n-type, planar point contact cell from ref. 

[30] and the light and dark J-V curves of textured a 2∙1016 cm-3 and a 8∙1016 cm-3 doped, n-type point contact 

cell from experiment 1. The corresponding VOC, FF (measured with the solar simulator) and pFF (measured 

by Suns-VOC) are included in the figure.  

It can be seen that the (p)FF for the textured cells are much lower than for the planar cell. Especially the 

8∙1016 cm-3 doped cell had a very low pFF. From the slope of the J-V curve for reverse bias it can be seen 

that this low FF is not caused by Ohmic shunting. The VOC of the textured cells is also lower than for the 

planar cell, but this can (partly) be explained by the nc-Si emitter (see section 5.5.1).  

Figure 5-13b shows DLIT measurements at different bias voltages (-0.4, 0.4 and 0.7 V) (see section 2.6) of 

the 8∙1016 cm-3 doped cell from fig. a. The goal of the DLIT measurement is to determine the location of the 

high dark current at 0.4 V, which is reducing the FF (see dark J at 0.4 V in fig. a). The DLIT measurement 

shows many hotspots at the isoscribe for 0.4 V, indicating that the FF problem is related to the isoscribe. 

 
Figure 5-13. Figure a shows the J-V curve of the 11.5 %, 2∙1016 cm-3 doped, n-type, planar cell from ref. [30] 
and dark and light J-V curves of textured 2∙1016 and 8∙1016 cm-3 doped, n-type, KOH textured cells from 
experiment 1. Figure b shows DLIT images at different bias voltages (-0.4, 0.4 and 0.7 V) of the 8∙1016 cm-3 

doped cell from fig. a. The DLIT measurements are made from the metallized side and the infrared light 
only comes through the openings in the metal layer as the metal itself has very low emissitivity. 

The dark J-V curves were fitted using the “resistance limited (RH), locally increased recombination (J0H)” 

feature in the PV Lighthouse equivalent circuit simulator. The equivalent circuit for this RH-J0H model is 

shown in Figure 5-14a. The model was originally developed to characterize, among other things, the effect 

of edge recombination on the J-V curves of (<6 cm2) wafer based c-Si solar cells [112]. Figure 5-14 shows 
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the measured (red) and fitted (grey) dark J-V (a) and m-V (b) curves of the textured cells from Figure 5-13a, 

where m is the local ideality factor that was derived from the dark J-V curves using 𝑚 =
𝐽

𝑉𝑇

𝑑𝑉

𝑑𝐽
. The m-V 

curve is used in combination with the RH-J0H model as it results in much more accurate and meaningful 

fitting results [112]. The fitted J0H and RH are listed in Figure 5-14b, together with the dark saturation 

current density (J01, ideality factor = 1) and Rs. The ideality factor for the J0H diode was set to 2 as it resulted 

in a much better fit of the m-V curve for V < 0.2 V.  

It can be seen that the RH-J0H model can accurately reproduce the dark J-V and m-V curves. The fit results 

indicate that the higher dark current (lower FF) for higher absorber doping is due to a combination of a 

higher recombination (JH) and a (~2x) lower resistance (RH). The same FF loss and absorber doping 

dependence was also observed for textured, 2-7∙1016 cm-3 doped p-type cells in experiment 1. 

 
Figure 5-14. The measured (red) and fitted (grey) dark J-V (a) and m-V (b) curves of the textured cells from 
Figure 5-13a, where m is the local ideality factor. The curves were fitted with the “resistance limited (RH), 
locally increased recombination (J0H)” feature in the PV Lighthouse equivalent circuit simulator (shown in 
fig. a). The resulting fitting parameters are listed in fig. b. 

Figure 5-15 shows LBIC measurements (using the 904 nm laser) of a p-type cell (a) and an n-type cell (b) 

(same cell as above) as well as two corresponding LBIC linescans near the isolation scribe (c). Both cells are 

7-8∙1016 cm-3 doped cells from experiment 1 with NO(ON) interlayer stacks. It can be seen that the p-type 

cell has a lower carrier collection close to the isoscribe, while for the n-type cell, collection near the 

isolation scribe appears to be unaffected. This reduction near the isoscribe for the p-type cell looks 

qualitatively similar to the DLIT measurement at 0.4 V in Figure 5-13b.  It can also be seen that the LBIC 

signal of the p-type cell is reduced 200-2000 µm from the isoscribe, which is much too far to be explained 

by the typical LPC-Si diffusion length of 10-40 µm. This can be explained by conduction of minority carriers 

to the isoscribe through the charge inversion layer that is induced in the c-Si(p) by positive fixed charges 

in the SiOxNy interlayer (see section 4.1.2). From the reduction of the LBIC signal near the isoscribe, the 

relative JSC loss for the p-type cells was estimated at 5-15 %.  
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Figure 5-15. The LBIC images of a p-type cell (a) and an n-type cell (b) as well as two corresponding LBIC 
linescans near the isolation scribe (c). In fig. a and b red represent low and yellow represents high carrier 
collection. The grid of points with reduced carrier collection is caused by the absorber contacts. The 
schematic cross-section above fig. c indicates the position of the isoscribe.  

Finally, laser scribes were made through finished, textured, p- and n-type quasi-cells from experiment 3 

with a-Si or nc-Si emitters and ITO or AZO TCO layers. Suns-VOC measurements before and after the 

isoscribe process showed that this resulted in a similar J-V curve as in Figure 5-13a (after the isoscribe 

process), a VOC loss of ~50-70 mV and a FF loss of 20-25 %, independent of doping type, emitter or TCO.  

Together, the results in this section indicate that the FF loss of the textured point contact cells is caused 

by increased recombination at the isoscribe.  

5.6.2 Passivated Isoscribes 

The isoscribe process was adapted in order to prevent the increased recombination at the isoscribe. The 

single step isoscribe after TCO deposition process was changed to a two-step process where the 1st 

isoscribe is made before the hydrogen passivation and the 2nd isoscribe is made within the 1st isoscribe 

after the TCO deposition. This way, the KOH texturing removes the surface damage created by the 1st 

isoscribe process, and the hydrogen plasma passivation and emitter deposition passivate the flank of the 

1st isoscribe, while the 2nd isoscribe remove the TCO (and emitter) inside the 1st isoscribe. 

Figure 5-16 show typical cross-section SEM images of the isoscribe (using finished cells) for the old (a) and 

new (passivated) (b) isoscribe processes. The layers are labelled in the figures. The isoscribe is made with 

a 1064 nm ps laser through the glass. The laser evaporates the lower part of the absorber and the rest is 

explosively broken off by the expanding plasma/vapour. It can be seen that the flanks of the isoscribe are 

shaped very irregularly and for the old process (a) there are many micro-cracks along the c-Si breakage 

line. The passivated isoscribe (b) does not shown these micro-cracks and the TCO (and presumably emitter) 

covers the isoscribe flanks, even if this flank is vertical (marked in fig. b by black circles). 
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Figure 5-16. Fig. a and b show SEM cross section images of typical isolation scribe flanks using the “single 
scribe after TCO” (a) and “passivated isoscribe” (b) methods. The images show the irregular and even 
horizontal breakage of the c-Si absorber by the isoscribe process. The black circles in fig. b mark the areas 
where the c-Si surface is vertical, but nonetheless appears to be covered by a (thin) TCO layer.  

Figure 5-17a shows schematic representations of the different isoscribe methods uses in this thesis: 

1. Method 1: isoscribe after TCO deposition (width ≈ 50 µm) , not passivated (added for comparison) 

2. Method 2: double 1st isoscribes after LPC with ~10 µm overlap + 2nd isoscribe inside 1st isoscribes 

3. Method 3: isoscribe before LPC parallel to LPC scanning direction (“crack catcher”) + isoscribe 

perpendicular to LPC scanning direction after LPC + 2nd isoscribe inside 1st isoscribes. 

For the 2nd isoscribe, a 532 nm ps laser was used (from the glass side), as 1064 nm laser light is not 

absorbed by the a-Si emitter. In experiment 3, point contacts cells were fabricated on textured, ~1017 cm-

3 doped, n-type absorbers with NO(ON) interlayers, using either method 2 or method 3 for the isoscribe. 

Figure 5-17b and c show microscope images of the isoscribes of these cells, using method 2 (double scribe) 

(b) or method 3 (crack catcher) (c). In fig. b it can be seen how the 2nd scribe (black) fits inside the 1st two 

scribes. In fig. c it can be seen in how small grains and many small side cracks originate from the crack 

catcher scribe. (In chapter 6 LBIC measurements will be used to determine the photocurrent loss due to 

the crack catcher and isoscribe.) Figure c shows an example of an optical inhomogeneity (e.g. a bubble in 

the glass, section 3.3.3) interrupting the 1st isoscribe and bending the 2nd isoscribe from its path. It can be 

seen how a narrow crack follows a straight line, ignoring the interruption in the 1st scribe. 

Figure 5-17d shows DLIT measurements made with ± 0.4 V bias voltage for a cell with the crack catcher as 

isoscribe (method 3). It can be seen that the cell is no longer affected by increased recombination at the 

isoscribe. J-V and Suns-VOC measurements resulted in an average VOC of 625 mV and pFF of ~68 % for both 

isoscribe methods 2 and 3, indicating that both methods can be used to passivate the isoscribe. 

The remaining pFF loss is due to the non-Ohmic hotspots shown in the DLIT measurements (Figure 5-17d). 

In section 5.3.2 it was concluded that these non-Ohmic shunts were due to incomplete etching of the 

emitter (see Figure 5-4a).  



5 Solar Cells with Laser Fired Absorber Point Contacts and Heterojunction Emitters for Textured LPC-Si 
        

91 
 

 
Figure 5-17. Figure a and b show microscope images of the double scribe (a) and the crack catcher (b-c) as 
1st isoscribe. Figure d shows DLIT measurements at -0.4 and 0.4 V for a cell with crack catcher as isoscribe. 

5.6.3 Conclusions 

It was determined that the textured point contact cells were affected by a FF loss that was related to the 

isoscribe and it was argued that this could be explained by increased recombination at many positions 

along the isoscribe. A passivated isoscribe process was successfully developed to prevent the isoscribe 

recombination problem, featuring a 1st isoscribe of the c-Si absorber before hydrogen passivation and a 

2nd isoscribe after the TCO deposition. The 1st isoscribe consisted either of two slightly overlapping scribes 

or of the crack catcher scribe. These two different passivated isoscribe processes will also be compared on 

mini-modules in chapter 6. 

For the p-type cells, the current collection next to the isoscribe was also reduced, indicating that 

conduction of minority carriers through the frontside inversion layer can also decrease the JSC in the 

presence of locally increased recombination. It should be investigate if other forms of locally increased 

recombination, e.g. at the grain boundaries (see section 3.3.3), result in similar FF, VOC and JSC losses as 

determined in this section for increased recombination at the isoscribe. 

5.7 Cell Efficiency Improvement 

Using the passivated isoscribe process, a ~1017 cm-3 doped, n-type, KOH textured absorber, an a-Si/nc-Si 

(TMB) emitter and a 90 s poly-Si emitter etch, a new record η for point contact LPC-Si cells of 12.0 % was 

obtained in experiment 5. The cell also used an a-Si(i) layer process for which the 1st nm was deposited 

with 4x the normal power (i.e. 120 W). The results in appendix A.5 indicate that this a-Si(i) layer resulted 
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in a higher pFF and VOC, but also a higher ρc. The J-V curve of this cell and of the old, 2∙1016 cm-3 doped, 

planar, 11.5 % cell [30] are shown in Figure 5-18a. The J-V parameters are indicated in the figure and the 

pFF was 81.2 %. Both cells had an NON(ON) interlayer stack and were measured with ARF, i.e. had similar 

direct reflection losses. It can be seen that the 12.0 % cell has a higher VOC, FF and η, which can mainly be 

explained by the higher doping and new emitter. Figure 5-18b shows the EQE and 1-R curves of the 11.5 

% cell and of the 12.0 % cell. It can be seen that the texturing resulted in the expected long wavelength 

EQE and 1-R gain, but this is overcompensated by the EQE loss for low wavelengths, which can mainly be 

explained by a higher recombination loss. The photocurrent losses will be analyzed in more detail in the 

next section. 

 
Figure 5-18. The J-V (a) and the EQE and 1-R (b) curves of the 2∙1016 cm-3 doped, planar, 11.5 % cell from 
ref. [30] (dashed) and of a ~1017 cm-3 doped, KOH textured 12.0 % cell (solid). Both J-V curves are measured 
with ARF and the EQE curves are not. 

5.8 Photocurrent Analysis 

In this section the photocurrent losses of the textured point contact cells will be analysed and compared 

to the textured FrontERA cell from section 4.1, focusing on the impact of the back reflector on the light 

trapping and parasitic absorption losses. In section 5.8.1 the investigated cells are presented, together 

with the fitted interlayer thicknesses and Leff values, which is directly followed by the JSC loss overview in 

section 5.8.2. The absorptance properties of the P150W/metal reflector is presented in section 0 and the 

light trapping and parasitic absorption are investigated in more detail in sections 5.8.4 and 5.8.5. This is 

followed by a discussion of the JSC potentials in section 5.8.6.  

5.8.1 Investigated Cells 

The photocurrent was analyzed for 6 different point contact cells (from experiments 3-6) to show that 

point contact cells from different series on different materials result in similar light trapping and parasitic 

absorption behavior (compared to the FrontERA cell). The cells will be analyzed without ARF, as the ARF 
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was already analyzed in section 4.1 and requires a significant additional measurement effort. The cell ID’s 

used in this section and the properties of the cells are shown in Table 5-8. The cell ID’s indicate: doping-

glass-experiment, e.g. n-c-6 for an n-type cell on Corning glass from the experiment 6. Cell n-b-5 is the η = 

12.0 % cell from the previous section.  

The table shows both the intended and the fitted interlayer thicknesses, and also the fitted refractive 

indices (n) of the SiNx layers at λ = 700 nm, using the method described in section 4.1.3 (simulation in 

OPAL2). The difference of the fitted thicknesses for the same interlayer type indicate the non-uniformity 

of the interlayer deposition. The PECVD SiNx interlayer had the n (~2.09) and this n was also higher than 

the n for the PVD SiNx layer (1.99, not shown in table). 

The table also includes the fitted effective diffusion lengths (Leff) (± 15 %) using the same method as in 

section 4.1.5 (average of L- and S-limited fit). All the point contact cells could best by fitted by completely 

S-limited ηc curves (L = 10 ms). The effect of the different emitter etch procedures was described in section 

5.3.2: the old purple etch solution did not completely remove the emitter, resulting in very low fDA, but 

also shunting. The 90 s poly-Si etch prevented the shunts, but resulted in a large fDA (n-b-5). The 40 s poly-

Si etch and the etch-reflow-etch-reflow (e-r-e-r) process were used to reduce the fDA to ~3 %.   

5.8.2 JSC Loss Overview 

Using the methods described in section 4.1, the measured EQE, R, T and fDA were used to determine the 

JSC losses. Figure 5-19 shows examples of the JSC loss analysis for the n-type (a) and p-type (b) cells with the 

Table 5-8. Overview of the investigated cells. The fitted/measured values are indicated in grey.  

cell ID n-b-FE p-b-3 p-b-4 n-b-4 n-b-5 n-b-6 n-c-6 

Glass Boro33 Boro33 Corning 

Interlayer type 
AKT 

N/O/ON 
AKT 

N/O/ON 
AKT 

N/O/N/ON 
PC1  

O/N/O 

Intended. IL  
thickness (nm) 

20/ 
110/ 
85 

20/ 
110/ 
85 

15/ 
200/ 

60/20 

200/ 
60/ 
10 

Fitted IL 
thickness (nm) 

20/ 
135/ 
80 

25/ 
125/ 
88 

15/ 
217/ 

52/17 

15/ 
245/ 

52/20 

15/ 
235/ 

59/15 

10/ 
250/ 

60/17 

200/ 
45/ 
33 

SiNx (n@700 nm) - - 2.08 1.85 

Doping type n p n 

N (1016 cm-3) 9 8 6 10 15 

d (µm) 11 8 11 8 13 

Fitted Leff (µm) 30 13 13 20 10 14 19 

Emitter etch - old purple etch 90 s 40 s e-r-e-r 

fDA (Dead area) 11 % 2.3 % 3.4 % 8.3 % 4.2 % 3.0 % 

Texture KOH KOH 

Reflector White paper P150W/Ag/Al P150W/Ag 
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highest JSC, both from experiment 4. Table 5-9 gives an overview of all the JSC losses, including for the 

textured n-type FrontERA cells with reflector and without ARF from section 4.1.  

