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1 Introduction 

1.1 Motivation 

To anticipate the need of an environmentally clean energy source, conversion of solar energy 

has found its way into our daily lives. A milestone for this was set with the electricity feed-

in law and the renewable energy act [1] from Germany, where the great potential of solar 

cells as an alternative energy source has been recognized and funded at an early stage. In the 

pursuit towards increasingly efficient solar cells at ever lower prices, research has, in 

addition to the classic wafer-based silicon solar cells, focused their attention to alternative 

materials and thin film approaches. However, for solar energy to provide a significant 

contribution to the energy needs of our society (terawatt scale), the development of long time 

stable, highly efficient and low cost photovoltaic cells is critical. Hence, apart from special 

applications the levelized cost of electricity is crucial to the success of a particular 

technology. Not least for those very reasons silicon wafer based solar cells were able to 

maintain their remarkable market share of 80 – 90 percent over the last decades [2]. In late 

2014 a new world record of 25.6 % for a single junction wafer based device was achieved 

[3]. However, although process improvements and a continuous increase in production 

capacity have led to a steady decrease of the levelized cost of electricity, there still is a large 

potential saving precious resources. The wafer still makes up almost one third of the total 

cost. Nevertheless it becomes increasingly difficult to reduce the production costs, as one 

encounters technological constrains. In example the current wafer thickness can be as low 

as 150 µm [3] and is predicted to reach its limit at 100 µm due to current sawing technologies 
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and handling issues [4]. This is accompanied by a material loss of up to 50 % due to the 

wafering process.  

 

Thin film technologies as bottom up approaches in contrast are trying to achieve competitive 

efficiencies without those issues. They generally combine a low material consumption to 

fabricate thin layers of any desired thickness on large areas and robust substrates. In addition, 

the resulting solar cells can usually be processed into a monolithically interconnected solar 

cell module. In case of silicon thin films the amorphous and micromorph technology from 

several companies and the solid phase crystallized technology with only CSG solar have 

found their way into industry. However, both technologies could not meet their high expec-

tations and were not able to keep pace with the well-established wafer industry. The best 

known reported efficiencies for amorphous and micromorph silicon single junction solar 

cells were 10.2 % and 11.8 %, respectively. Based on those materials tandem and triple 

junction devices even reached values of 12.7 % and 13.6 % [5–7]. Solid phase crystallization 

technology achieved an efficiency of 10.5 % for a single junction mini module with 20 mul-

ticrystalline silicon solar cells [8]. The general limitation of the latter, which prevented a 

final commercial breakthrough was an open circuit voltage below 500 mV. In 2011, the 

Technical University Hamburg-Harburg and Helmholtz-Zentrum Berlin presented a mul-

ticrystalline silicon thin film solar cell that overcame this limitation. It was fabricated with a 

zone melting process utilizing a focused line-shaped electron beam, also known as liquid 

phase crystallization. The resulting layer was not only crystallized directly on a glass sub-

strate but also achieved an open circuit voltage of 545 mV [9]. Continuous process improve-

ments [10,11] were able to boost the open circuit voltage of electron beam crystallized sili-

con thin films up to 656 mV and 632 mV, for doping densities of 1.5·1018 cm-3 and  

4·1016 cm-3 respectively [12]. In 2012, parallel to the development of the electron beam crys-

tallization process it was shown that a focused continuous wave laser beam can be used for 

the liquid phase crystallization [13] replacing the electron beam. The focus of subsequent 

research for laser crystallized layers was to optimize the intermediate layers in terms of pas-

sivation, anti-reflection and their resulting electrical properties [14–17]. In 2014 the Univer-

sity of New South Wales and Suntech R&D have presented a laser crystallized solar cell 

with an initial efficiency of 11.7 % and an open circuit voltage of 585 mV [16]. Unfortu-

nately the device efficiency was not stable. As part of this work this record was improved to 
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a stable efficiency of 11.8 % [18] for a p-type laser crystallized solar cells. On n-type mate-

rial even 12.1 % efficiency could be reached [18]. 

1.2 Objectives 

This work investigates the material properties of liquid phase crystallized silicon thin films 

utilizing a line-shaped continuous wave laser. For this purpose a laser system was set up at 

Helmholtz-Zentrum Berlin early 2013. Aim was to gain a comprehensive understanding of 

how the various crystallization parameters and sample structures affect the crystallization 

process and the resulting material quality. In addition to a general material analysis, the 

changes in the electrical properties of the final device shall be demonstrated using the avail-

able cell designs. The expertise gained is to be used to develop new ideas to further improve 

the crystallization process and the material quality in future. 

1.3 Outline 

Chapter 2 is intended to provide a basic understanding of a solar cell. In addition to a simple 

model to estimate the potential of an ideal silicon thin film to convert sunlight into electrical 

energy it explains the mechanisms that lead to a recombination and thus to a reduction of the 

electrical performance. 

Chapter 3 provides a concise description of the absorber preparation. The most important 

tools are briefly introduced and the general device fabrication and structure is described. 

Furthermore the employed characterization methods are presented and their basic function-

ing explained. 

Chapter 4 addresses some key aspects concerning the utilized intermediate layer(s). In addi-

tion to their general stability, the defect densities at the silicon interlayer interface are inves-

tigated and the resulting change in Hall mobility. Last but not least the wettability of the 

various layers is examined. 

Chapter 5 addresses the material properties of the as-deposited silicon. Besides the analysis 

of strain, crystallinity and the crystallographic orientation the ability to crystallize the depos-

ited absorber is investigated. Moreover the impurity concentrations within the material be-

fore and after crystallization are analyzed. 
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Chapter 6 discusses the laser crystallization and the influence of the numerous parameters 

involved. The influence of the main parameters are investigated in terms grain size, grain 

orientation and grain boundary distribution of the resulting layers.  

Chapter 7 is intended to correlate the morphology of the multicrystalline silicon films to 

electrical properties of the corresponding devices. Therefore a variety of solar cells were 

produced. In order to determine performance limiting properties the best known processes 

are used to fabricate state of the art devices which are investigated in more detail. 

Chapter 8 deals with several seed layer approaches to improve the material quality of the 

absorber layers. The most promising layers have been investigated in more detail and were 

compared with laser and electron beam crystallized layers of the standard crystallization 

process.



5 

2 Theoretical considerations 

This chapter provides some basic knowledge for subsequent chapters. In section 2.1 an 

analytical model to estimate the potential of a perfect monocrystalline silicon thin film solar 

cell is introduced. To keep it simple the influence of grain boundaries, substrate, contacts 

and the emitter are neglected. The model is intended to show the impact of the fundamental 

material parameters and their interplay in order to estimate the upper limit of a solar cell 

and thus serve as a guidance for the interpretation of the experimentally gained results. 

Sections 2.2 briefly introduces possible recombination mechanisms, which can be caused by 

various crystallographic defects as explained in section 2.3. 

2.1 Potential of a thin silicon film 

The following section deals with the theoretical potential of a thin monocrystalline silicon 

layer to convert sunlight into electrical energy. It is intended to show the influence of each 

of the relevant parameters and their interrelation in order to estimate a device performance. 

Prerequisite for the electrical characterization of a solar cell are the so-called standard testing 

conditions (STC). These create a standardized environment, which makes it possible to con-

duct uniform comparisons of photovoltaic devices of any type. The STC specify an irradia-

tion of 1000 W/m², at a temperature of 25 °C and a specific spectrum of sunlight at a global 

air mass of 1.5. This is defined in the standard IEC [19] and referred to as AM1.5g spectrum. 

In the following consideration the spectral photon flux [()] and the spectral power [P0()] 

correspond to the AM1.5g spectrum according to this standard IEC. The relation between 

2
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() and P0() is given by Equation (1), in which h denotes the Planck constant, c the speed 

of light and  a certain wavelength. 

 𝛷0(𝜆) =
𝜆

ℎ ∙ 𝑐
∙ 𝑃0(𝜆) (1)  

Let us assume the ideal case that there is no external wavelength dependent reflection  

R() = 0 and thus every photon of () enters the silicon layer. As the wavelength-depend-

ent absorption coefficient [α(λ)] of silicon [20] and the absorber thickness (xb) are known we 

can now use the Lambert-Beer law to calculated the generation rate for every wavelength 

() at any penetration depth (x) within the material, whereas 0 ≤ x ≤ xb.  

 𝐺(𝑥, 𝜆) = (1 − 𝑅(𝜆)) ∙ 𝛼(𝜆) ∙ 𝛷0(𝜆) ∙ 𝑒
−𝛼(𝜆)∙𝑥 (2)  

Once the attenuated spectral photon flux x() reaches the interface at position x = xb we 

can distinguish between two limits. x() can either be fully transmitted or fully reflected. 

The latter leads to an additional light pass (nb) through the absorber. This process can con-

tinuously repeat itself at either x = 0 or x = xb. The general solution of a multi-pass generation 

rate as a function of  and x is given in Equation (3) assuming no external reflection and full 

internal reflection.  

 𝐺(𝑥, 𝜆) = 𝛼(𝜆) ∙ 𝛷0(𝜆) ∙∑𝑒−𝛼
(𝜆)∙(2∙𝑥𝑏∙⌊

𝑖
2⌋+𝑥∙

(−1)𝑖+1)

𝑛𝑏

𝑖=1

  (3) 

As can be seen the equation is extended by the light path term (2 ∙ 𝑥𝑏 ∙ ⌊𝑖 2⁄ ⌋ + 𝑥 ∙ (−1)𝑖+1), 

whereas the floor function ⌊𝑖 2⁄ ⌋ returns the closest integer not greater than 𝑖 2⁄  itself. For 

instance, if nb = 3 the solution of Equation (3) can be written as shown in Equation (4). 