The approximately 2 mA/cm2 lower dead area loss of the point contact cells (except n-b-5) compared to 

the FrontERA cell, shows one of main reasons for switching to the point contact cells. Unfortunately, this 

was overcompensated by the higher recombination losses for these point contact cells, due to the lower 

material quality (lower Leff). In addition, the parasitic absorption (Apar) and light trapping losses (LTloss) are 

larger for the point contacts cells: the average Apar is 4.1 mA/cm2 for the p-type and 3.1 mA/cm2 for the n-

type point contact cells, compared to 2.2 mA/cm2 for the textured FrontERA cell. The average LTloss was 

1 mA/cm2 for the point contact cells, compared to 0.1 mA/cm2 for the textured FrontERA cell. About half 

of this LTloss was due to transmittance through the metal scribes.  

 
Figure 5-19. Wavelength dependent analysis of the photocurrent losses for the n-type (a) and p-type (b) 
point contact cells with the highest JSC. The most relevant material parameters and the photocurrent losses 
in mA/cm2 are indicated in the figures. 

The Rdirect loss for NON(ON) interlayer stack is relatively low due to the optimized interlayer thicknesses 

and the high refractive index of the SiNx layer (see Table 5-8). In section 4.1 it was shown that the ARF 

reduces this Rdirect loss by about 60 %, while adding about 0.4-0.7 mA/cm2 to the Apar loss. Therefore, with 

ARF, Apar and recombination are the largest losses.  

In the next sections the parasitic absorption and light trapping losses will be investigated in more detail in 

Table 5-9. Overview of JSC losses (mA/cm2) for the cell from Table 5-8. 

Cell ID d (µm) IL type EQE JSC,lim Dead area Recomb. Apar LTloss Rdirect 

n-b-FE 11 NO(ON) 26.4 40.6 2.9 1.9 2.2 0.2 7.1 

p-b-3 8 NO(ON) 22.7 39.9 0.5 4.2 4.0 0.8 7.7 

p-b-4 8 

NON(ON) 

25.0 39.9 0.6 4.6 4.2 0.9 4.6 

n-b-4 11 27.4 40.5 0.9 4.3 2.5 1.0 4.4 

n-b-5 8 23.2 39.9 1.9 6.0 3.5 1.2 4.1 

n-b-6 8 25.6 39.9 1.1 4.4 4.1 0.7 4.0 

n-c-6 13 ONO-PC1 24.0 40.8 0.7 5.6 3.0 0.9 6.6 
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order to understand why these losses are higher for the point contact cells and discuss ways to reduce 

them. Finally, it will be discussed how the recombination loss can be reduced by optimizing the absorber 

thickness. 

5.8.3 Absorptance of the P150W/Metal Reflector 

The absorptances of the ARF, glass, SiNx, emitter and ITO layers were presented and discussed in section 

4.1.4. The layers in the point contact device that were not yet presented are the P150W/metal reflector 

and the 250 nm AZO layer. The absorptance of the 250 nm AZO layer (not shown) is ~0.4 %abs or 25 %rel 

lower than that of the 100 nm R&R ITO layer used in the FrontERA cell and therefore cannot explain the 

higher parasitic absorption in the point contact cells.  

Point contact cells use a ~5 µm P150W diffuse/white reflector, combined with a 100 nm Ag layer for the 

n-type cells and a 20 nm Ag / 100 nm Al layer for the p-type cells. The 20 nm Ag layer was added in order 

to reduce the AZO/metal point contact resistance. In order to measure the absorptance (1-R) of the 

P150W/metal reflector, P150W was spin coated on 100-200 nm Ag and Al layers that were sputtered on a 

glass substrate. Figure 5-20a shows the measured absorptance (1-R) of this P150W/Ag reflector, for ~5 

and ~16 µm P150W. Figure 5-20b shows the measured absorptance for the same ~5 µm P150W/Ag 

reflector and for a ~5 µm P150W/Al reflector. For comparison, fig. a also shows the simulated absorptances 

of various Ag reflectors that were simulated with PVLighthouse’s OPAL2 [71], using a planar or pyramid 

textured, 1 µm Ag layer in contact with a non-absorbing air (n = 1), SiO2 (n ≈ 1.5), or AZO (n ≈ 2) halfspace. 

Fig. b also shows the simulated absorptances of a pyramid textured AZO/Ag/Al reflector for Ag thicknesses 

between 0 and 60 nm. For Ag thicknesses ≥ 60 nm, the simulated absorptance no longer changes 

significantly. The measured and simulated structures are shown schematically in Figure 5-20a. 

It can be seen that the measured P150W/Ag absorptance is ~8 %, which is much higher than the 

absorptance of the white paper reflector (~3 %) that was used for the FrontERA cells (see section 4.1.4). It 

can also be seen that increasing the P150W layer thickness has almost no effect. Finally, it can be seen 

that the measured P150W/Ag absorptance is very similar to that of the simulated, textured AZO/Ag 

reflector and that the measured P150W/Al absorptance is very similar to that of the simulated textured 

AZO/Al reflector. These observations show that the metal has a very strong influence on the measured 

absorptance, indicating that the P150W is very transparent. (The transmittance of the P150W layer on 

glass could not be measured reliably due to light trapping in the glass substrate.) 

It can be seen that the simulated absorptance of the Ag reflector increases from ~ 2 % to ~3.5 % by 

changing the refractive index of the material it is in contact with from 1 (air) to 2 (AZO).  For the pyramid 
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textured AZO/Ag reflector, the light is reflected from the AZO/Ag interface of one pyramid onto the 

AZO/Ag interface of a neighboring pyramid, thereby doubling the total absorptance by the AZO/Ag 

reflector (“multiple bounce”). P150W consists of TiO2 particles (n ≈ 2.7) in a P150 resin (n ≈ 1.5), resulting 

in an effective refractive index close to or slightly higher than that of AZO (n ≈ 2). The similarity of the 

planar P150W/metal reflectors to the textured AZO/metal reflectors can be explained by the light being 

scattered back and forth within the P150W, causing multiple reflections at the P150W/metal interface. By 

removing the TiO2 particles from the P150W, the resulting planar P150/Ag interface is optically very similar 

to that of the simulated planar SiO2/Ag interface, which has an absorptance of ~3 %. This indicates how 

the reflector absorptance might be reduced. 

 
Figure 5-20. Figure a compares the measured absorptance (1-R) of the P150W/Ag reflector (solid curves) 
to the absorptance of various Ag reflectors that were simulated with OPAL2 (dashed curves). Schematic 
representation of the measured and simulated structures are included in the figure.  Figure b shows the 
measured absorptance of the P150W/Al and P150W/Ag reflectors (solid), as well as the simulated 
absorptance of a textured AZO/Ag/Al reflector for Ag thicknesses between 0 and 60 nm (dashed).  

The simulated AZO/Ag/Al absorptance curves in Figure 5-20b show how the absorptance decreases for 

increasing Ag thickness.  It can also be seen that the 20 nm Ag layer, which is used for p-type cells, is not 

thick enough to completely prevent absorption in the Al. This can explain the (~1 mA/cm2) higher Apar in 

the p-type cells than in the n-type cells. It can be seen that this absorptance could be reduced to that of 

the n-type cells by increasing the Ag layer thickness to 40-60 nm.  

5.8.4 Light Trapping in KOH Textured LPC-Si Cells 

In this section the light trapping of the textured point contact cells will be compared in more detail to that 

of the textured FrontERA cells. First, a new concept must be introduced to allow for the comparison of 

relatively small light trapping differences between the textured cells with different absorber thicknesses 

(d). Figure 5-21a shows the light trapping efficiency (ηLT), simulated with the PV Lighthouse ray tracer for 

a pyramid textured LPC-Si cell with d = 11 µm (see section 4.1.6), compared to the calculated absorption 
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probability in silicon (aSi) (as introduced in ref. [113]). Here, aSi was calculated for a “fraction of the light 

escaping every d” (fesc) of 1.3 %, using:  

 𝑎Si =
𝛼Si

𝛼Si+𝛼esc
 ,  (28) 

 𝑓esc = 1 − 𝑒−𝛼esc𝑑 →  𝛼esc =
−ln(1 − 𝑓esc)

𝑑
. (29) 

Eq. (29) uses the Lambert-Beer law and eq. (28) is similar to eq. (7) in ref. [113] (where αesc was fixed at 

1/(4n2d), i.e. the Yablonovitch limit). It can be seen in Figure 5-21a that the fesc = 1.3 % aSi curve (dotted) 

provides a very good fit for the ηLT curve (solid), especially for λ > 950 nm. For the pyramid texturing (ηLT 

curve), no light escapes the cell (fesc = 0 %) after the first reflection, because all the light is reflected beyond 

the critical angle of c-Si to air (16°). This results in a small underestimation for λ < 950 nm by the aSi(fesc) 

model, which assumes a fixed fraction of the light continuously escaping the cell. After several internal 

reflection in the simulated pyramid textured cell, the light becomes randomized and, based on the good 

fit in Figure 5-21a, ~1.3 % escapes the cell every d. Figure 5-21b shows the light trapping limit in mA/cm2 

using fesc = 1.3 %, for d = 2-50 µm The aSi(fesc) model and JSC,lim curve will also be used in the absorber 

thickness optimization in section 5.8.6.  

 
Figure 5-21. Fig a shows the absorption probability in silicon (aSi) for fesc = 1.3 %, for an 11 µm c-Si layer and 
the light trapping efficiency (ηLT) for the simulation from Figure 4-7 (section 4.1.6) with a detached reflector 
and a pyramid textured Si backside. Fig. b shows the light trapping limit (JSC,lim) vs. d for fesc = 1.3 %.  

Having shown that the fesc model can reproduce the simulated ηLT, it will now be used to compare the light 

trapping differences for the LPC-Si cells. fesc will be calculated for each wavelength from the experimental 

ηLT, using eq. (17), (28) and (29) and defining aSi ≡ ηLT (see Figure 5-21a): 

 𝑓esc = 1 − 𝑒−𝛼esc𝑑 = 1 − 𝑒
−

𝛼Si(𝑅esc+𝑇)𝑑
𝐴𝑆𝑖 . (30) 

This way, the ASi, Resc and T are not only corrected for Rdirect and Apar as was done with the ηLT in section 

4.1.6, but also for the absorber layer thickness d. Furthermore, fesc is a physically meaningful quantity 

(fraction of the light that escapes every d) and is much better suited than ηLT for comparing relatively small 

light trapping difference.  
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Figure 5-22 shows the fesc without (a) and with (b) transmission for all the cells from Table 5-8. A planar 

point contact (on Corning glass with PVD interlayers, from exp. 5) and a planar FrontERA cell (from section 

4.1) were added as reference. The relevant wavelength region is approximately between 850 and 

1050 nm, as for λ < 850 nm little light escapes the cell (even without light trapping) and for λ > 1050 nm 

little light is absorbed, even with perfect light trapping. It can be seen that the best light trapping (lowest 

fesc) is obtained for the textured FrontERA cell (fesc ≈ 1.5 %, LTloss ≈ 0.2 mA/cm2), followed by the textured 

point contact cells (fesc ≈ 2-3.5 % w/o T and 3-4.5 % with T, LTloss ≈ 1 mA/cm2), the planar point contact cell 

(fesc ≈ 8-9 %, LTloss ≈ 2 mA/cm2) and the planar FrontERA cell (fesc ≈ 22 %, LTloss ≈ 5.5 mA/cm2). (Note that 

the pyramid texture light trapping limit results in an fesc of 1.3 %.) 

 
Figure 5-22. Experimental fesc with (a) and without transmission (b) for the point contact cells (solid line) 
and FrontERA cells (dashed). 

With regard to light trapping, the fundamental difference between the FrontERA and the point contact 

cell, is that the point contact cell has an attached white reflector and the FrontERA cell has a detached 

(white) reflector. The lower fesc for the planar point contact cell than for the planar FrontERA cells indicates 

that the attached white reflector increases light trapping for a planar cell. The higher fesc for the textured 

point contact cell than for the textured FrontERA cell indicates that the attached white reflector decreases 

light trapping for a (KOH) textured cell. This would be rather unexpected as for the CSG solar cell, the 

P150W/Al reflector was considered a significant reason for the excellent light trapping properties [16]. 

A reduced light trapping due to the attached white reflector can be explained in the following way (shown 

schematically in Figure 5-23a):  

 For KOH textured (poly-crystalline) LPC-Si there are many different pyramid angles (θ). 

 For θ > 8°, the pyramids scatter the light at an angle larger than the critical angle of c-Si to air (16°), 

thereby trapping the light in the cell. Any additional random scattering by the white reflector 

should decrease light trapping by scattering some of the light within the critical angle.  

 For θ > 34° the light is totally reflected at the Si/TCO interface, i.e. the reflector doesn’t affect the 
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light trapping.  

 For an attached white reflector (point contact cells) and θ < 34°, the light is scattered by the 

reflector   

o For 34° > θ > 8°, light trapping is reduced by the white reflector 

o For θ < 8° (planar), light trapping is improved by the white reflector 

 For a detached white reflector (FrontERA) and  

o 34° > θ > 16°, the light is totally reflected at the TCO/air interface,  

o θ > 16°, the light is scattered by the detached reflector  

 For 16° > θ > 8°, light trapping is reduced by the white reflector 

 For θ < 8° (planar), light trapping is improved by the white reflector 

In other words: the attached reflector has a 3 times larger pyramid angle range where the light trapping is 

reduced due to “scattering where no scattering is needed”. In addition, the isotropic light scattering by 

the white reflector is better preserved for the attached reflector, which scatters isotropically into the TCO 

(n ≈ 2), than for the detached reflector, which scatters isotropically into air (n = 1). This means that both 

the light trapping reduction for θ > 8° and the light trapping improvement for θ < 8° should be larger for 

the attached reflector. These arguments can explain why the attached white reflector (point contact cells) 

results in higher fesc than the detached white reflector (FrontERA). 

 
Figure 5-23. Figure a shows schematic representations of scattering at the backside for different reflectors, 
indicating how a white (diffuse) reflector can reduce light trapping compared to a metal (specular) 
reflector. The pyramid angle (θ) range corresponding to the attached and detached reflector examples is 
indicated next to the figures. (For lower angles, the white reflector increases light trapping and for higher 
angles the reflector has no influence on the indicated reflection.) Figure b show the simulated fesc, using 
the PV Lighthouse ray tracer, for detached white (solid) and metal (dashed) reflectors and for θ = 15 ° 
(blue) and θ = 15 ° (orange). The experimental fesc for a textured point contact cell (n-b-3) and the textured 
FrontERA cell were added as reference.      

Simulations were made with the PV Lighthouse ray tracer in order to confirm the light trapping reduction 



5 Solar Cells with Laser Fired Absorber Point Contacts and Heterojunction Emitters for Textured LPC-Si 
        

100 
 

by the white reflector described above and to estimate its magnitude. Figure 5-23b shows the simulated 

fesc for a detached white reflector (solid curves) or metal reflector (dashed curves), and for θ = 15 ° (blue) 

and θ = 15 ° (orange). The experimental fesc for a textured point contact cell (n-p-3) and FrontERA cell were 

added as reference. For the simulations with θ = 15°, fesc is increased from 3 % to 6 % by the (detached) 

white reflector compared to a metal reflector, proving that a white reflector can significantly decrease 

light trapping for certain pyramid angles. As predicted above, for θ > 16° there is no significant fesc 

difference between white and metal detached reflectors. It can be seen that the θ = 15° simulations are 

similar to the experimental point contact fesc and these simulations will therefore be used in the next 

section to estimate the absorption in the reflector and TCO. 

5.8.5 Parasitic Absorption 

In this section, the same method as in the previous section is applied to the parasitic absorption, using the 

following eq. (based on eq. (17), (28)-(28)) to determine the fraction absorbed parasitically every d (fpar): 

 𝜂𝑝𝑎𝑟 =
𝐴𝑆𝑖

𝐴𝑆𝑖 + 𝐴𝑝𝑎𝑟
≡

𝛼Si

𝛼Si + 𝛼par
 (31) 

 →  𝑓par = 1 − 𝑒−𝛼par𝑑 = 1 − 𝑒
−

𝛼Si𝐴𝑝𝑎𝑟𝑑

𝐴𝑆𝑖  , (32) 

The second part of eq. (31) is similar to eq. (8) in ref. [113] (where αpar is used to include the free carrier 

absorption in the c-Si). Figure 5-24a shows fpar for all the point contact cells (solid lines) and for the 

FrontERA cells with (dashed) and without (dotted) ARF. It can be seen that that the p-type point contact 

cells have higher fpar than the n-type point contact cells, which in turn have a higher fpar than the FrontERA 

cell. For λ = 960 nm, fpar is about 6 % for the p-type cells, 4 % for the n-type cells and 2 % for the FrontERA 

cell.  

These observations can partly be explained by the different absorptances in the reflectors: ~14 % for 

P150W/Ag/Al (p-type), ~8 % for P150/Ag (n-type) and ~3 % for white paper (FrontERA) (see section 5.8.2). 

In the previous section it was argued that more light reaches the attached reflector of the point contact 

cell than the detached reflector of the FrontERA cell (resulting in a lower fesc). If more light reaches the 

reflector, then this also results in a larger parasitic absorption in the reflector, which provides an additional 

explanation for the higher parasitic absorption in the point contact cells.  

Ray tracing simulations were made to estimate which fraction of the light is absorbed in the TCO and which 

fraction is absorbed in the reflector. Figure 5-24b shows the simulated fpar for the ray tracing simulations 

of the detached white (solid curve) and metal (dashed) reflectors described in the previous section. The 

simulated fpar curves are shown for different absorptances (A) of the detached reflector (0.15 or 0.25) and 



5 Solar Cells with Laser Fired Absorber Point Contacts and Heterojunction Emitters for Textured LPC-Si 
        

101 
 

for different pyramid angles (θ = 15° or 30°). Several point contact fpar curves (grey, long dash) are added 

as reference.   

It can be seen that the fpar for the p-type point contact cells is best fitted with A = 0.25, while the fpar for 

the n-type point contact cells are best fitted with A = 0.15. This is roughly 50 % higher than the 

absorptances determined in section 5.8.2, which can be explained by the fact that the simulated reflectors 

are detached and the actual reflectors are attached: more light will reach the attached reflector and the 

attached reflector reflects part of the light onto the reflector of the neighbouring pyramid. It can also be 

seen that changing θ from 15° to 30 ° resulted in a large reduction in the total fpar, as less light reaches the 

reflector. The Apar in the TCO (0.6-0.8 mA/cm2) was relatively unaffected by the change in θ. Note that this 

is ~30 % lower than the ~1 mA/cm2 Apar simulated for the 100 nm ITO layer in the FrontERA cell (section 

4.1.6), which fits with the ~25 % lower absorptance in the 250 nm AZO layer compared to the 100 nm ITO 

layer (section 5.8.3). The simulations for the 15° pyramids with detached reflector resulted in an Apar due 

to the reflector of 1.9 mA/cm2 for the n-type reflector (A = 0.15, dark blue curves) and 3 mA/cm2 for the 

p-type reflector (A = 0.25, light blue curves).  

 
Figure 5-24. Fig. a shows the fraction absorbed every d (fpar) for the KOH textured n-type (grey, solid lines) 
and p-type (red, long dash) point contact cells and FrontERA cell (green short dash). Fig. b shows the 
simulated fpar for the ray tracing simulations with detached white (solid curves) and metal (short dash) 
reflector from section 5.8.4. The absorptance (1-R) of the detached reflectors (A = 0.15 or 0.25) and the 
pyramid angles (θ = 15° or 30°) are indicated in the figure.  

5.8.6 Discussion of JSC Potentials 

The JSC loss overview indicated that the LTloss for textured point contact cells is about ~1 mA/cm2 and the 

fesc results indicated that about half of this loss is due transmission through the (~60 µm wide) metal cut 

scribes. Test scribes indicate that the metal cut width and corresponding transmission loss can be reduced 

by about 40-50 % (0.2-0.3 mA/cm2) by changing the laser spot energy profile from “top head” to Gaussian. 

Further hardware changes would allow for even narrowed metal cuts scribes. 
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In section 5.8.2 it was shown through optical simulation that it is possible to reduce the absorptance in the 

P150W/Ag/Al reflector for p-type cells to that of the P150W/Ag reflector (n-type cells) by increasing the 

Ag thickness from 20 nm to 40-60 nm. Based on the JSC loss analysis this should reduce the Apar loss for p-

type cells by approximately 1 mA/cm2. 

It was observed that the textured, n-type point contact cells have a larger Apar loss than the textured 

FrontERA cells. It was argued that this was due to a combination of the higher absorptance of the 

P150W/Ag reflector (~8 %) compared to the white paper reflector (~3 %) and because more light reaches 

the attached (P150W/Ag) reflector than the detached (white paper) reflector. Based on the optical 

simulations and the JSC loss analysis we estimate the Apar loss due to the attached P150W/Ag reflector, 

(compared to the detached white paper reflector) at 1.4 ± 0.3 mA/cm2. In section 5.8.4 it was further 

argued that the additional Resc loss for the point contact cells compared to the FrontERA cell is also due to 

the attached P150W/Ag reflector, adding another ~0.3 mA/cm2 loss that can be attributed to the reflector. 

We expect that these reflector losses can (mostly) be prevented by removing the TiO2 particles from the 

P150W, thereby turning the white, attached P150W(n≈2.1)/Ag reflector into a P150(n≈1.5)/Ag reflector. 

This reflector is optically similar to a detached Ag reflector, but with the air layer replaced by the 

transparent P150 resin. The simulated absorptance of the P150(n≈1.5)/Ag reflector is ~3 %, i.e. similar to 

the white paper reflector. The (specular) Ag reflector should also prevent the additional Resc loss of the 

textured point contact cell compared to the textured FrontERA cell. 

A problem with removing the TiO2 particles is that the P150W protects the emitter from the 355 nm ps 

laser that is used for the metal cut scribe and that the P150 resin itself is completely transparent at this 

wavelength. A solution to this problem would be to use a colouring pigment which only absorbs for short 

wavelength (e.g. Sudan IV or Congo Red). 

An alternative solution for reducing the parasitic absorption and light trapping losses would be to deposit 

an Ag layer on the TCO before the resin deposition. This will reduce the Apar loss less than removing the 

TiO2 particles as the absorptance is slightly higher (~4 %) and the reflector is still attached to the TCO. How 

much less will have to be determined experimentally and/or by using different simulation software. 

However, this approach has several other advantages: it should reduce the transmittance to about 0 % 

and it would reduce both the Rs,l contribution by the TCO and the Rs,c contribution by the TCO/Ag  contact 

to about 0 Ωcm2, as the current will flow through the Ag and Ag/Ag contact and the Ag should protect the 

AZO from the ADP process, which could significantly improve process repeatability. It would also be 

possible to reduce the AZO thickness, as it is no longer needed for lateral conductivity, thereby further 

reducing parasitic absorption. Both approaches are shown in Figure 5-25.  
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Figure 5-25. Schematic representation of both solution proposed for improving the reflector of the point 
contact cells: removing the TiO2 particles from the P150W (a) and depositing an Ag layer on the TCO before 
applying the P150W (b). The red arrows show possible light paths. 

One of the largest JSC losses in Table 5-9 is the recombination loss. One way to reduce this loss is to reduce 

the absorber thickness (d), but this will increase the light trapping and parasitic absorption losses. In the 

following, the photocurrent analysis models will be used to estimate the optimum d and corresponding JSC 

potential for different fesc and fesc scenarios and for different material quality (Leff) scenarios.  

In order to use the photocurrent analysis models to simulate the photocurrent, Rdirect was simulated in 

OPAL2, reduced by 60 % and shifted by 40 nm to lower wavelengths to model the effect of the ARF (see 

section 4.1.3). Also, a fixed parasitic absorption percentage (Apar,fix) was added, representing absorption in 

the glass and the ARF. By solving eq. (11), (17) and (31), it was found that ASi, Apar and T+Resc can be 

calculated from ηLT (fesc, d) and ηpar (fpar, d) using: 

 
𝐴Si =

1 − 𝑅direct − 𝐴par,fix

1
𝜂LT

+
1

𝜂par
− 1

 , 
(33) 

 
𝐴par =

𝐴Si

1
𝜂par

− 1
+ 𝐴par,fix , 

(34) 

 𝑇 + 𝑅esc =
𝐴Si

1
𝜂LT

− 1
 , (35) 

The ηc can be calculated from the equations in section 2.7 and the EQE can be obtained by using (derived 

from eq. (16)):  

 𝐸𝑄𝐸 =
𝐴Si

1
𝜂c

+ 𝑓DA

 , (36) 

The different simulation scenarios are listed in Table 5-10. In the first scenario it was estimated that the 

“current” fesc ≈ 3 %, fpar ≈ 4 % and Apar,fix ≈ 2 % can be reduced to fesc ≈ 1.5-2 %, fpar ≈ 1.5-2.5 % and Apar,fix ≈ 

0.5 % by removal of the TiO2 particles from the P150W and by texture etching of the glass as was done in 

ref. [16]. The latter potential was briefly discussed in section 4.1.8 as a means of replacing the ARF and 

reducing the glass absorption. The second scenario consists of three different material qualities, with 
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approximately equal impact of L and S on Leff. The Leff in the table, added for reference, was calculated with 

eq. (10), for d = 7 µm and µ = 333 cm2/Vs (n-type, 8∙1016 cm-3). The Leff for the point contact cells in this 

chapter varied from “Low” to “Middle” (Leff = 12-20 µm. Aside from the input parameters in Table 5-10, 

the fDA was 3 % and the reflectance corresponded to a NON(ON) interlayer stack with ARF. For scenario 1 

the “High 1” material parameters were used and for scenario 2 the “Potential 1” fesc, fpar, and Apar,fix values 

were used.  

Figure 5-26a and b shows the modelled EQE and photocurrent losses before (a) and after (b) applying the 

light trapping limit, for d = 7 µm, the “Potential 1” photocurrent scenario and the “Middle” material quality. 

Figure 5-26c shows the JSC and JSC losses as a function of the thickness for the “Current” (dashed), “Potential 

1” (solid) and “Potential 2” (dotted) scenario. The light trapping limit is plotted as “43 – JSC,lim” in order to 

convert it into a photocurrent loss that can be compared directly to the other JSC losses. It can be seen that 

for increasing d, the light trapping and parasitic absorption losses are slowly decreasing, while the 

recombination loss is rapidly increasing. The combination of these JSC losses, results in a JSC vs. d curve, 

with a maximum JSC of ~32.1 mA/cm2 at d ≈ 7.0 µm for the “Potential 1” scenario (solid), ~30.3 mA/cm2 at 

d ≈ 7.5 µm for the “Current” scenario (dashed) and ~33.1 mA/cm2 at d ≈ 6.5 µm for the “Potential 2” 

scenario (dotted). Reduction of fesc and fpar reduces the Apar and T+Resc losses, but has only a very small 

effect on the optimum absorber thickness (dopt). These JSC values (included in Table 5-10) provide an 

indication of the potential JSC improvement due to the removal of the TiO2 particles and the texture etching 

of the Boro33 substrate. The JSC of 32 mA/cm2, together with a VOC of 650 mV and FF of 77 %, would result 

in an η of 16.0 %. 

Figure 5-26d shows the JSC and recombination losses as a function of d for the “Low” (dashed), “Middle” 

(solid) and “High” (dotted) material quality scenarios from Table 5-10. It can be seen that optimum 

absorber thickness (dopt) is very strongly affected by the material quality, doubling from 4.5 µm 

(Leff = 12 µm) to 10 µm (Leff = 32 µm). From these results it appears that dopt ≈ Leff/3 (in combination with 

“Potential 1”). Considering that the fitted Leff for the point contact cells in Table 5-8 was between 10 and 

20 µm, the optimum d appears to be around 6 µm. A reduction of d from 8-13 µm to 6 µm would also 

strongly reduce the impact of low material quality on the JSC, thereby decreasing the JSC variation. It should 

be noted that the VOC decreases for increasing d, thereby shifting the optimum d to even lower values. The 

Table 5-10. Input parameters for simulation scenarios 1 and 2 and the resulting max. Jsc (mA/cm2) and 
optimum d (µm) (dopt). 

Scenario 1 fesc fpar Apar,fix JSC dopt Scen. 2 L (µm) S (cm/s) ~Leff JSC dopt 

Current 3.0 % 4.0% 2.0 % 30.3 7.5 Low 15 1500 12 30.1 4.5 

Potential 1 2.0 % 2.5% 0.5 % 32.1 7.0 Middle 25 500 20 32.1 7.0 

Potential 2 1.5 % 1.5% 0.5 % 33.1 6.5 High 40 200 32 33.4 10 
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combination of the “High” and “Potential 2” scenarios results in a maximum JSC of 34.4 mA/cm2, which, 

together with a VOC of 650 mV and FF of 77 %, would result in an η of 17.2 %. 

 
Figure 5-26. Figure a and b show the modelled EQE and photocurrent losses before (a) and after (b) 
applying the light trapping limit, for the input parameters indicated in figure a (scenarios “Potential 1” and 
“High”, see Table 5-10).  Figure c shows the JSC losses (blue) and JSC (black) as a function of the thickness 
for the “Current” (dashed), “Potential 1” (solid) and “Potential 2” (dotted) scenarios. Figure d shows the 
recombination losses (orange) and JSC (black) as a function of the thickness for the “Low” (dashed, Leff = 12 
µm) and “Middle” (solid, 20 µm) and “High” (dotted, 32 µm) material quality scenarios. The corresponding 
parameters are listed in Table 5-10.  

5.9 Summary 

The starting point for the cell development in this chapter was an 11.5 %, 2∙1016 cm-3 doped, planar point 

contact cell, with a relatively high JSC and VOC, but low FF due to a high Rs. The main goals in this chapter 

were to reduce the Rs by introducing new emitters, to increase the VOC and decrease the Rs by increasing 

the absorber doping and to increase the JSC by introducing absorber texturing.   

In section 5.3 the etch properties of different emitter and TCO layer were compared, indicating how long 

and/or inhomogeneous etching results in shunting and increased dead area losses. In order to obtain a 

short, uniform etching process a 10 nm ITO contacting layer (with a low etch rate) was combined with a 

250 nm AZO layer for lateral conductivity (and a high, uniform etch rate). Also, for the p-type emitters, the 
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KMnO4 + HF etch solution (purple etch) was replaced by a faster and more homogeneous NHO3 + HF etch 

solution (poly-Si etch). Finally, a new etch process was tested, consisting of a short etch and reflow to 

remove and protect the high etch rate layers, followed by a longer etch and reflow to remove and isolate 

the low etch rate layers. This process resulted in a high yield and low dead area fraction (fDA) of ~3 % (rDA 

≈ 42 µm). 

In section 5.4, simulations were used to correct the point contact TLM measurements for current crowding 

effects and to calculate the Rs contribution for lateral resistance in the c-Si (and TCO).  Using the simulation 

results, the measured Rs contribution by the absorber contact and rDA ≈ 40 µm, the optimum point contact 

spacing was estimated for a wide range of absorber doping concentrations. For lowly doped p-type 

(2∙1016 cm-3) material, it was found that a decrease of the spacing should result in a relative power gain of 

~2 % and for highly doped n-type (1017 cm-3) material, it was found that the doubling of the spacing should 

result in a relative power gain of ~1 %. Hence, in this range the power is relatively insensitive to a spacing 

variation. The relative power gain for increasing the absorber doping from 2∙1016 to 1017 cm-3, was 

estimated at ~5.5 % for p-type samples and ~2.5 % for n-type samples. 