 𝐺(𝑥, 𝜆) = 𝛼(𝜆) ∙ 𝛷0(𝜆) ∙ ( 𝑒
−𝛼(𝜆)∙(2∙𝑥𝑏∙0+𝑥)⏟          +𝑒−𝛼(𝜆)∙(2∙𝑥𝑏∙1−𝑥)⏟          +𝑒−𝛼(𝜆)∙(2∙𝑥𝑏∙1+𝑥)⏟          

1𝑠𝑡  𝑝𝑎𝑠𝑠 2𝑛𝑑  𝑝𝑎𝑠𝑠 3𝑟𝑑  𝑝𝑎𝑠𝑠

 ) 

(4) 

Considering a 10 µm thick absorber and integrating equation (4) within the relevant wave-

length range for silicon (280 – 1200 nm) we gain the generation rate G(x) as shown in equa-

tion (5) and exemplarily plotted in Figure 1 (a) for this specific scenario. 

 𝐺(𝑥) = ∫ 𝐺(𝑥, 𝜆)
𝜆2

𝜆1

∙ 𝑑𝜆 
 (5) 
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The multi-pass generation rate function of Equation (3) can now be used to calculate any 

pair of values xb, nb. However nb → ∞ does not represent a realistic limit for the path length 

enhancement as it exceeds the theoretical absorption maximum. Considering the Yablo-

novitch limit [21] as the maximum light path enhancement, then the upper limit of additional 

light passes (nb_max) is given by Equation (6). It links the maximum number of passes to the 

wavelength dependent refractive index [nSi()] [20] of the material under investigation. 

 

Figure 1: (a) Generation rate within a 10 µm silicon absorber after 3 light passes. The contributions of the 

individual passes are marked accordingly and the total generation rate is given by G(x). (b) Collection proba-

bility function of a 10 µm silicon absorber without any surface recombination and a bulk diffusion length of  

5 µm. The blue curve corresponds to a rear-junction device and the green one to a front-junction device. 

 𝑛𝑏_𝑚𝑎𝑥(𝜆) = 4 ∙ 𝑛𝑆𝑖
2 (𝜆) 

(6) 

So now we are in a position to compute for any initial spectral photon flux a wavelength and 

a depth-resolved charge carrier generation profile as a function of the material thickness and 

the corresponding number of light passes. However not every generated electron-hole pair 

contributes to the current output of a cell. More precisely it depends if a charge carrier is 

collected at the interface x = 0 (front-junction device) or x = xb (rear-junction device). In 

general the chance of a charge carrier to be collected decreases as it is generated further away 

from the collection interface. By solving the continuity equation one can derive a charge 

carrier collection probability function [fc(x)]. In case of an infinitely extended semiconductor 

the one dimensional expression shown in Equation (7) is obtained:   

 
𝑓𝑐(𝑥) = 𝑒

(−
𝑥
𝐿𝑏
)
 (7) 
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,where x is the penetration depth and Lb denotes to the minority carrier diffusion length in 

the base. For a semiconductor limited by a back contact at position x = xb with a surface 

recombination velocity (sb) and a minority carrier diffusivity (Db) the solution is given by 

[22,23]: 

 𝑓𝑐(𝑥) =
𝑐𝑜𝑠ℎ (

𝑥𝑏 − 𝑥
𝐿𝑏

) +
𝑠𝑏 ∙ 𝐿𝑏
𝐷𝑏

∙ 𝑠𝑖𝑛ℎ (
𝑥𝑏 − 𝑥
𝐿𝑏

)

𝑐𝑜𝑠ℎ (
𝑥𝑏
𝐿𝑏
) +

𝑠𝑏 ∙ 𝐿𝑏
𝐷𝑏

∙ 𝑠𝑖𝑛ℎ (
𝑥𝑏
𝐿𝑏
)

 
(8) 

For simplicity let us consider our interface at position x = xb to be ideally passivated sb = 0.  

Thus Equation (8) only depends on the parameters xb and Lb. If we assume as before a  

10 µm thick absorber and set the diffusion length to 5 µm we gain the exemplarily plotted 

function of Figure 1 (b). Note that for any s > 0, fc(x) depends on the charge carrier mobility 

(µ) due to Db as shown in Equation (9). Here, k denotes the Boltzmann constant, T the STC 

temperature and q the elementary charge. 

 𝐷𝑏 =
𝑘 ∙ 𝑇 ∙ 𝜇

𝑞
 

(9) 

The mobility in turn is a carrier concentration (N) dependent parameter. Hence µ needs to 

be adjusted with values either taken from literature [24,25] or estimated with the mobility 

model introduced by Caughey [26] as shown in Equation (10).  

 𝜇 = 𝜇𝑙𝑜𝑤 +
𝜇ℎ𝑖𝑔ℎ − 𝜇𝑙𝑜𝑤

1 + (
𝑁
𝑁𝑟𝑒𝑓.

)
𝛼 

(10) 

As model parameters we used the values from reference [27,28] shown in Table 1. For very 

high doping levels (N > 1018 cm-3) one should resort to the extended model of Masetti [27] 

to increase the accuracy. 