In section 5.5, it was attempted to reduce the emitter/TCO resistance of the n-type cells by replacing the 

a-Si by nc-Si and replacing the TMB doping gas by B2H6. Using emitter/TCO ρc test structures on textured 

wafers, nc-Si and B2H6 were found to reduce the ρc,wafer to ~0.05 and ~0.3 Ωcm2 respectively. Using quasi 

cells it was found that replacing a-Si by nc-Si results in a ~80 mV VOC loss, which could be prevented by 

adding a 6 nm a-Si(p) layer between the a-Si(i) and nc-Si(p) layers. However, this a-Si layer also increased 

ρc,wafer to ~0.8-2 Ωcm2.  

Subsequently, the cell Rs was analysed for point contact cells with different emitters, subtracting the point 

contact and lateral Rs contributions from the cell Rs to obtain an emitter/TCO ρc,cell estimate. It was found 

that ρc,cell (~0.5 Ωcm2) is significantly lower than ρc,wafer for the a-Si/nc-Si (TMB) emitter and roughly equal 

to the ρc,wafer (~0.3 Ωcm2) for the a-Si (B2H6)  emitter. It was argued that the low ρc,cell for the a-Si/nc-Si 

emitter may be explained by the tilted pyramids of KOH textured LPC-Si, resulting in high ρc in the “low-

pyramid-angle-areas” and low ρc in the “high-pyramid-angle-areas”. From the individual Rs components, a 

cell Rs of ~0.6 Ωcm2 appears to be obtainable for ~9∙1016 cm-3 doped n-type LPC-Si point contact cells.  

In section 5.6 it was shown that the textured point contact cells were affected by a FF loss that was related 

to the isoscribe. It was argued that this could be explained by increased recombination at many positions 

along at the isoscribe. A passivated isoscribe process was successfully developed to prevent the increased 

recombination at the isoscribe, featuring a 1st isoscribe of the c-Si absorber before hydrogen passivation 
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and a 2nd isoscribe (within the 1st) after the TCO deposition. It was shown that the crack catcher scribe can 

be used as the 1st isoscribe.  

Using the passivated isoscribe process, an 8∙1016 cm-3 doped, n-type, KOH textured absorber, an a-Si/nc-Si 

emitter and a 90 s poly-Si emitter etch, a new record η for point contact LPC-Si cells of 12.0 % was obtained, 

despite a high recombination loss (section 5.7).  

In section 5.8 the photocurrent losses were analyzed for textured point contact cells and compared to the 

textured FrontERA cell analyzed in section 4.1. It was found that the point contact cells have higher light 

trapping losses (~1 mA/cm2) and parasitic absorption losses (~3-4 mA/cm2) than the FrontERA cell (0.2 and 

2.2 mA/cm2) and it was argued that this was mainly due to attached white P150W/Ag reflector compared 

to the detached white paper reflector for the FrontERA cells. This was explained by the combination of a 

high absorptance in the reflector and more light reaching the reflector because it is attached instead of 

detached. It was proposed to reduce these light trapping and parasitic absorption losses by (a) removing 

the TiO2 particles from the P150W, thereby changing the attached white reflector into a quasi-detached 

(P150/) Ag reflector with an absorptance of ~3 %, or (b) by depositing an Ag layer on the TCO before 

applying the P150W, thereby preventing all transmission, reducing the absorptance of the reflector to 

~4 % and reducing the resistance by the TCO and at the TCO/Ag point contacts. It was argued that by 

implementing these potentials, together with texture etching the glass, the JSC potential could be increased 

from ~30 mA/cm2 to 33 mA/cm2 for Leff ≈ 20 µm (34.4 mA/cm2 for Leff ≈ 32 µm) 

Together with the parasitic absorption, the largest loss for the point contact cells was the recombination 

loss. It was argued that the absorber thickness should be reduced to ~6 µm in order to increase the 

efficiency for the typical material quality (Leff ≈ 10-20 µm) found for the point contact cells in this chapter. 

The absorber doping experiments (and η records) with PECVD material and FrontERA cells in chapter 3 led 

to the conclusion that the absorber doping of the point contact cells should be increased to ~9∙1016 cm-3. 

Considering the high recombination losses in this section, these doping experiments should be repeated 

on the current material and point contact cells.   
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6 Point Contact LPC-Si Mini-Modules 

In this chapter the first LPC-Si mini-modules are presented, using either “separate isoscribes and crack 

catchers” or using “the crack catchers as isoscribes”. LBIC measurements are used to determine the JSC loss 

(dead area) due to the isoscribe and crack catcher scribe. J-V curves, DLIT and PL measurements are used 

to discuss the low shunt sensitivity of the mini-module interconnection. 

6.1 Investigated Modules 

An important advantage of the point contact device is that it is a module concept, allowing for the 

fabrication of mini-modules without any additional process steps. In order to demonstrate this advantage 

and test the influence of different crack catcher and isoscribe configuration, two different types of mini-

modules were fabricated during experiment 6 (see section 5.2.6): 

 4 cm2 mini-modules consisting of four 1 cm2 cells connected in series, using the “double isoscribe” 

process (method 2, see section 5.6), with separate crack catcher scribes going through the cell 

area. This way, there is room for two mini-modules (and 4 TLM structures) on each sample. Figure 

6-1a shows a backlight image of one of these sample after laser crystallization. It can be seen that 

for “cell 2” there are two crack catcher scribes in the cell area and for “cell 4” there is one crack 

catcher scribe in the cell area. An advantage of this configuration is that it possible to determine 

separately the JSC losses due to the isoscribe and crack catcher. 

 10 cm2 mini-modules consisting of five 2 cm2 cells connected in series, using the “crack catcher as 

isoscribe” process (method 3), allowing for one mini-module on each sample (see Figure 6-1b). 

 
Figure 6-1. Photographs with backlight after the LPC process for a 2x4 cm2 mini-module sample with 
separate isoscribes and crack catcher scribes (a) and for a 10 cm2 mini-module sample with crack catcher 
scribes as isoscribes (b). The positions of the scribes and the subsequently fabricated cells and TLM 
structures are indicated in the figures. The “side-cracks” are coming out of the crack catcher scribes. 
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The material consisted of PC1 ONO interlayers on Boro33, with textured, ~13 µm thick, ~1.5∙1017 cm-3 

doped, n-type absorbers, crystallized with a laser scanning velocity of 3 mm/s. The emitter was a-Si/nc-Si 

and the TCO was ITO-AZO.  

Figure 6-2 shows top view images (a and b) and a schematic cross-section (c) of the point contact module 

interconnection. It can be seen how a series connection is obtained by connecting the TCO/Ag contact grid 

fingers of cell 4 to the c-Si/Ag contact fingers of cell 5. 

 
Figure 6-2. Figure a and b show top view images of a point contact module (a) and module interconnection 
(b), for a 10 cm2 mini-module, which uses the crack catcher as isoscribe. Figure c shows a schematic cross-
section of the module interconnection. The lines and arrows in the cross-section indicate the direction of 
the light (yellow), electrons (black) and holes (white). 

6.2 Results 

As mentioned above, the use of separate isoscribes and crack catcher scribes (inside the cell area) for the 

4 cm2 mini-modules, allow for the separate determination of the JSC losses (dead area) due to both scribes. 

Figure 6-3a and b show LBIC measurements (λ = 904 nm) with and without ~0.1 suns bias light (BL) for a 

4 cm2 mini-module. The arrows indicate the positions of the isoscribes, crack catchers and side-cracks. The 

metal cut scribe is made on top of the isoscribe for every other finger (see Figure 6-2). It should be noted 

that series connected cells all operate at the same current, which means that (normally) the module JSC is 
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limited by the cell with the lowest individual JSC. For LBIC measurements, this means that the additional 

light added by the laser should only results in additional current (LBIC signal) for the current limiting cell. 

Without bias light, the only illuminated cell is the measured cell, which is therefore never current limiting. 

The observation in Figure 6-3a and b that all cells for this particular mini-module nonetheless result in a 

similar LBIC signal can be explained by shunts, which provide a conductive path for the generated current 

through the current limiting cells (for several other modules only 1 or 2 cells resulted in an LBIC signal).  

It can be seen that large parts or the narrow cell area between the isoscribes and crack catchers is dead 

area (black). It can be seen that side-cracks separate these dead areas from other areas between the 

scribes that are not dead. Presumably, the difference between the dead and the active areas is the 

presence of connected absorber and TCO point contacts for the active areas. Some area’s still appear 

active in the LBIC measurement without bias light, but show strongly reduced collection at 0.1 suns BL 

intensity. This indicates that they are contacted, but with a high resistance (distributed series resistance, 

see section 4.1.2). The dead area’s between the crack catcher and the isoscribe can be prevented by using 

the crack catcher as isoscribe, as was done for the 10 cm2 mini-module.  

Figure 6-3c shows averaged, normalized LBIC linescans through the (~50 µm wide) crack catcher and a 

neighboring grain boundary, measured at the indicated position in fig. a and b. It can be seen that LBIC 

signal near at the crack catcher and grain boundary decreases strongly for increased bias light intensity. 

The dashed areas in the figure indicate how the dead area width due to the crack catcher is estimated by 

integrating the relative reduction of the LBIC signal in the ~400 µm wide region that appears to be affected 

by the isoscribe and calculating the width of a completely dead area that would cause the same relative 

reduction, i.e. the sum of the dashed areas above the curve equals the dashed area below the curve. This 

way it is estimated that the crack catcher causes a ~200 µm dead area width. Using this dead area width 

it can be calculated that, for a cell width of 5.6 mm, a single crack catcher scribe results in a relative JSC loss 

of 4 %. 

Figure 6-3d shows averaged, normalized LBIC linescans through the (~90 µm wide) isoscribe with or 

without Ag on the P150W reflector in the isosribe (i.e. without or with metal cut scribe), measured at the 

indicated position in fig. a. The dead area width for the double isoscribe is ~11 µm with Ag and ~22 µm 

w/o Ag, resulting in a JSC loss of approximately 0.3 % (for a cell width of 5.6 mm). It can be seen that the 

dead width due to the (double) isoscribe is much smaller than that of the crack catcher, despite being 

physically almost twice as wide. 
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Figure 6-3. Figure a and b show LBIC measurements without (a) and with (b) 0.1 suns bias light (BL). Figure 
c and d show the normalized, average linescans of a (~50 µm wide) crack catcher and neighboring grain 
boundary with BL (green) and without (blue) (c) and of a (~90 µm wide) double isoscribe with Ag (solid) 
and w/o Ag (dashed) on the P150W in the isoscribe (d). The approximate positions of the averaged 
linescans in fig. c and d are highlighted in fig. a and b. The dashed areas in fig. c indicate how the 200 µm 
dead area (DA) width was determined: the sum of the dashed areas above the curve equals the dashed 
area below the curve. 

The large dead area for the crack catcher can be explained by the small grain size next to the crack catcher 

(see section 5.6.2, Figure 5-17), indicating a low material quality in these regions. The increasing dead area 

for increasing bias light might be due to a bias light dependent recombination or a (very) high resistance 

in the small grained area. Considering the very similar bias light dependence of the dead area at the grain 

boundary, the former possibility is much more likely. The mini-module could not be measured successfully 
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at higher bias light intensity than 0.1 suns due to current matching and noise problems, but it is possible 

that the loss at 1 sun is even larger.  

The relatively small dead area for the isoscribe can be explained by the diffuse reflector in the isoscribe. 

This P150W/Ag reflector scatters part of the light back into the cell, reducing the dead area. The very small 

loss due to the isoscribe can in principle be reduced further by positioning the metal cut scribe directly 

next to the isoscribe, thereby leaving the P150W in the entire isoscribe covered by Ag.  

Figure 6-4a shows the measured J-V parameters of the 4 and 10 cm2 mini-modules, compared to 1 cm2 

reference cells on the same material (using the double isoscribe process). It can be seen that all the 1 cm2 

cells, with 2 exceptions, are completely shunted (FF < 50 %), while the mini-modules are not (with 1 

exception). The mini-modules have a VOC/cell of ~600 mV. The 4 cm2 mini-modules have a higher FF and a 

~4 mA/cm2 (~17 %) lower JSC than the 10 cm2 mini-modules. Despite these differences, both mini-modules 

result in approximately the same η. The highest η of 9.2 % (without ARF) was obtained for a 4 cm2 module, 

with a VOC of 603 mV/cell, a JSC of 20.8 mA/cm2 and a FF of 73.2 %. 

 
Figure 6-4. Boxplot of the J-V parameters of the 4 and 10 cm2 mini-modules and reference 1 cm2 cells. 

The lower JSC of the 4 cm2 modules compared to the 10 cm2 modules can be explained by the dead area 

due to the crack catcher scribes and the dead areas between the crack catchers and isoscribes (see Figure 
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6-3). The module JSC is limited by the cell with the lowest JSC, which is probably cell 2, as it has two crack 

catcher scribes running through it. For the cells that are not current-limiting, the reduction of their JMPP by 

the low JMPP of current-limiting cell shift the MPP operating point on their J-V curve to a higher VMPP, 

thereby partly compensating the JMMP loss and increasing the FF. In other words, the high FF of the 4 cm2 

modules can at least partly be explained by the large JMMP loss for the cells with crack catcher scribes in 

the cell area. 

The higher parallel resistance (Rp) of the point contact modules compared to the cells can be explained in 

the following way: if a cell that is not part of a module has a shunted grid finger (with a low resistance), all 

the current will flow through this shunted finger as all fingers (of the same type) are connected to each 

other through the metal outside the cell. In contrast, for a module, the effect of the shunt is mostly limited 

to the shunted finger, as the fingers are not connected to each other, except through the TCO and the c-

Si, i.e. the relatively high resistance perpendicular to the metal fingers (in the TCO and c-Si) effectively 

shields the rest of the cell from the effects of the shunt [114]. In a way, the point contact module consists 

of parallel connected rows of series connected cells. This is depicted schematically by a (simplified) 

equivalent circuit in Figure 6-5a. 

Figure 6-5b shows the DLIT images of a 4 cm2 mini-module, measured at a forward bias of 2.8 V. As follows 

from the high Rp of the module, there is no significant DLIT signal for reverse bias (not shown), and 

therefore the measurement is made at forward bias. The image shows both hotspots and more uniformly 

radiating areas. For a single cell, these effects would be interpreted as shunts and areas with increased 

recombination (lower VOC). However for a module DLIT image there are various complications, e.g.: 

 The locally applied voltage in the module can vary strongly for different positions (is “floating” 

[114]): the same voltage is applied to each “rows of series connected cells/fingers”, but if one of 

the cells in a row is shunted, all the other cells in the row experience a higher bias voltage. This 

locally increased bias voltage is a possible explanation for the uniformly radiating areas in the DLIT 

image. 

 The same current flows through all the series connected cells/finger. If one of the fingers is 

shunted with a low shunt resistance, the relatively low current that can pass through the other 

cells may not be enough to cause significant radiative heating at the shunt. Therefore, many 

shunts may be invisible in the DLIT image.  

Another method for imaging shunts, which does not suffer from these problems, is photoluminescence 

(PL) imaging. In PL imaging, carriers are generated optically and the subsequent radiative recombination 
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is measured with a camera. If the carriers recombine by any other path than radiative recombination (e.g. 

defect recombination or shunting), the PL signal at that position is reduced, resulting in a dark area in the 

PL image. Figure 6-5c shows a PL image of the same cell as in fig. b.  

The image shows many line shaped dark areas, which can be explained by recombination at grain 

boundaries and related dislocations [24]. The image also shows other dark areas that are not line shaped 

and more or less bounded by the laser scribes. These can be explained by shunting. There are many dark 

areas between the isoscribe and the crack catcher for cell 2, suggesting the presence of shunts. The dark 

region in the middle of cell 2 can be explained by a shunt whose effect is limited to about 4 grid fingers. 

As mentioned before, this limited effect of the shunt can be explained by the relatively high resistance in 

the c-Si and TCO perpendicular to the grid fingers.  

 
Figure 6-5. Figure a shows a schematic depiction of an equivalent circuit for the 4-cell mini-module. Figures 
b and c show DLIT (b) and PL (c) images of the same 4 cm2 mini-module. The dotted lines indicate the 
isoscribes. 

Comparison of the DLIT and PL images shows that many hotspots in the DLIT image have no (or very small) 

corresponding dark areas in the PL image, suggesting that these hotspot are not (significant) shunts. On 

the other hand, the large dark areas in the PL image do not result in clear hotspots in the DLIT image. 