Table 1: Model parameter for the mobility vs. carrier concentration fit for phosphorus-doped and 

boron-doped layers. 

 parameter 
electrons 

(phosphorous) 

holes 

(boron) 

 µhigh (cm²/Vs) 1414.0 470.5 

 µlow (cm²/Vs) 68.5 44.9 

  (-) 0.711 0.719 

 Nref (cm-3) 9.20 · 1016 2.23 · 1017 
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To summarize: We can calculated for every wavelength  and position x the number of gen-

erated charge carriers and their probability to be collected. Therefore, all we need is the 

integral of the product of both multiplied by the elementary charge in order to gain the max-

imum short circuit current density (JSC) of our monocrystalline silicon layer as given in 

Equation (11).  

 𝐽𝑠𝑐 = 𝑞 ∙ ∫ ∫ 𝑓𝑐(𝑥) ∙
𝜆2

𝜆1

𝑥𝑏

0

𝐺(𝑥, 𝜆) ∙ 𝑑𝜆 ∙ 𝑑𝑥 
(11) 

However, one should always keep in mind that the calculated JSC represents an upper limit. 

Hence the JSC is generally overestimated or nb is underestimated as we assume that (i) all 

photons of () enter the silicon layer without external reflection, (ii) all photons of x() 

at x = 0 or x = xb will either be completely reflected or transmitted and (iii) that there are no 

resistive losses or parasitic absorption. 

Another important device parameter is the dark saturation current density (J0) in thermal 

equilibrium. It is a measure of the recombination between electrons and holes and generally 

used to describe carrier recombination processes under illumination [29]. The J0 of the quasi-

neutral region can be expressed as shown in Equation (12), whereby the intrinsic carrier 

concentration ni was set to 9.65 · 109 cm-3 [30]. As stated before Db at a given N can be 

calculated using Equation (9) and (10), while the hyperbolic function term in the large pa-

renthesis is called geometry factor and saturates at unity when xb >> Lb. 

 𝐽0 = 𝑞 ∙ 𝑛𝑖
2 ∙ [

𝐷𝑏
𝑁 ∙ 𝐿𝑏

∙ (
sinh (

𝑥𝑏
𝐿𝑏
) +

𝑠𝑏 ∙ 𝐿𝑏
𝐷𝑏

∙ cosh (
𝑥𝑏
𝐿𝑏
)

cosh (
𝑥𝑏
𝐿𝑏
) +

𝑠𝑏 ∙ 𝐿𝑏
𝐷𝑏

∙ sinh (
𝑥𝑏
𝐿𝑏
)
)] 

(12) 

Using the single-diode solar cell equivalent circuit diagram and the Shockley diode equation 

[31] we can derive the following expression for the open circuit voltage (VOC) of a solar cell 

assuming that the diode ideality factor is unity and the shunt resistance infinite. 

 𝑉𝑜𝑐 =
𝑘 ∙ 𝑇

𝑞
∙ 𝑙𝑛 (

𝐽𝑠𝑐
𝐽0
+ 1) (13) 

As can be seen the VOC of a solar cell depends on the ratio of the JSC and J0. While the light 

trapping quality parameters (xb, nb) and the material quality parameters in terms of Lb, Sb, 

Db, and N have only a minor effect on the JSC output the material quality parameters can 
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change the J0 by several orders of magnitude. Hence, in addition to J0 the VOC is generally 

used to estimate the material quality. 

The achievable efficiency () of a solar cell can be calculated using Equation (14), whereby 

the fill factor (FF) represents a quantity to describe a cells internal losses and largely depends 

on the type and quality of a solar cell. A high FF is obtained for solar cells which have a low 

series resistance and a high shunt (parallel) resistance. 

 𝜂 =
𝑉𝑜𝑐 ∙ 𝐽𝑠𝑐 ∙ 𝐹𝐹

𝑃0(𝜆)
 (14) 

Figure 2 depicts the results of the simple model used to describe the potential of a silicon 

thin film solar cell as a function of xb and Lb for a single, double and a quintuple light pass. 

One should keep in mind that a multiple light pass in the model assumes complete internal 

reflection and would correspond to a several times larger number of passes in a real device. 

Furthermore it neglects external surface reflection. For simplicity we assumed an n-type sil-

icon thin film with ideally passivated interfaces. Figure 2 (a) shows the JSC potential, while 

Figure 2 (b) and Figure 2 (c) depict the corresponding VOC and η potential at a doping con-

centration of 1016 and 1017 cm3, respectively. The corresponding efficiencies were estimated 

assuming a FF of 75 %. 

Below are some examples to help navigate through the graphic. Let us assume an absorber 

thickness of xb = 10 µm and a base diffusion length of twice the absorber thickness  

Lb = 20 µm. According to Figure 2 (a) this would lead to an upper limit for the achievable 

JSC of 27.2, 30.8 and 34.3 mA·cm-2 for a single, double and a quintuple pass, respectively. 

For a 1016 cm-3 n-type doped silicon layer we could achieve a VOC of 586, 590 and 592 mV 

for a single, double and a quintuple light pass as shown in Figure 2 (b). The VOC values 

increase to 654, 657 and 660 mV as the doping density of our n-type layer is increased to 

1017 cm-3 [refer to Figure 2 (c)]. With a FF of 75 % we could thus achieve an efficiency of 

16.9 % for a quintuple light pass through our 1017 cm-3 n-type doped silicon thin film. A 

reduction of the base diffusion length equal to the size of the absorber thickness 

(xb = Lb = 10 µm) would lead to a JSC, a VOC and a  of 30.5 mA·cm-2, 626 mV and 14.3 % 

assuming a quintuple pass through an 1017 cm-3 n-type doped silicon thin film. An additional 

increase of the absorber thickness to xb = 20 µm leads to a drop of the JSC, VOC and  to  

27.1 mA·cm-2, 617 mV and 12.5 % for a quintuple pass through our 1017 cm-3 n-type doped 

silicon thin film.  
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Figure 2: Estimation of the JSC, VOC and η  potential of an n-type silicon thin film solar cell as a function of xb 

and Lb for a single, double and quintuple light pass at a doping density of 1016 cm-3 and 1017 cm-3 using the 

simple analytical model described within this chapter. 
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2.2 Recombination 

In a solar cell excess carries (Δn) are generated under illumination [30,31]. The density of 

the optical generated carries is reduced by various recombination processes (Re). Recombi-

nation is any process leading to the extinction of an excited charge carrier state. The ratio of 

the generated excess carriers and their extinction due to recombination is defined as the car-

rier lifetime (τ) of the material as shown in Equation (15). 

 𝜏(∆𝑛) =
∆𝑛

𝑅𝑒(∆𝑛)
 

(15)  
 

 

Since the various recombination mechanisms depend on the excess carrier density itself the 

lifetime strongly depends on the injection level. Often it is not possible to distinguish be-

tween different recombination processes and the lifetime of each (τi) is combined to an ef-

fective lifetime by the relation shown in Equation (16).  

 𝜏𝑒𝑓𝑓 = (∑
1

𝜏𝑖
𝑖

)

−1

 (16)  

 

However, it is important to understand the different recombination processes in order to 

know what determines the electronic quality of the investigated material. Below the different 

recombination mechanisms are briefly introduced. 

 

Radiative recombination: 

Radiative band-to-band recombination [32] is the reverse process of the optical charge car-

rier generation. It describes the transition of an electron from the conduction band to the 

valence band releasing a photon with the energy of the band gab difference or less. Since 

both electrons and holes, need to be available, it strongly depends on the minority charge 

carrier density. In crystalline silicon the probability of a band-to-band recombination is low 

compared to a semiconductor with a direct band gap since the momentum of an additional 

phonon is needed for the process to occur. The photon emission known as photolumines-

cence can be detected optically (refer to chapter 3.3).  
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Auger recombination:  

Auger recombination [32] is an intrinsic recombination process. Unlike the radiative recom-

bination which leads to photon emission the excess energy is given to a third carrier, which 

is excited to a higher energy level without moving to another energy band. Under phonon 

emission the excited carrier then gives up its additional energy. Auger recombination be-

comes increasingly dominant when the excess charge carrier density is larger than doping 

concentration. 

 

Shockley-Read-Hall recombination: 

Shockley-Read-Hall recombination [33] describes recombination processes through defect 

states in the sub-band region and does not occur in a perfectly pure semiconductor . In gen-

eral the defect can collect and trap a charge carrier. The recombination rate strongly depends 

on the concentration, capture cross section and the introduced energy levels within the band 

gap. While defects with energy levels close to either the lower conduction band edge or the 

upper valence band edge are likely to be re-emitted at room temperature the recombination 

probability strongly increases for defect levels closer to the mid of the band gab. 

 

Surface recombination 

Surface recombination is a Shockley-Read-Hall recombination and solely describes defects 

at interfaces. The abrupt termination of a crystal lattice leads to a large number of recombi-

nation centers and thus electrically active states at its surface. In addition surfaces and inter-

faces are more likely to contain impurities since they are exposed during the device fabrica-

tion. The surface recombination becomes increasingly relevant for thin film devices and so-

lar cells which are not limited by volume defects within the absorber material.   

2.3 Defects 

Crystalline solids exhibit a periodic structure. This periodic structure can be defined by the 

unit cell parameters. Defects lead to a deviation from this periodic pattern. Generally the 

structural crystal defects are classified according to their dimensions.  

0-dimensional defects are point defects. Those atomic size defects include vacancies, inter-

stitials and substitutions. Vacancies are an intrinsic defect and are caused by unoccupied 
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lattice sites. Interstitials occupy sites at which there is usually not an atom. Those interstitial 

atoms can originate from elements of the crystal itself or can be built-in dopants and impu-

rities.  In the case of dopants and impurities, the atoms are also often incorporated at regular 

atomic sites in the crystal lattice. This is known as a substitutional defect. If an intrinsic atom 

leaves its lattice site and creates a nearby interstitial one speaks of a Frenkel defect.  

Figure 3 (a) 1 – 5 schematically depicts the described point defects. While intrinsic point 

defects can be annealed at low temperatures, impurities can lead to a strong degradation of 

the electrical properties depending on their energy level, capture cross section and concen-

tration [31,34]. 