Considering the aforementioned problems with the interpretation of DLIT module measurements, PL 

imaging appears to be a better suited method for imaging shunts in the LPC-Si point contact modules. 

6.3 Conclusions 

LPC-Si point contact mini-modules of different sizes were demonstrated, using either “separate crack 

catchers and isoscribes” or using “the crack catchers as isoscribe”. LBIC measurements of the module with 

separate crack catchers and isoscribes indicated that the (~90 µm wide) isoscribe causes a dead area width 

of only 11-22 µm, while the (~50 µm wide) crack catcher causes a (bias light dependent) dead area width 
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of ~200 µm. The small dead area for the isoscribe can be explained by the diffuse reflector in the isoscribe, 

scattering the light into the cell area. The large dead area for the crack catcher can be explained by the 

small-grained (low quality) c-Si next to the crack catcher. The poorly contacted area between the crack 

catcher and isoscribe caused additional dead area by cutting off part of the cell.  

Together these dead area losses due to the crack catcher can explain the ~4 mA/cm2 lower JSC for the mini-

modules cells that had crack catchers through the cell area. This loss was compensated by a higher FF, 

which can partly be explained by a higher VMPP for the cells in these modules that did not have crack catcher 

in the cell area.  

Despite the 1 cm2 reference cells being completely shunted, the mini-modules were not shunted. This low 

sensitivity to shunts of the point contact modules can be explained by the high resistance perpendicular 

to the fingers, confining the effect of the shunt to a small part of the cell. It was argued that DLIT 

measurements can be misleading for the modules and PL imaging is better suited to characterize the effect 

of shunts in LPC-Si point contact modules. The highest efficiency was obtained for a 4 cm2 mini-module 

with an η of 9.2 % (without ARF), despite many local shunts.  
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7 Comparison of Cell and Doping Type 

In this chapter the results from the previous chapters will be used to compare the textured, p- and n-type 

FrontERA and point contact cells. This comparison is summarized in Table 7-1.  

The point contact cells had a lower fDA due to the absorber contact than the FrontERA cells (see Table 7-1), 

which roughly translates to a ~1 mA/cm2 JSC advantage compared to p-type FrontERA cells and a 

~2 mA/cm2 JSC advantage compared to n-type FrontERA cells (assuming a JSC of ~30 mA/cm2). The lower fDA 

for the p-type cells due to collection through the inversion layer represents a ~1 mA/cm2 gain for the p-

type FrontERA cells, but only a ~0.3 mA/cm2 gain for the p-type point contact cells. This JSC advantage due 

to the lower fDA for the point contact cells, was counteracted by higher parasitic absorption and light 

trapping losses for the point contact cells, especially for the p-type point contacts cells. However, several 

relatively straightforward methods were proposed to reduce these losses, so they should not be 

considered fundamental disadvantages of the point contact device. A JSC loss of 2 mA/cm2 represents a 

relative efficiency loss of ~7 % (assuming a JSC of ~30 mA/cm2). 

The absorber contact resistance was very low (<0.1 Ωcm2) for the p-type FrontERA cells and high for the 

n-type FrontERA cells ([60], section 3.3.2), while the opposite was observed for the point contact cells 

(section 5.4). The lateral resistance in the absorber was 2-4 times higher for the p-type cells due to a 2-4 

times lower mobility of the majority carriers (for the same doping concentration). Based on the literature 

[28], [99], [115] and p-type emitter/TCO ρc wafer test structures (not included in the thesis, but published 

in [110]), the emitter/TCO ρc is potentially lower for the p-type cells (~0.1 Ωcm2) than for the n-type cells 

(~0.2-0.5 Ωcm2). However, this could so far not be confirmed by point contact cell Rs analysis. An Rs 

increase of 1 Ωcm2, represents a relative efficiency loss of ~ 7 % (assuming a FF of ~80 %) 

Based on literature data [21], FrontERA experiments (chapter 3) and quasi cell experiment (e.g. appendix 

A.4-A.5), the VOC is typically ~30-50 mV lower for p-type cells than for n-type cells, which represents a 

relative efficiency loss of ~5-8 % (assuming a VOC of ~630 mV) 

The n-type FrontERA cells are highly sensitive to shunting by LPC-Si cracks, which resulted in a very low cell 

yield (~1 %, section 3.3.4). The point contact cells are less sensitive to shunting by the LPC-Si cracks, but 

they are affected by shunting at the absorber point contacts and isoscribes (see overview of shunting 

causes in appendix A.6). Though the point contact modules are just as likely to have shunts as the point 

contact cells, their J-V parameters are relatively unaffected by these shunts. 

Based on this comparison, summarized in Table 7-1, the highest performance would be expected from the 
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n-type point contact cells, followed by the p-type FrontERA cells. That the highest efficiency in this thesis 

was nonetheless obtained with the n-type FrontERA cell can mostly be attributed to a high material quality 

for the FrontERA experiments and a large quantity of FrontERA cells to compensate for the low yield (the 

η = 12.1 % was the only shunt free cell out of 142 cells). 

From a practical point of view: the FrontERA cells allow for measurements from both sides (bifacial) and 

the design has more cells on the sample (which compensates for the low yield), but the FrontERA cells also 

have a poor cell edge definition, resulting in measurements difficulties. Also, the point contact device is a 

proven, industry compatible, mini-module concept 

Table 7-1. Comparison of textured p- and n-type FrontERA and point contact cells. The colors roughly 
correspond to advantage (+), neutral (o) and disadvantage (-). 

Cell type FrontERA Point Contacts 

Doping type p n p n 

P
e

rf
o

rm
an

ce
 

Dead area absorber contact (fDA) ~7 % ~11 % ~2 % ~3 % 

Light trapping loss (mA/cm2) ~0.2 ~1 

Parasitic absorption (mA/cm2) ~2.2 ~4 ~3 

Absorber resistance 
(Ωcm2)  

contact < 0.1 > 1 0.2-1 0-0.2 

lateral 0.1-0.5 0.04-0.14 0.3-0.9 0.06-0.26 

Emitter/TCO resistivity (Ωcm2) 0.1? 0.2-0.5 0.1? 0.2-0.5 

VOC (mV) 550-620 600-650 550-620 600-650 

Shunting o - o (cell), + (module) 

P
ra

ct
ic

al
 

Bifacial + - 

# cells & test structures on sample 9 (0.6 cm2) cells + 1 TLM + Hall  4 (1 cm2) cells + 12 TLM 

Cell edge definition - + 

Mini-module concept - + 

Industry compatibility - + 
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8 Summary 

Comparison of the PECVD and PVD Deposited Interlayers and Si Precursors  

In chapter 3 the e-beam evaporated precursors and sputtered (PVD) ONO interlayers, were compared to 

PECVD precursors and NO(ON) interlayers. It was shown that the PECVD material can result in similar solar 

cells efficiencies as the established PVD/e-beam material. LBIC measurements indicated that cells with a 

PVD ONO interlayer stack showed a strongly reduced collection near to the grain boundaries, contrary to 

cells with a PECVD NO(ON) interlayer stack, for which the collection was not visibly affected by the grain 

boundaries. In chapter 5 the NON(ON) interlayer stack also resulted in the lowest direct reflection loss 

(~4 mA/cm2 w/o ARF and ~1.5 mA/cm2 with ARF) due to a high refractive index of the SiNx layer. Using 

PECVD material, new LPC-Si efficiency and VOC records for p-type (11.8 %, 618 mV) and n-type (12.1 %, 649 

mV) FrontERA cells were obtained, showing the high quality of the PECVD material. 

Cracks and Crack Catcher Scribes on Borofloat33 Substrates 

So far, the PECVD material could only be deposited on 3.3 mm BOROFLOAT33 (Boro33) substrates and this 

resulted in cracks in the LPC-Si absorber. For the FrontERA cells, these cracks resulted in interrupted grid 

fingers, thereby reducing the JSC and FF, and increasing shunting. “Crack catcher” laser scribes were 

implemented in an attempt to prevent cracks though the cell area, but this was only partially successful 

due to side-cracks coming out of the crack catchers. It was shown that especially n-type FrontERA cells are 

easily shunted by cracks crossing the stacked bus bars, resulting in a very low yield.  The point contact cells 

are less sensitive to LPC-Si cracks, though they can still cause shunts and cut off small parts of the cell. For 

the point contact modules, the crack catchers were integrated into the cell design as isolation scribe 

between the cells. LBIC measurements indicate that the crack catchers result in a dead area with a width 

of ~200 µm (~4 % JSC loss), which can be explained by a low material quality of the small grained material 

next to the crack catchers.   

Dead Area due to the Absorber Contacts 

LBIC measurements were used to determine the dead area fraction due to the absorber contact (fDA) for 

n-type (fDA ≈ 11 %) and p-type (fDA ≈ 7 %) FrontERA cells and for n-type (fDA ≈ 3 %) and p-type (fDA ≈ 2 %) 

point contact cells. The lower fDA for p-type cells could be explained by conduction of minority carriers 

through a frontside charge inversion layer that was induced in the c-Si(p) by positive fixed charges in the 

SiOxNy based interlayer stack.  

The fDA for the point contact cells is strongly related to the etching of the TCO and the emitter in the 
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absorber point contact openings. In order to prevent shunting in n-type point contact cells, the purple etch 

solution (KMnO4 + HF) that was used to etch the emitter was replaced by poly-Si etch (HNO3 + HF). Though 

this succeeded in preventing shunts, it also increased the fDA to 5-8 %. In order to reduce this fDA a new 

emitter etch process was implemented, consisting of a short etch and reflow to remove the high-etch-rate 

layers and protect them from further etching, followed by a longer etch and reflow to remove and isolate 

the low-etch-rate layers. This process resulted in a high yield and low fDA of 3 %. Optimization of the point 

contact spacing indicated that, for ~1017 cm-3 doped n-type cells, the spacing should be doubled, thereby 

reducing the fDA further to ~1.5 %. 

Light Trapping and Parasitic Absorption in Textured LPC-Si Cells 

Comparison of the light trapping properties of FrontERA and point contact cells showed that the best light 

trapping (lowest light trapping loss (LTloss) was obtained for a textured FrontERA cell (LTloss ≈ 0.2 mA/cm2), 

followed by textured point contact cells (LTloss ≈ 0.7-1.4 mA/cm2), a planar point contact cell (LTloss ≈ 

2 mA/cm2) and a planar FrontERA cell (LTloss ≈ 5.5 mA/cm2). About 40-50 % of the LTloss for the point contact 

cells was due to transmission through the metal cut scribes and the other 50-60 % was due to Resc. It was 

argued that this higher Resc could be explained by the attached white reflector (P150W/Ag) for the point 

contact cells, compared to the detached white reflector (paper) for the FrontERA cells. This difference 

allows more light to reach the white reflector for the point contact cells, which then scatters part of the 

light out of the cell. 

Comparison of the IQE measurements of planar and textured FrontERA cells indicated that texturing the 

c-Si absorber strongly reduces the relative Apar by trapping most of the light within the absorber layer. 

Analysis of textured FrontERA and point contact cells indicated an Apar loss of 4.1 mA/cm2 for the p-type 

point contact cells, 3.1 mA/cm2 for the n-type point contact cells and 2.2 mA/cm2 for the FrontERA cell. It 

was argued that the higher Apar of the point contact cells is partly due to the higher absorptance of the 

P150W/metal reflector (8-15 %) compared to the white paper reflector (~3 %) used for the FrontERA cells, 

and partly because the P150W is attached to the TCO, allowing more light to reach the reflector. Using ray 

tracing simulation, the Apar losses were estimated at 1 mA/cm2 in the ITO (FrontERA), 0.7 mA/cm2 in the 

AZO (point contact cells), 0.2 mA/cm2 in the detached white paper reflector, 3 mA/cm2 in the P150W/Ag/Al 

(p-type) reflector, 1.9 mA/cm2 in the P150/Ag (n-type) reflector and 0.4-0.7 mA/cm2 in both the Boro33 

glass and ARF. It was proposed that the Apar losses in the glass and ARF could be reduced by thinning and 

texturing the glass by sandblasting and HF etching, as was done by CSG Solar [16]. For the point contact 

cells, it was proposed that the light trapping and parasitic absorption losses could be reduced by (a) 
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removing the TiO2 particles from the P150W or (b) by depositing an Ag layer on the TCO before applying 

the P150W. Modelling results indicated that the optimum absorber thickness for textured LPC-Si cells is 

~6 µm, for the typical material quality determined in this thesis (Leff = 12-20 µm). 

Absorber Doping Dependence of Point Contact Cells on PECVD Material 

On p- and n-type (FrontERA) cells with PECVD NO(ON) interlayer stacks, it was found that by increasing 

the absorber doping from ~3-4∙1016 to ~7-9∙1016 cm-3, the VOC increased by 10-20 mV, the JSC was 

unaffected and the Rs decreased, resulting in a net η gain of about 1 % absolute.  

For the point contact cells, the corrected TLM measurements indicated that the absorber contact 

resistance depends strongly on the c-Si sheet resistance (independent of doping type). The ~100 Ω/□ sheet 

resistance of the ~9∙1016 cm-3 doped n-type LPC-Si cells resulted in contact and lateral resistance 

contributions to the cell Rs of < 0.1 Ωcm2. The ~1300 Ω/□ sheet resistance of the ~2∙1016 cm-3 doped p-type 

LPC-Si cells resulted in contact and lateral resistance contributions to the cell Rs of ~0.9 Ωcm2 each. The 

potential relative power gain for increasing the absorber doping from 2∙1016 to 1017 cm-3, using the 

optimum spacing for each doping level, was estimated at 5.5 % for p-type samples and 2.5 % for n-type 

samples.  

For textured point contact cells, it was found that increasing the absorber doping resulted in a large FF loss 

and it was argued that this was due to increased recombination at the isoscribe. This recombination could 

be prevented by implementing a passivated isoscribe process, consisting of a 1st isoscribe before hydrogen 

passivation (e.g. the crack catcher) and a 2nd isoscribe, within the first isoscribe, after TCO deposition.  

Emitter-TCO and Point Contact Cell Resistance 

It was attempted to reduce the emitter/TCO resistivity (ρc) by replacing the a-Si by nc-Si and the TMB 

doping gas by B2H6. Using quasi cells and test structures it was found that replacing a-Si by nc-Si resulted 

in very low ρc of 0.05 Ωcm2, but also a 80 mV VOC loss. This VOC loss could be prevented by adding a ~6 nm 

doped a-Si layer between the a-Si(i) and nc-Si layers, but not without increasing the ρc. From Rs analysis of 

textured point contact cells It was found that the ρc on the textured LPC-Si cells is approximately 0.51 ± 

0.13 Ωcm2 for the a-Si(i/p)/nc-Si(p)(TMB)/ITO/AZO stack and 0.31 ± 0.28 Ωcm2 for the a-

Si(i/p)(B2H6)/ITO/AZO stack. For ~9∙1016 cm-3 doped n-type cells, an Rs of ~0.8 Ωcm2 was obtained with the 

a-Si/nc-Si (TMB) emitter and ~0.6 Ωcm2 should be obtainable with the a-Si (B2H6) emitter. 
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Best Cell Results 

The highest efficiency cells obtained in this thesis are listed in Table 8-1, the 11.8 % n-type FrontERA cell, 

11.5 % n-type point contact cell and 13.2 % IBC-SHJ cells were added as reference (grey), but were not 

obtained as part of this thesis. As mentioned before, the PECVD material resulted in increased FrontERA 

efficiency. For the point contact cells, the increased absorber doping, the implementation of absorber 

texturing and the a-Si/nc-Si(p)(TMB) emitter resulted in a 12.0 % efficient solar cell, despite a high 

recombination loss. This high recombination is the main reason why the efficiency did not exceed that of 

the FrontERA cells. The 9.2 % point contact module efficiency was obtained despite crack catcher scribes 

through the cell area and many local (material related) shunts, showing the inherent insensitivity of the 

point contact module to shunts.   

 

Table 8-1. Highest Efficiency LPC-Si Cells. 

Cell type Inlayer type 
p/n-
type 

Ref. 
N  

(cm-3) 
KOH 
text 

JSC 

(mA/cm2) 
VOC  

(mV) 
FF  
(%) 

η  
(%) 

FrontERA 
0.6 cm2 cells 

PVD: ONO 
p - 1017 No 25.8 598 73 11.3 

n  [7] 4∙1016 No 27.8 632 67 11.8 

PECVD: 
NO(ON) 

p [89] 6∙1016 Yes 29.4 618 65 11.8 

n [89] 9∙1016 Yes 27.3 649 68 12.1 

Point contact  
- 1 cm2 cells 

PECVD: 
NON(ON) 

n  [27] 2∙1016 No 28.2 619 66 11.5 

n - 8∙1016 Yes 26.6 645 70 12.0 

- 4 cm2 module PC1:ONO n - 1.5∙1017 Yes 20.8 603 73 9.2 

IBC-SHJ 
PC1:ONO 

(improved) 
n [114] 

2-1016 Yes 31.3 626 67 13.2 

1017 Yes 27.5 643 75 13.2 
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A Additional Results 

A.1 Inversion Layer Diodes 

In section 4.2 bias light dependent EQE and LBIC measurements were used to argue that for p-type LPC-SI 

cells, minority carriers are collection though the frontside inversion layer as is shown schematically in 

Figure A-1a. However, it was not explained how the current can flow through the diode inside and the 

diode outside the cell area in opposite directions. In this section an explanation from ref. [81] was adapted 

to our cell and measurements in order to explain qualitatively how this is possible. Figure A-1b shows 

calculated J-V curves of the diode inside and the diode outside the cell (using the diode model), for local 

illumination outside the cell area by the LBIC laser or EQE spot, without bias light illumination. In this case 

the diode inside the cell area is in the dark, while the diode outside the cell area is illuminated. As the 

current (I) through the diodes is opposite and equal, the current densities inside (Jin) and outside (Jout) the 

cell area are given by: 

 

where Ain/out is the effective area of the diode inside/outside the cell area. The voltage difference between 

the diodes is given by ΔV = IR. The arrows in Figure A-1 show hypothetical examples of the V and J 

(operating points) for Ain = 3Aout, with and without resistance loss (ΔV). It can be seen that if Ain >> Aout, a 

large fraction of the JSC outside the cell area can be transmitted by the diodes (Jout/JSC), especially without 

resistance loss (ΔV). 

For a very small current I (e.g. no bias light), ΔV is very small and the resulting transmission by the diodes 

(Jout/JSC) is large. For increasing distance between the diodes, R increases, increasing ΔV, reducing Jout/JSC. 

For collection from below the absorber contact, Ao is much smaller than Ai, as the absorber contact area 

is much smaller than the emitter contact area, increasing Jout/JSC.  

For uniform bias light illumination, the diode inside the cell area is no longer in the dark, but the large area 

EQE curves in Figure 4-9 (section 4.2) show that there is nonetheless a significant collection outside the 

cell area. In ref. [81] it is also observed that, even for their cells with uniform illumination and equal diode 

areas, there is a significant current collection through the FFE. It was speculated that this is because the 

current generated below the emitter is divided between the emitter diode (back side) and the 

inversion/FFE diode (front side). Therefore, the JSC of the inversion diode inside cell area, is much smaller 

than the JSC of the inversion diode outside the cell area, allowing for current collection through the 

inversion layer. 

 𝐽in ∙ 𝐴in = 𝐼 = −𝐽out ∙ 𝐴out ,  (37) 
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Figure A-1. Figure a schematically shows the collection through the inversion layer from outside the p-
type FrontERA cell area. Figure b shows calculated (hypothetical) J-V curves, representing the diodes at 
the inversion layer, outside (green, illuminated) and inside (orange, dark) the cell area, for local 
illumination outside the cell area, without bias light illumination. The total current through the diodes (I), 
given by the product of the current density (J) and the diode area (A), is equal and opposite. The voltage 
difference (ΔV) between the diodes is determined by the product of I and the resistance (R) of the inversion 
layer. The black arrows show hypothetical examples of the V and J (operating points) for Ain = 3Aout, with 
and without resistance loss (ΔV). 

A.2 Lateral Resistance Models 

This section presents the derivation, calculation and verification (through simulation) of the analytical 

resistance models. In section A.2.1 the resistance in the metal fingers is calculated, which is used in the Rs 

analysis of the point contact cells in section 5.5. In section A.2.2 a new rectangular model for calculating 

the resistance toward a point contact is compared to an older circular model and 3D electrical simulations 

in Quokka. This rectangular model was published in ref. [110] and was used for the spacing optimization 

in section 5.4. 

A.2.1 Metal Finger Resistance 

Figure A-3a schematically shows two Ag (TCO contact) fingers and one Ag (c-Si contact) finger with current 

moving in opposite directions. The figure includes the relevant geometrical parameters needed for 

calculating the resistance: the finger width (wf), the width of the unit cell (wuc) from which the current is 

collected and the length of the finger (lf), which is also the length of the unit cell. The equation for 

calculating the resistance in the metal fingers can be derived in the following way (e.g. [116]):   

 𝑑𝑅 =
𝜌m

𝑤f𝑡m
𝑑𝑥 ,    (38) 

 𝑖 = 𝐽M𝑤uc𝑥 ,    (39) 

 𝑃R,f = ∫ 𝑖2𝑑𝑅 =
𝜌m

𝑤f𝑡m
(𝐽M𝑤uc)2 ∫ 𝑥2𝑑𝑥

𝑙f

0
=

𝜌m

𝑤f𝑡m
(𝐽M𝑤uc)2 𝑙f

3

3
 , (40) 
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 𝑅s,f = 2
𝑃R,f

𝐼2 𝑤uc𝑙f = 
𝑤uc𝜌m

𝑤f𝑡m

𝑙f
2

3
 , (41) 

Where ρm is the resistivity of the metal, tm is the thickness of the metal, JM is the current density at the 

maximum power point without resistance losses in A/cm2, x is the direction parallel to the grid finger and 

Rs,f is the combined contribution of both Ag/c-Si and Ag/TCO grid fingers (i.e. factor 2) to the series 

resistance of the cell (Ωcm2).  

Figure A-2 shows Rs,f as a function of the metal thickness (tm) (fig. a) and the finger length (lf) (fig. b) for 

both Ag (ρm = 1.59∙10-8 Ωm) and Al (ρm  = 2.65∙10-8 Ωm). The grey dots shows the Rs,f for the current cell 

design for p-type (20/100 nm Ag/Al, ~0.11 Ωcm2) and n-type cells (100 nm Ag, ~0.09 Ωcm2). This rather 

low contribution to the cell resistance is mainly due to the relatively small finger length (i.e. cell length, 

Figure A-2b) and the high conductivity of the (sputtered) Ag. A thicker metal layer could result in a small 

efficiency gain, but at some point (>150-250 nm) it becomes more difficult to open the metal layer with 

the laser, resulting in shunts. 

 
Figure A-2. Rs,f as a function of tm (a) and lf ( b) for both Ag (ρm = 1.59∙10-8 Ωm) and Al (ρm  = 2.65∙10-8 Ωm). 
The grey dots show the current resistance in the metal fingers for the p- and n-type cells. 

 
Figure A-3. Schematic drawings of the unit cells used for calculating the resistance in grid fingers (a) and 
in a layer toward a point contact (b). The geometric units used in the resistance models are included in the 
figure. 
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A.2.2 Lateral Resistance in Point Contacted Layers 

Figure A-3b shows the unit cell and relevant geometrical parameters for calculating the lateral resistance 

toward a point contact using the circular model from ref. [117], by Basore. This circular model was made 

for a square unit cell and redistributes the area of this unit cell into a circle with the same area, as shown 

in the figure. The equations for calculating the resistance in a layer toward a point contact can be derived 

in the following way:   

  𝑑𝑅 =
𝜌layer

2𝜋𝑟∙𝑑layer
𝑑𝑟 =

𝑅layer

2𝜋𝑟
𝑑𝑟 ,    (42) 

 𝑖 = 𝐽M𝜋(𝑟pp
2 − 𝑟2) ,    (43) 

 

𝑃R,l = ∫ 𝑖2𝑑𝑅 = 𝐽M
2 𝜋

2
𝑅layer ∫

(𝑟pp
2 −𝑟2)

2

𝑟
𝑑𝑟

𝑟pp

𝑟p
 =

             𝐽M
2 𝜋

2
𝑅layer

𝑟pp
4

(𝑟pp
2 −𝑟p

2)
2 [ln (

𝑟pp

𝑟p
) −

3

4
+ (

𝑟p

𝑟pp
)

2

−
1

4
(

𝑟p

𝑟pp
)

4

] , 

(44) 

 𝑅s,l =
𝑃R,l

𝐼2 𝑠2 ,   (45) 

 𝑟pp =
𝑠

√𝜋
 , (46) 

Where Rlayer is the sheet resistance of the layer, dlayer is the thickness of the layer, rp is the radius of the 

point contact, rpp is the radius of the unit cell, s is the distance between adjacent point contacts and Rs,l is 

the contribution of the lateral resistance to the series resistance of the cell (Ωcm2). The model doesn’t 

exactly apply to rectangular geometry of the point contact cells in this thesis, which is the reason why a 

new model was developed and simulations in Quokka were made. Here, the circular model will be 

compared to the rectangular model by equating the area of the circle to the area of the rectangular unit 

cell.  

The rectangular model was developed (by summer student C. Matarazzo) to calculate the resistance 

contribution due to the lateral resistance in both the c-Si absorber layer and the TCO for a rectangular 

geometry with point contacts. As it is assumed that the current flows radially toward the central point 

contact, polar coordinates are used to calculate the resistance. Figure A-4a shows the unit cells for the 

circular and rectangular models, where the yellow dots represent the point contacts. Using symmetry, the 

resistance only has to be calculated for the triangular areas a and b, in order to obtain the resistance for 

the entire cell. Figure A-4b shows the input parameters for the models: Δx and Δy (half the distances 

between the point contact cells in the x and the y direction), rp (the radius of the point contact), the polar 

coordinates (r and Θa/b) and derived parameters (rppa, dΘ, ΘMa/b) used in the model equations. 
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Figure A-4. Fig. a shows unit cells for the circular model and rectangular models, where the yellow dots 
represent the point contacts. Fig. b shows the input parameters for the models Δx, Δy and rp, as well as 
the polar coordinates and derived parameters used in eq. (47)-(51).   

The rectangular model consists of the following equations to determine the Rs contribution due to lateral 

transport toward the point contacts (Rs,l): 

 𝑑𝑅 = 𝜌
𝑑𝑟

𝑑𝐴
=

𝜌

𝑑

𝑑𝑟

𝑟𝑑𝛩a,b
= 𝑅layer

𝑑𝑟

𝑟∙𝑑𝛩a,b
 ,    (47) 

 
𝑖 = 𝐽M𝑑𝛩a,b

𝑟ppa,b
2 −𝑟2

2
 ,    

(48) 

 𝑃R,a,b = ∫ 𝑖2𝑑𝑅 = 𝑅layer
𝐽M

2

4
∫ ∫

(𝑟ppa,b
2 (𝛩a,b)−𝑟2)

2

𝑟
𝑑𝛩a,b𝑑𝑟

𝑟ppa,b(𝛩)

𝑟p

𝛩Ma,b

0
 , (49) 

 𝑟ppa(𝛩a) = 𝛥𝑥
2cos 𝛩a

⁄   and 𝛩Ma = tan−1 𝛥𝑦

𝛥𝑥
 ,            for triangle a,  (50) 

 𝑟ppb(𝛩b) =
𝛥𝑦

cos 𝛩b
⁄   and 𝛩Mb = tan−1 𝛥𝑥

𝛥𝑦
 ,            for triangle b,   (51) 

 
𝑅s,l =

𝑃R,l

𝐼M
2

𝛥𝑥𝛥𝑦

4
=

4(𝑃R,a + 𝑃R,b)

𝐽M
2 𝛥𝑥𝛥𝑦

 , 
(52) 

where the geometric parameters rppa, Θa, ΘMa and ΘMb are shown in Figure A-4b and i is the current 

generated in the green region and flowing through the red region. From the equations it can be seen that 

Rs doesn’t depend on JM. It can also be seen that Rs depends linearly on Rlayer, and Rs,l = 0 for Rlayer = 0. This 

means that Rs can be calculated (or simulated) for any Rlayer and scaled linearly to the Rs for any other Rlayer. 
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Quokka Simulations 

Quokka numerically solves the charge carrier transport in a silicon device using quasi-neutrality and 

conductive boundaries. The emitter and contact resistances were set to extremely low values, leaving only 

the resistance in the c-Si absorber. For the comparison, the point contact radius rp was set to 30 µm 

(between the 17 µm c-Si/Ag and 45 µm TCO/Ag point contacts) and the sheet resistance Rlayer was set to 

500 Ω/□. From many simulations, the uncertainty in the Quokka simulation is estimated at approximately 

±10 %.  This could not be further improved by using a finer mesh. The uncertainty is also larger for small 

resistance values due to the inaccuracy of determining the resistance from the J-V curves. Quokka uses 

five different methods for determining Rs from the J-V curves [118]. The values here reported are the 

median of these 5 methods after removing obvious outliers. The main disadvantage of 3D electrical 

simulation is that it is time intensive, requiring long calculation times, consistency checking and mesh 

(re)optimization. The main disadvantage of analytical modelling is that it makes fundamental assumptions 

and simplifications which can result in systematic inaccuracies. 

Comparison 

Figure A-5a shows Rs vs. Δx (keeping Δy fixed at 600 µm), for the circular and rectangular models and for 

the Quokka simulation. These results were used to calculate the relative difference of both models to the 

Quokka simulations and this is plotted in Figure A-5b. It can be seen that for aspect ratios deviating from 

1 (secondary horizontal axis), the circular model underestimates Rs,l, while the new model overestimates 

Rs,l. For an aspect ratio of 1, the rectangular model does appear to produce more accurate results than the 

circular model. For the circular model, the underestimation can be explained by the conversion of the 

rectangular unit cell to a circle (of the same area), thereby reducing the average distance to the contact 

and perhaps also reducing current crowding. Current crowding refers to the fact that the resistive power 

loss (eq. (49)) depends on the square of the local current density (i) and therefore, local high current 

densities contribute disproportionally to the power loss. Current spreading refers to the fact that the 

current will spread out to avoid current crowding. For the rectangular model, the overestimation can be 

explained because it assumes that the current will flow in a straight line to the point contact, while in 

reality it will take a detour to minimize current crowding. This is confirmed by the simulated current flow 

shown in Figure A-6. The figure shows how the current generated at x = 700 µm, initially flows in the x-

direction before flowing more radially to the point contact from  x ≈ 200-300 µm, thereby minimizing the 

current density next to the contact. The better result for the rectangular model for an aspect ratio of 1, 

can be explained because for an aspect ratio of 1 the current does flow approximately radially toward the 
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point contact. This makes the rectangular model an accurate description of the current flow, while the 

circular model still underestimates Rs by redistributing the square unit cell into a circle. In section 5.4 the 

rectangular model was used for parameter variations (mainly with aspect ratio 1), which would be too 

time-intensive for 3D simulation. The standard c-Si/Ag and TCO/Ag point contact geometries have aspect 

ratios of 0.5 and 0.25 respectively and were therefore simulated in Quokka. 

 
Figure A-5. Comparison of Quokka simulations with circular and rectangular models (eq. (52)) as function 
of Δx, for a fixed Δy = 300 µm, plotted as Rs (a) and as relative Rs difference for the models compared to 
the Quokka Rs ((Rmodel-RQuokka)/RQuokka) vs. Δx (b). The aspect ratio (Δx/Δy or Δy/Δx) is shown above fig. b. 

 
Figure A-6. Simulated current (in color) and flow direction (arrows) using Quokka for XM = 700 µm, XM = 
300 µm, rp = 30 µm and Rlayer = 500 Ω/□. The arrow density varies due to the finer mesh near the point 
contact. 