1-dimensional defects lead to a deviation of an entire row of lattice points. Those linear 

defects are called dislocations and can be classified into edge dislocations, screw dislocations 

and mixed dislocations combining aspects of both types. This is schematically shown in 

Figure 3 (b) and Figure 3 (a) 10. The elastic distortion around dislocations causes tensional 

fields leading to the formation of shallow energy bands, which split off from the valence and 

conduction band [35]. Their recombination activity is low but increases dramatically if ad-

ditional deep levels are introduced such as dangling bonds or certain impurities [36]. 

 

Figure 3: (a) Schematic top view of the silicon crystal lattice with common defects such as (1) an extrinsic 

interstitial, (2) an intrinsic interstitial, (3) a vacancy, (4) a substitution, (5) a Frankel pair, (6) a twin grain 

boundary, (7) a low angle boundary, (8) a precipitate, (9) a void, (10) an edge dislocation and (11) a large angle 

boundary. (b) Schematic cross sectional view of the silicon crystal lattice with a (12) edge dislocation and (13) 

a screw dislocation. 
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2-dimensional defects in crystals describe interfaces between homogeneous regions of the 

material. They include free surfaces at which the ideal crystal terminates, grain boundaries 

and stacking faults. Surfaces are bonded on only one side and the configuration of atoms and 

their spacing in the first few planes at the interface adjust to accommodate the asymmetry of 

the bonding. This leads to a high dangling bond density at surfaces and provides favorable 

sites for the adsorption of atoms that do not fit well into the bulk lattice. Hydrogenated amor-

phous silicon (a-Si:H) has proven to passivate a high amount of the resulting dangling bonds 

with its silicon atoms [37,38] and hydrogen [39]. The most common internal interfaces are 

those that separate the individual crystallites it contains and are called grain boundaries [see 

Figure 3 (a) 7 & 11]. Their structure depends on the misorientation of the adjacent crystal 

grains. There are two basic types the tilt boundary with its rotational axis parallel to the 

boundary plane and the twist boundary, with a perpendicular rotational axis. The majority 

of boundaries are, however, of a mixed type. The electrical activity of the different grain 

boundaries can extend over a wide range depending on their nature [40–44]. Certain types 

of grain boundaries with a good geometric match between two adjacent crystals can be de-

scribed with the concept of the coincidence site lattice (CSL). The degree of fit known as Σ 

between two crystals is described by the reciprocal of the ratio of coincidence sites to the 

total number of sites of the smallest structural unit. In multicrystalline material the CSL 

boundaries can make up 60 – 90 % of the total grain boundary density [45,46]. Stacking 

faults occur when the regular sequence of the crystal planes is interrupted. A coherent grain 

boundary with a low electrical activity such as the twin grain boundary can result  

[Figure 3 (a) 6]. However, also recombination active stacking faults have been reported 

[47,48].  

3-dimensional defects are bulk defects such as precipitates and voids schematically shown 

in Figure 3 (a) 8 – 9. Their electrical activity is similar to their respective related point de-

fects. However, a precipitate can be advantageous for impurities with a large capture cross 

section compared to a homogeneous distribution of them within the crystal. Also inclusions, 

bubbles and cracks are volume defects.  

The liquid phase crystallization produces a multicrystalline silicon thin film which can ac-

commodate all mentioned defects. All these will contribute to the corresponding recombi-

nation processes previously described and will lead to a deviation from the theoretical po-

tential. Additional details on crystal defects in multicrystalline silicon can be found in refer-

ence [49]. 
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3 Experimental 

Below, the general preparation of a standard absorber layer is shown. The most important 

deposition tools are presented and their operation briefly discussed. Furthermore, the con-

figuration of the crystallization laser and its characteristics are introduced. Section 3.2 ex-

plains the processing procedures and the final structure of the photovoltaic devices fabri-

cated in this work. The characterization tools for the analysis of the absorber layers and the 

photovoltaic devices are presented in section 3.3. The most important ones are briefly ex-

plained. For some layers in this work the processes described were altered. However, 

changes are stated in the corresponding chapters accordingly.  

3.1 Absorber preparation 

Sample preparation was performed on either a 1.1 mm Corning® Eagle XG® or 3.3 mm 

Schott® Borofloat© substrate. Those two substrate types have been chosen as they combine 

great thermal stability with a well matching expansion coefficient for silicon. First of all the 

substrates were thoroughly cleaned with an alkaline detergent in an ultra-sonic bath for 

20 minutes at 80 °C. Subsequently, the samples were rinsed twice for 20 minutes in 80 °C 

deionized water and finally dried with nitrogen. 

3
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Next step was the deposition of a sputtered interlayer or interlayer stack with a 13.56 MHz 

RF magnetron arrangement as schematically depicted in Figure 4 (a). For all interlayer dep-

ositions a 9N-Si target was used in combination with the reactive gases O2 and/or N2 diluted 

in Ar. Only in early experiments a 5N SiC target was used in combination with the reactive 

gases O2, N2 and/or CH4 diluted in Ar. The substrate temperature during sputtering was set 

to 150 °C and the pressure to 1 Pa for all depositions. 

 

Figure 4: (a) Schematic configuration of the (reactive) sputtering system. Argon ions, which are accelerated 

towards the target, set off collision cascades in the target. If the energy is higher than the surface binding energy 

target material is ejected. This material is deposited onto the substrate and/or reacts optionally with the supplied 

reactive gases before deposition. The substrate may be heated during this process with an infrared heater. In 

(b) the schematic configuration of the electron beam physical vapor deposition is depicted. The electrons are 

emitted by a tungsten filament and are accelerated and focused (electron gun). The emerging electron beam is 

directed onto the silicon ingot by a magnetic electron deflector and causes silicon from the target to melt and 

eventually to evaporate. The silicon vapor resublimates as precipitate coating the substrate. A graphite heater 

can be used to heat the sample and a rotational unit to increase the homogeneity of the deposited silicon thin 

film. 

The silicon absorber was deposited using electron beam physical vapor deposition (EBPVD) 

[50,51]. A schematic of the EBPVD system is shown in Figure 4 (b). Electrons are given 

off, are accelerated and focused via an electron gun. To allow passage for the electrons a 

high vacuum is necessary. Typical process pressures during the deposition are in the range 

of 1 ·10-4 – 5 ·10-4 Pa. A magnetic electron deflector directs the beam onto a 2 kg conical 9N 

silicon ingot, where it causes target material to melt and eventually to evaporate. The sub-

strate is placed in a graphite heated chuck, which can pre-heat the samples to temperatures 

between Tdepo = 200 – 600 °C. The silicon vapor resublimates at rates of approximately  
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300 nm∙min-1 coating the substrates. An increased homogeneity across the sample can be 

achieved by a sample rotation during the deposition process. P-type can be achieved either 

by adding boron directly from an effusion cell [not shown in Figure 4 (b) for simplicity] or 

depositing a thin highly boron doped a-Si:H layer on top of the silicon absorber utilizing 

plasma enhanced chemical vapor deposition (PECVD). For n-type a highly phosphorous 

doped silicon layer was either sputtered or also deposited using PECVD. 

 

Figure 5: (a) Schematic drawing of the laser system. It consist of a Fe-heater mounted on a precision dual-axis 

system. Substrate temperature of Tsub ≤ 750 °C and scanning velocities of vscan ≤ 50 mm·s-1 can be achieved. 

The 808 nm line-shaped continuous wave laser was mounted above the stage and provided optical laser inten-

sities in the range of 0.269 – 10.868 kW·cm-2. A second 1 kW (area)-laser emitting at 940 and 980 nm could 

be used as an additional heating source. In (b) and (d) the measured laser profiles in x-direction and y-direction 

are shown and characteristic values are specified. In (c) the emission range of the diodes is depicted. 

After all layers have been deposited the samples were crystallized. A schematic of the crys-

tallization system is depicted in Figure 5 (a). It consists of a 15·15 cm2 iron heater which 

also served as a sample stage. A regulation of the substrate temperature between  

30 ≤ Tsub ≤ 750 °C (set temperature – also refer to Appendix A.3) at an average heating rate 
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of approximately 20 K·min-1 can be achieved. The heated sample stage was mounted on a 

precision dual-axis system which was able to move the sample with scanning velocities of 

vscan ≤ 50 mm·s-1. Several high power diodes emitting at 804.8 and 809.2 nm  

[see Figure 5 (c)] are formed to line sources by a special optic and are superimposed at a 

certain focal length, respectively. Thereby an optical laser intensity of  

Iopt = 0.269 – 10.868 kW·cm-2 was achievable and a failure of individual diodes only results 

in a performance loss rather than a change in beam geometry. The resulting beam had a top-

hat profile with a full width have maximum (FWHM) of 30.91 mm across its length (y-

direction). The inhomogeneity of the beam was very low with less than 3 % overall devia-

tion. Across its width (x-direction) the laser beam had a Gaussian profile with a FWHM of 

0.177 mm and an e-2 of 0.301 mm (13.5 % of the maximum intensity). The normalized pro-

files for both x-direction and y-direction are depicted in Figure 5 (d) and Figure 5 (b), re-

spectively. A second 1 kW fiber coupled laser emitting at 940 and 980 nm was also available. 

In focus it has a top-hat profile with a FWHM of 52 mm across its length (y-direction) and 

a Gaussian-like profile with a FWHM of 1.7 mm across its width (x-direction). It was sub-

sequently installed to aid and/or replace the Fe heater. 

The sample crystallization was performed placing the specimens onto the 400 °C pre-heated 

sample stage and subsequently raising the temperature to the final substrate temperature. 

Once the processing temperature was reached the specimens were crystallized with the crys-

tallization laser. Crystallization was always performed in focus, while the optical laser in-

tensity and the scanning velocity were adjusted according to the requirements of the respec-

tive experiments. As reference parameters a Tsub of 700 °C, vscan of 3 mm·s-1 and an Iopt of 

2.073 kW·cm-2 were used. Crystallization was performed in ambient air. After laser crystal-

lization the heated sample stage was switched off. After the samples have cooled down to 

400 °C, they were taken from the sample stage and the crystallization process could be re-

peated. 