A.3 Majority Carrier Mobility and Resistance Uniformity  

This section presents and discusses the measured LPC-Si mobility and resistance uniformity. 
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A.3.1 Hall Mobility in LPC-Si 

Hall mobilities and carrier densities were measured for p- and n-type LPC-Si samples with different 

absorber doping concentrations. The measurements were made in the dark and at room temperature, 

using square (~0.25 cm2) van der Pauw structures with contacts in the corners. Figure A-7a shows the hole 

mobilities for p-type LPC-Si, compared to 40, 60, 80 and 100 % of the hole mobility of mono-crystalline c-

Si(p) [38]. The blue dots include PVD/e-beam samples on Corning glass (section 3.3.2, Figure 3-6) and it 

also includes PECVD samples on Boro33 glass using an older laser crystallization process (10 mm/s, section 

3.3.2, Figure 3-7). The red dots represent Boro33 samples using the optimized process (3 mm/s, section 

3.3.3). It can be seen that all p-type LPC-Si samples have a much lower µ than mono-Si. For the blue dots, 

µ even decreases for lower N instead of increasing. The Boro33/PEVCD samples with the 3 mm/s 

crystallization process appear to have a somewhat higher mobility. Figure A-7b shows the electron mobility 

for n-type samples with and without hydrogen plasma passivation (HPP) (partly published in ref. [86]). It 

can be seen that the measured µ without HPP is slightly lower than the measured µ with HPP and reaches 

a minimum for approximately N = 5∙1015 cm-3.  

 
Figure A-7. P-type (a) and n-type (b) majority carrier mobilities µ vs. carrier density N, both measured by 
Hall effect measurements. Fig. a includes 40, 60, 80, 100 % of the mono c-Si µ as reference (grey lines). 
The blue dots represent samples fabricated on various materials with various LPC processes, while the red 
dots consist only of Boro33/PECVD samples fabricated using the 3 mm/s LPC process [48]. Fig. b shows 
Hall effect measurements on samples with and without hydrogen plasma passivation (HPP). These values 
were fitted using a grain boundary (GB) scattering model from ref. [86], showing how GB scattering can 
qualitatively explain the observed Hall mobility vs N data.   

Such a minimum in the µ vs N dependence was also found for 1 µm thick poly-silicon films in ref. [86], 

though there the minimum was found around 2∙1018 cm-3. This behaviour was explained by carrier 

scattering of the field generated by carriers trapped at the grain boundaries: for low N the traps are empty 

and µ is unaffected; as N increases, µ decreases until the traps are completely filled. As N increases further, 

the charge difference between the traps and the rest of the material decreases, resulting in an increasing 
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µ. The µ minimum in ref [86] could be successfully modelled with grain boundary (GB) scattering for a 

measured (TEM) grain size of 20 nm, and a fitted trapping state density at the GB interfaces of 3-

4∙1012 cm-2. In the discussion it was stated that the model is only quantitatively valid up to 60 nm grain 

size, but beyond this grain size the qualitative features are still valid. Therefore, the GB scattering fit shown 

in Figure A-7b (for a grain size of 300 nm) should only be considered as a qualitative indication that the 

observed dependency of µ on N is likely due to grain boundary scattering or similar potential barriers by 

trapped carriers.  

An argument against grain boundary scattering is that for many Hall measurement samples the grains size 

was similar to the sample size. We therefore speculate that the reduced mobility is due to a different 

carrier trapping effect observed for mc-Si wafers in ref. [119], where it results in artificially increased 

lifetimes in the QSSPC measurements. Such artificially increased lifetimes were also observed for QSSPC 

measurements on SPC-Si [120] and LPC-Si (not shown), indicating that LPC-Si also has many of these 

trapping centres. Carriers trapped in these trapping centres should also form potential barriers, affecting 

the mobility by scattering the carriers. 

A.3.2 Resistance Uniformity in LPC-Si 

Figure A-8a shows the ratio of the horizontal and the vertical resistance of all the Hall effect measurements 

from Figure A-7. Trendlines are added for both the p- and n-type samples, showing that the asymmetry 

appears to be decreasing for increasing N. However, the R2 value is only about 30 %, indicating that only 

about 30 % of the variance can be explained by the dependence on N. No clear pattern was found 

correlating the higher/lower resistance to the crystallization direction or visible grain boundaries.  

For all the PECVD LPC-Si samples made at HZB, the sheet resistance Rlayer was measured at three different 

positions on the sample. Figure A-8b shows the relative deviation of Rlayer (standard deviation / average) 

plotted against the average Rlayer of those three measurements for each sample. Again the non-uniformity 

(relative deviation) appears to decrease for increasing N (decreasing Rlayer), though the R2 is only about 

10 %, which might be related to the larger distances between the measurements.  

It can be concluded that the LPC-Si resistance is very non-uniform and that this is partly related to the 

measured N. Considering the mild scattering of the measured mobility in Figure A-7, it seems more likely 

that the resistance non-uniformity is due to the absorber doping than due to mobility non-uniformity.  
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Figure A-8. Figure a shows the ratio of the horizontal and the vertical resistance of all the Hall effect 
measurements from Figure A-7. The lines are logarithmic trendlines for the p- (red) and n-type (blue) 
samples. Figure b shows the relative deviation of Rlayer (standard deviation / average) plotted against the 
average Rlayer of those three measurements for each sample 

A.4 IQE, VOC and pFF Analysis of Quasi Cells 

In this section bifacial IQE measurements of quasi cells are used to estimate the L and S for these cells. 

Subsequently, it is determined to what extend these L and S values can predict the measured VOC and pFF, 

allowing us to draw some conclusions about recombination in LPC-Si. The first part of this IQE analysis was 

published in ref. [86]. 

Sub- and superstrate IQE was measured for low (2-3∙1016 cm-3) and highly (1-2∙1017 cm-3) doped, p- and n-

type quasi cells with NO(ON) interlayer stacks, with and without HPP. The substrate IQE measurements 

were corrected for parasitic absorption in the emitter and TCO and the superstrate IQE was corrected for 

absorption in the glass. The inverse IQE was plotted against the absorption length (α-1) and this data was 

fitted with a line through IQE-1 = 1 at α-1 = 0, to obtain a first estimate of the diffusion length [39]. Examples 

of these fits are shown in Figure A-9a and b for the highly doped n- and p-type samples, with and without 

HPP. Subsequently, all these sub- and superstrate IQE measurements were fitted with the collection 

efficiency equations as explained in section 2.7. This is shown in Figure A-9c-f, for the highly doped n- and 

p-type samples, with and without HPP. For the sample with L = 3.8 µm, it can be seen that changing S from 

0 to 100000 cm/s has almost no effect on the substrate ηc, but clearly improves the superstrate ηc fit. In 

general, it is possible to increase L and S in such a way that the substrate ηc remains unchanged, but the 

superstrate ηc decreases (until both are completely S-limited), and vice versa, thereby obtaining a good fit 

for both sub- and superstrate measurement for specific combination of L and S.  

For the n-type samples, good fits are obtained by assuming that the diffusion length from the IQE-1 fit 

equals L. This was somewhat unexpected as it is generally assumed that the IQE-1 fit equals Leff. Perhaps 
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this difference is due can be explained by the fact that the IQE-1 plot was only fitted for very low α-1 and 

therefore dominated by the bulk recombination. Also, the bulk diffusion lengths for these samples are low 

compared to the layer thicknesses, meaning that the substrate recombination is mostly dominated by bulk 

recombination, especially for the L = 3.8 µm sample. The (highly doped) p-type samples appear to be more 

S limited.  

 

Figure A-9. Figure a and b show the inverse (substrate) IQE (dots) vs. the absorption length α-1 and the 
fitted diffusion length L for the highly doped n-type (a) and p-type (b) quasi cells with (red) and without 
HPP (blue).  Fig. c-f show the substrate (c and d) and superstrate (e and f) IQE (solid) and fitted ηc (dashed), 
for the same n-type (c and d) and p-type (d and f) cells. The fitted values are included in the figures. 

Table A-1 shows the fitted L & S parameters and measured JSC (EQE). The limiting L and/or S values are 

underscored. It should be noted that these limiting values have a much smaller uncertainty than the non-

limiting value, which has a relatively small impact on the calculated ηc. The fitting results were published 
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in ref. [86], using the measured mobility values. Here, the mono-Si mobilities were used, as in the rest of 

the thesis. This was done because it is unclear if the minority mobility is affected in the same way by the 

effect that is reducing the measured majority carrier mobility (see appendix A.3.1). Using lower mobilities, 

based on the measured majority carrier mobility, resulted in lower S and/or higher L values, but doesn’t 

significantly change the extent to which the curves could be fitted.  

Subsequently, these L and S values together with the N, JSC and µ values, were used in the double diode 

model from ref. [121] to calculate the VOC and pFF: 

 
𝐽 = 𝐽𝑆𝐶 − 𝐽01 (𝑒

𝑉
𝑉𝑇 − 1) − 𝐽02 (𝑒

𝑉
2𝑉𝑇 − 1) , 

(53) 

 
𝐽01 =

𝑞𝐷𝑛i
2

𝑁

1

𝐿𝐾
 

(54) 
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cosh(𝑑

𝐿⁄ ) + 𝑆𝐿
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𝐿⁄ )

sinh(𝑑
𝐿⁄ ) + 𝑆𝐿

𝐷⁄ cosh(𝑑
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(55) 

 
𝐽02 =

𝑞𝜋𝐷𝑛𝑖𝑉𝑇

𝐹𝑚𝑎𝑥

1

𝐿2
, 

(56) 

 
𝑤𝑖𝑡ℎ 𝐹𝑚𝑎𝑥 = √2𝑁𝑞𝑉𝑏𝑖

𝜀𝑠
⁄  , 

(57) 

where J01 is the saturation current density due to recombination in the bulk (more accurate: quasi-neutral 

region) and at the interlayer interface, J02 is the saturation current density due to recombination in the 

space charge region (SCR), Fmax is the maximum field strength in the SCR for an abrupt junction, εs is the 

absolute dielectric constant of Si and Vbi is the built-in potential (~0.8 V). In the middle of the SCR, the 

electron and hole densities are equal, which strongly increases the recombination at this position. For c-Si 

wafer cells, L is sufficiently large that SCR recombination is negligible [112], but for LPC-Si cells, L is much 

lower. This model assumes an abrupt junction where the recombination is completely domination by L. 

Table A-1. Fitted & Calculated Parameters 

doping 
HPP 

L 
(IQE-1) 

L 
(µm) 

S  
(cm/s) 

JSC (mA/cm2) VOC (V) pFF 

Type N (cm-3) sub sup sub sup sub sup 

n 
2∙1016 

No 4.8 4.8 >105 14.8 4.6 0.518 0.478 75% 72% 

Yes 25 25 5500 20.5 16.8 0.578 0.574 82% 81% 

2∙1017 
No 3.8 3.8 >105 13.9 3.8 0.580 0.532 76% 73% 

Yes 14 14 1600 20.8 16.9 0.644 0.640 83% 82% 

P 
3∙1016 

No 8 8 1000 18.1 14.6 0.530 0.524 77% 76% 

Yes 21 21 4000 22.1 19.7 0.576 0.572 81% 81% 

1∙1017 
No 18 23 14000 20.2 14.7 0.598 0.590 82% 81% 

Yes 25 30 11000 21.4 16.1 0.608 0.600 82% 82% 
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The presence of the heterojunction in the junction region means that the J02 (SCR) recombination can be 

much higher if the heterojunction is not well passivated by the a-Si(i) layer.   

Using eq. (53) the J-V curves and corresponding VOC and pFF values were calculated with and without J02, 

i.e. with and without space charge recombination. Subsequently, these values were plotted against the 

measured substrate (Suns-VOC) VOC and pFF values and superstrate (Solar Simulator) VOC values in Figure 

A-10. The VOC and pFF calculated with J02 are also included in Table A-1.  

 

Figure A-10. Calculated vs measured VOC (a) and pFF (b) values for n- (blue) and p-type (red) quasi cell with 
(filled) and without (open) using J02 for the calculation. The solid lines indicate when the calculated and 
measured values are identical. The pFF of the highly doped p-type cell is indicated by the diamond shaped 
symbol. 

It can be seen that without J02 (open symbols) the calculated VOC is about 20 mV higher than the measured 

VOC and the calculated pFF is almost unaffected by the measured pFF. With J02 (solid symbols) the 

calculated VOC fits the measured VOC and pFF much better, especially for the low VOC and pFF. This indicates 

that SCR recombination is a significant recombination effect in LPC-Si cells, reducing the VOC for low L 

samples and the pFF for all LPC-Si samples.  

The highly doped p-type cell without HPP has a much lower pFF (diamond symbol) than predicted by the 

model. This can be explained by a Δn dependence of Seff as predicted for highly doped p-type samples in 

section 4.2.4. 

For the cells with higher VOC and pFF values, the measured values are about 20 mV and 2 % lower than the 

calculated values. Using the measured mobility values increases the difference between the calculated 

and measured values (by ~10-20 mV), so this cannot explain the difference. A decreasing lifetime for 

increasing Δn could explain the lower measured than predicted VOC, but would also result in a higher pFF, 

which contradicts the lower than predicted measured pFF results. A more likely explanation is that the VOC 
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and pFF are affected by recombination at the heterojunction emitter interface, which would increase the 

SCR recombination without affecting the IQE (or L).  

A.5 a-Si(i) Surface Passivation 

This section will investigate the impact of c-Si surface passivation on textured LPC-Si.      

A.5.1 a-Si(i) layer and RCA cleaning 

Figure A-11a and b show the VOC and pFF of n- and p-type quasi cells from experiment 2 (see section 5.2.6) 

with and without a-Si(i):H layer. All cells had a 10 nm a-Si(p/n):H emitter and 200 °C LOS1 ITO. For the n-

type cells, the a-Si(i):H layer causes a VOC gain of approximately 40 mV (~7 % relative). For the p-type cells, 

the a-Si(i):H layer did not result in a significant VOC gain. The pFF shows a similar behaviour, with a relative 

gain of 9 % for the n-type cells and no gain for the p-type cells.  

Figure A-11c and d show the VOC and pFF of n and p-type quasi cells from experiment 3 (see section 5.2.6) 

with and without RCA cleaning. All cells had an 5 nm a-Si(p/n):H + 30/20 nm nc-Si(p/n):H emitter and 

200 °C LOS1 ITO. The RCA clean appears to have a similar effect as the a-Si(i):H layer: a ~60 mV VOC gain 

and ~10 % pFF gain (median values) for the n-type cells and no gain for the p-type cells.  

 

Figure A-11. VOC (a and c) and pFF (b and d) for p- and n-type quasi cells with and without a-Si(i):H layer (a 
and b) and with and without RCA cleaning (c and d). Each point represents a quasi cell.    
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These results appear to indicate that the p-type cell hetero-junction is less sensitive to interface defects, 

or that the standard cleaning and/or a-Si(i) layer do not passivate the surface of p-type LPC-Si cell and 

therefore leaving them out does not cause a loss. This difference for p-type compared to n-type cells, 

might be related to the small a-Si/c-Si conduction band offset (0.15 eV) compared to the valence band 

offset (0.44 eV). 

A.5.2 Prevention of Epitaxial Growth 

For good surface passivation it is important that the a-Si(i) grows amorphously and not epitaxially [103]. A 

very important factor influencing epitaxial growth is the growth rate, as a slow growth rate gives the Si 

atoms more time to diffuse over the growing surface and find a position matching the underlying c-Si 

crystal structure, thereby growing epitaxially (e.g. [122]). In order to prevent epitaxial growth, quasi cells 

were fabricated in experiment 2, for which the 1st nm of the a-Si(i) layer (see Table 5-2, section 5.2.2)  was 

deposited with double the power (60 W), assuming that this would roughly double the deposition rate. 

The experiment was repeated in quasi cell experiments 3 and 5, where for the latter experiment the power 

and thickness of the high power a-Si(i) layer was increased to 120-180W and 1-2 nm. For exp. 5 

emitter/TCO ρc test structures were also fabricated. The first experiment was performed with the 12 nm 

a-Si(p) (TMB) emitter, and exp. 3 and 5 used a 6 nm a-Si(p) + 30 nm nc-Si(p) (TMB) emitter. The VOC, pFF, 

VOC∙pFF and ρc of these experiments are shown in Figure A-12 

The VOC and pFF appear to be increasing by about 20 mV and 2 % by using the high power a-Si(i) layer and 

the VOC∙pFF increase is approximately identical for all experiments (~20 mV). Similar VOC gains were 

observed on p-type quasi cells (not shown). It appears to be irrelevant whether the fast a-Si(i) layer is 1 or 

2 nm thick and whether the power is 2, 4 or 6 times the normal power. These gains approximately equals 

the unidentified VOC and pFF losses observed in appendix A.4 that were speculated to be due to emitter 

interface recombination. 

It can be seen that the high power a-Si(i) layer results in strongly increased ρc. This same ρc trend was 

observed on planar wafers and on a-Si(p) (B2H6) emitters (not shown). Further experiments should 

determine the ρc for the 2x power (60 W) a-Si(i) layer. By increasing the power in smaller steps it might be 

possible to find an optimum where the VOC∙pFF is increased, but the ρc is not (significantly) increased.  

The deposition rates for the 1-2 nm thick, 2-6x power layers were estimated with a linear dependence on 

the power. For increasing power, the deposition rate will become limited by process gas rather than 

power. Consequently it is very likely that the high power a-Si(i) layers were slightly thinner than the 

reference a-Si(i) layers. Therefore it is very unlikely that the increased resistance can be explained by an 
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increased a-Si(i) thickness. Instead, the increasing resistance seems to indicate that some difference in the 

material properties of the a-Si(i) layer is causing the increased resistance. Possibly the increasing ρc is due 

to the intended decrease in epitaxial growth. 

 
Figure A-12. VOC, pFF and ρc results for 3 n-type quasi cell experiments using a 1-2 nm thick initial a-Si(i) 
layer with 2-6x the normal power. The first experiment used an a-Si(p)(TMB) emitter, while the subsequent 
experiments used an a-Si(p)/nc-Si(p) (TMB) emitter. 

In ref. [123] it is shown, through TEM imaging and modelling, that high efficiency tunnel oxide 

heterojunction cells can have sufficient pin holes in the SiO2 layer to explain the low resistance of tunnel 

oxide cells, without affecting the passivation of these cells. It was also shown that a larger pin holes density 

does reduce the passivation. Hypothetically, something similar could be happening for the a-Si(i) 

heterojunction cells, but with epitaxial growth regions instead of pin holes. 

The 1 nm, 4x power (120 W) a-Si(i) layer was used in both the 12.0 % efficiency point contact LPC-Si cell 

(section 5.7, experiment 5) and the 13.2 % efficiency HIT IBC LPC-Si cells [115].  

A.6 Shunting in LPC-Si Point Contact Cells 

Though the most important reason for shunting in the point contact cells appears to be incomplete etching 

of the absorber point contact opening, there are also many possible shunts and shunt locations in the 

point contact device:  
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 At the c-Si/Ag (absorber) point contacts:  

o due to incomplete etching of the TCO or the emitter 

 due to inhomogeneous or too short etching (section 5.3) 

 perhaps due to inhomogeneous/incomplete opening of the P150W by the inkjet 

process (Figure A-13). 

o due to misalignment of the laser fired contact, contacting the metal to the TCO below the 

P150W 

 At the isolation scribe,  

o due to incomplete  scribing, i.e. some c-Si or TCO remaining in the scribe. This is usually 

due to cracks or bubbles in the glass, scattering the laser beam. (e.g. Figure 5-17b) 

o perhaps due to a shunt between the c-Si absorber and the TCO 

 At cracks in the c-Si, (Figure A-13) 

o perhaps due to cracks through absorber point contact: P150W fills the crack and is too 

thick for complete removal by the KOH ink. Consequently the TCO and emitter in the crack 

are not removed, which might results in a shunt after reflow or laser fired contact.  

o perhaps due to an extremely thin emitter within the crack, resulting in a shunt between 

the TCO and the absorber 

 Due to incomplete coverage by the P150W,  

o the P150W is always visibly thinner near the isolation scribe. If the isolation scribe is very 

deep, the paint flows into the isolation scribe after spin coating to the extent that the TCO 

is no longer covered (Figure A-13). The laser scribe can become this deep due to a 

combination of laser damage and too long HF etching. The unprotected TCO and emitter 

is etched away, but the metal contacts the c-Si, causing a shunt at the TCO/Ag fingers. 

o At (large) pinholes in the P150W which are not closed by the reflow (likely related to dust 

particles and large TiO2 agglomerates). 

 At the metal cut 

o due to incomplete metal removal (too low laser energy or too thick metal (> ~200 nm)) 

o perhaps due to too high energy, evaporating the P150W (Figure A-13) and perhaps causing 

a shunt between the metal and the TCO. 

Clearly, there are many possible causes for shunts in the point contact cells and it seems likely that even 

this list is incomplete. This results in many cells and even series being shunted to a certain degree, often 

due to multiple different shunts. Thermography can show the approximate location of the shunt, allowing 
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for differentiation between the isolation scribes and the inner region, but is too inaccurate for 

differentiation between e.g. the absorber point contact and the metal cut.  However, even without 

knowing the exact cause, it is possible to observe how certain emitters and TCO’s appear to result in more 

or more serious shunts than other emitters and TCO’s and develop hypothesis about the causes. 

 
Figure A-13. Examples of possible shunt causes: incomplete opening of the absorber contact openings due 
to ink problem, crack or grain boundary, damage of the TCO due to too high metal cut energy and P150W 
flowing into the isoscribe, leaving the c-Si next to the isoscribe unprotected.  

A.7 Frontside vs Backside Texturing 

In section 4.1.6 it was found that backside pyramid texturing results in better light trapping than 

Lambertian light trapping. This is somewhat better than the light trapping found for frontside and double 

side pyramid texturing found by ray tracing in ref. [75]. In order to understand this, ray tracing simulation 

were performed for a thin silicon wafer with planar and/or pyramid textured interfaces.  Figure A-14 shows 

the simulated ηLT (using the PV Lighthouse ray tracer) and calculated ASi (for the indicated fesc), for a 10 µm 

c-Si absorber with a 75 nm SiNx antireflection layer at the front (no glass) and a 100 nm SiO2 + detached 

mirror reflector at the back. For two planar interfaces the light is reflected back by the detached reflector 

and some light is reflected back at the front, resulting in a total absorption in the c-Si absorber that can be 

fitted by 2.2 passes through a 10 µm c-Si absorber. Texturing the frontside of the wafer increases ηLT (light 

blue), but not as much as texturing the backside (purple). It can be seen that texturing the frontside of a 

backside textured solar cell, actually reduces light trapping. This can be explained by the textured interface 

providing an escape cones for each facet of the pyramid. 

This simple simulation shows that backside texturing provides much more effective light trapping than 

backside texturing. This can be considered an advantage for illumination through the glass. Most SHJ wafer 

cells are only frontside textured, but they do not need very good light trapping because of their absorber 
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thickness. Frontside texturing does usually result in higher JSC, as it strongly reduces reflection. The ARF, 

which does not significantly affect light trapping because it doesn’t affect the c-Si interface, might offer a 

means of combining the excellent light trapping of backside-only textured c-Si with the good light trapping 

of front-side texturing. 

 
Figure A-14. The simulated ηLT (using the PV Lighthouse ray tracer) and calculated ASi and corresponding 
fesc for a 10 µm c-Si absorber with a 75 nm SiNx antireflection layer at the front (no glass) and a 100 nm 
SiO2 + detached mirror reflector at the back, for planar and pyramid textured interfaces 

A.8 Light Soaking 

Light soaking experiments were performed (by summer student Carmine Pellegrino) for 72 hours (at 50 °C) 

on various point contact cells from different experiments. The Rs and JSC deviation before/after light 

soaking is shown in Figure A-15. The Rs deviation in fig. a shows that for most of the n-type samples the Rs 

increases after light soaking, while for the p-type samples it remains unaltered. 

 
Figure A-15. Relative Rs (a) and JSC (b) deviation before/after 72h light soaking for n and p-type point 
contact cells, with different interlayer stacks.  
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The JSC deviation in fig. b shows that the JSC of the SiON based interlayers, especially the NON(ON) interlayer 

stack, is increasing after light soaking. The same JSC gain was observed for quasi cells (not shown). The IQE 

measurements before and after light soaking could be fitted by a S-limited ηc, as for all point contact cells 

with SiON based interlayers (section 5.8.1), i.e. it was found that the JSC gain can be fitted very well with a 

decrease of S (not shown).  

The JSC of the cells with ONO interlayers appears to be decreasing, but, for some unknown reason, the 

corresponding EQE measurements did not decrease. Comparison of the p- and n-type samples indicates 

that there is also a JSC loss after LID for the p-type samples, separate from the gain for the NON(ON) and 

loss for the ONO interlayers.  

A.9 Laser Diffused Homojunction Emitters 

Several years ago, the first experiments were made at HZB with laser diffused homojunction emitters on 

p-type LPC-Si, using spin coated P508 as dopant source and the line-shaped LIMO cw laser (also used for 

LPC) to diffuse the dopants into the absorber [124]. During this thesis work (together with Mehmet 

Karaman, a PhD student from Turkey [125]) a new, laser diffused homojunction emitter experiment was 

performed, using 8.5 µm thick, ~4∙1016 cm-3 doped p-type and ~1017 cm-3 doped n-type cells with NON(ON) 

interlayers, testing the influence of hydrogen passivation and emitter depth. This was partially a repetition 

of the previous experiments, with the addition of using n-type samples and analyzing the JSC.  

For the dopant source, P508 (n-type emitters) or B153 (p-type emitters)  was spin coated on the samples, 

and annealed at 200°C for 5 min to form a phosphor/boro silicate glass layer. In [124] two promising laser 

processes were identified: 1 mm/s with 11.7 A and 5 mm/s with 15 A, and these were also used in this 

new experiment. Figure A-16 shows the P (a) and B (b) dopant concentration profiles for both processes, 

measured by SIMS. It can be seen that the 1 mm/s laser process results in a relatively shallow emitter with 

a depth of approximately 300 ± 100 nm, while the 5 mm/s process results in a deep emitter with a depth 

more than 1 µm. The new measurement shows approximately the same profile. For the n-type samples in 

figure b, there is also the difference between the deep and shallow emitter, but at a different order of 

magnitude: the shallow emitter has a depth of only ~100 nm and the “deep” emitter has a depth of 

~150 nm.  

Hydrogen plasma passivation (HPP) was performed at 400°C for 30 min. Kapton dots were used to define 

the cell area and the emitter outside the cell area was etched away with poly-Si etch for 30-180 s, 

depending on the emitter depth. A Suns-VOC measurements were made before and after metallization of 

the absorber contact with a 200 nm Al layer and subsequent annealing at 200°C. Figure A-17 shows the 
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VOC values of these p- and n-type quasi cells, with deep or shallow emitter, with and without HPP, before 

and after metallization. 

 

Figure A-16. P (a) and B (b) concentration depth profiles, measured by SIMS for the old experiment (SIMS 
was calibrated, dashed lines) and the new experiment (SIMS was not calibrated, solid lines).   

 
Figure A-17. The (Suns-)VOC values for p-type (left) and n-type (right) quasi cells, with deep or shallow 
emitter, with and without HPP, before and after metallization. 

For p-type samples the shallow emitter results in higher VOC and HPP results in a VOC gain of about 60 mV. 

For the n-type samples, the emitter depth makes no significant difference on the VOC and HPP results in a 

VOC loss of about 200-300 mV. For the p-type cells, especially those with a deep emitter, the metallization 

results in a large VOC loss, while for the n-type cells, especially those with a shallow emitter, the 

metallization has no effect.  
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The VOC reduction due to metallization can be explained by non-homogeneous etching causing shunts: the 

LBIC measurements in Figure A-18 show strong collection in the metal gap outside the cell area, indicating 

the emitter was not removed there. The solution will probably be to etch the samples even longer. As the 

emitter consists of c-Si, etching below the Kapton should not be a problem, even after long etching times.  

 
Figure A-18. LBIC measurements of quasi cells with laser process and HPP indicated in the figure. 

Figure A-19a-d shows substrate and superstrate EQE measurements of the best p-type and n-type 

metallized quasi-cells, with deep (red) or shallow (green) emitter, with (solid) and without (dashed) HPP. 

For both p- and n-type samples, the deep emitter results in a lower substrate EQE (fig. a and b) for the 

lower wavelength range than the shallow emitter. For the p-type sample, the long wavelength superstrate 

EQE  (fig. c) is also lower for the deep emitter. Both effects can be explained by parasitic absorption in the 

emitter. For the n-type emitter, the short wavelength superstrate EQE (fig. d) is reduced by the deep 

emitter, indicating an increased recombination.   

The HPP results in a lower (short wavelength) substrate EQE for both doping types. This can be explained 

by increased emitter recombination. The HPP also results in a strong increase of the superstrate EQE and 

(long wavelength) substrate EQE, indicating that the HPP is passivating the absorber as expected.  

Conclusions 

It was observed that the same laser process resulted in much shallower emitters for the n-type than for 

the p-type samples. The diffusion coefficients of B and P in Si are very similar e.g. [126], so this probably 

cannot explain the difference. Perhaps the higher doping and corresponding (~10x) higher conductivity of 

the n-type samples can explain the difference. These shallower emitters were incompatible with the 

subsequent HPP process, resulting in a ~200 mV VOC loss. The EQE measurements showed that hydrogen 

passivation strongly reduces recombination in the LPC-Si absorber, but also damages the homo-emitter, 

reducing collection from the emitter.  
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Figure A-19. Substrate (a and b) and superstrate (c and d) EQE measurements of the best p- (a and c) and 
n-type (b and d) metallized quasi-cells, with deep (red) or shallow (green) emitter, with (solid) and without 
(dashed) hydrogen plasma passivation (HPP). 

For homo-emitter cells, HPP cannot be performed before emitter formation, as the high temperature 

emitter diffusion process will cause hydrogen effusion. Due to non-uniform etching it will also be 

extremely difficult to remove the HPP damage by etching without etching away the entire emitter at some 

positions. Instead it will probably be better to use the hydrogen passivation technique used for homo-

emitter wafers: depositing an SiNx:H layer and annealing the sample, driving the hydrogen into the silicon 

[127]. This has the added advantage that the positive fixed charge SiNx layer can passivate the (n-type) 

emitter. For n-type cells, the p-type emitter will have to be passivated by Al2O3. 

By screen printing the dopant sources [128] and doping the interlayers, it might be possible to combine 

the backside emitter and local BSF diffusion (for the absorber point contacts) with a front surface field 

(FSF) diffusion and a phosphorus defect gettering process in a single laser diffusion process. The screen 

printing can be aligned to the reference crosses, such that they are aligned with the subsequent absorber 

point contact openings. The homo-emitter (without TCO) would also allow for an HF dip before 

metallization. Together with the p+ or n+ laser doping, this would very likely avoid the need for laser fired 

contacts. Such a process would be much cheaper and potentially easier than the heterojunction process 

and might even result in higher efficiencies. A possible problem with the homo-emitter is that texturing 
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might be a problem. Assuming a shallow, passivated emitter, parasitic absorption losses will likely be less 

than the parasitic absorption losses in the TCO. 

A.10 LPC-Si production on a Glass Float Line 

During the beginning of this thesis, working at Masdar PV, the idea was developed to fabricate LPC-Si on 

a glass float line and a patent was filed [129]. The idea is to deposit the interlayers and Si precursor on the 

glass float at 1100-800°C, using atmospheric pressure CVD (APCVD) and trichlorsilane (TCS) as process gas 

[130]. At these high temperatures, the APCVD can achieve very high deposition rates (> 1 µm/min). TCS is 

produced during an early phase in the Siemens process for making polysilicon, making it a relatively cheap 

source of silicon. APCVD is presumably also relatively cheap as it operates at atmospheric pressure. Most 

of the process line and heat for the process is basically for free, as it is already needed to make the glass 

substrate. Therefore, this process should result in very inexpensive LPC-Si. The cells and modules should 

probably be processed on a different line. Aside from the low precursor costs, other advantages of this 

method likely include:  

 the glass properties can more easily be optimized to fit the LPC-Si 

 the laser crystallization process can also take place on the glass float (at 700-1000 °C) 

 it might be easier to texture the glass on the float line 

The following challenges were identified: 

 The “minimum” size of a glass float line, will make it hard to set-up a pilot line. 

 The glass float probably has to move at a certain velocity 

 It might be tricky to prevent (metal) contamination  

Together with the homo-emitter process suggested in appendix A.9, this could result in an extremely low 

cost, very low capex LPC-Si solar module process. 
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