3.2 Device preparation 

After liquid phase crystallization a bulk and interface passivation was applied by exposing 

the absorbers to a hydrogen plasma at 600 °C for 15 min [52]. Afterwards 500 nm of silicon 

was etched off using a multicrystalline silicon (mc-Si) wet etch consisting of HNO3, H2O 

and HF [50:20:1 vol%] to remove plasma induced surface defects. For textured samples we 
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skipped the mc-Si etch. Instead, a random pyramid texture based on a H2O, KOH and iso-

propyl alcohol [34:1:2.2 vol%] solution was performed. An etching time of 300 s at a solu-

tion temperature of 90 °C has been found to be sufficient to obtain well defined random 

pyramids and yet not to remove more than 2 µm of the initial thin film absorber. Subse-

quently a standard RCA cleaning procedure was performed independently whether the sam-

ples were planar or textured [53].  

Mesa structures: 

Depending on the doping type of the absorber layer either a c-Si(n)/a-Si:H(i,p+) or a  

c-Si(p)/a-Si:H(i,n+) hetero-junction was prepared by low-temperature PECVD [54,55]. The 

thickness of the buffer and emitter layer were kept constant with 5 and 10 nm, respectively. 

Test structures of type A were fabricated with 80 nm thick sputtered ITO squares of  

8 ∙ 8 mm2 using a shadow mask. Masks slightly larger than the ITO contact area were used 

to cover the ITO and wet chemically remove the amorphous silicon with a 5 – 10 s mc-Si 

etch followed by an HF dip until dewetting. Test structures of type B have been prepared 

depositing an 80 nm thick sputtered ITO layer on top of the hetero-junction without any 

shadow masks. The definition of the active cell area was realized by masking areas of inter-

est. The unmasked ITO areas were than etched off with an HCl solution [20 vol%] followed 

by a short mc-Si etch to remove the amorphous silicon and an HF dip until dewetting. The 

absorber contact was formed by evaporating 1.5 µm Al in case of a p-type absorber and a  

20 nm/1.5 µm  Ti/Ag stack in case of an n-type absorber onto the unmasked areas. A final 

ITO annealing step was carried out at 200 °C for 300 s after metallization. A schematic 

drawing and a micrograph for both processing types are depicted in Figure 6. Main differ-

ences between the two types are a more clearly defined active cell area with a sharp etching 

edge for the type B structures and thus a small but well defined distance between emitter 

contact and the outside of the cell lying absorbers contact. 

 

Figure 6: Schematic drawing and a micrograph of a test structures of (a) type A and (b) type B. 
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Single-side contacted solar cell: 

The advanced device structure was based on the FrontERA design presented in reference 

[10,12]. For p-type we deposited a 5 nm a-Si:H(i) layer utilizing low-temperature PECVD. 

A 1.5 µm thick Al absorber grid, busbar and a contact pad were deposited through a high 

precision shadow mask via electron beam evaporation. With the shadow masks structures 

down to a size of 45 µm were possible without lift-off photolithography. A photolithography 

structured and annealed photoresist served as an insulator for the absorber contact and to 

define the active cell area of 6 · 10 mm2. Annealing was performed at 200 °C for 30 min to 

avoid outgassing and also to form ohmic absorber contacts through the previously deposited 

a-Si:H(i) passivation layer [56].  Subsequently a 10 nm full area a-Si:H(n) emitter layer was 

deposited using PECVD followed by a 80 nm, RF magnetron sputtered ITO layer utilizing 

shadow masks. The 1.5 µm Ag emitter grid, busbar and contact pad was again deposited via 

electron beam evaporation trough high precision masks.  

For n-type solar cells a full area c-Si(n)/a-Si:H(i,p+) hetero-junction was prepared. The thick-

ness of the buffer and emitter layer were 5 and 10 nm, respectively. After emitter deposition 

a lift-off mask was formed using photolithography. It was used to define the active cell area 

of 6 · 10 mm² and the area of the absorber grid, busbar and contact pad. A subsequent full 

area 20 nm/1.5 µm Ti/Ag stack was deposited via electron beam evaporation, resulting in a 

well-structured absorber grid after lift-off in acetone. A photolithography structured and an-

nealed photoresist served as an insulator. Subsequently, an 80 nm ITO layer was deposited 

using shadow mask followed by an electron beam evaporated 20 nm/1.5 µm Ti/Ag grid, 

busbar and contact pad utilizing precision shadow masks. A schematic drawing and a mi-

crograph is depicted in Figure 7. 

 

Figure 7: Schematic drawing and a micrograph of the single-side contacted device structure  
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3.3 Characterization systems 

Electron microscope:  

The electron microscope used consists of a cold field emission gun. Instead of thermally 

emitted electrons they are expelled by a strong electric field generated close to the tip of the 

filament. The proximity and size of the field causes electrons to tunnel out of the material. 

An anode accelerates and concentrates the generated electrons and electromagnets are used 

as condenser lenses to focus the electron beam onto the specimen under investigation.  

When the so called primary electron beam hits the specimen secondary electrons, backscat-

tered electrons and characteristic X-rays arise. Their signals are coming from different 

depths based on their energy and nature as depicted in Figure 8.  

Secondary electrons are emitted from atoms that have absorbed the energy of the electron 

beam and give off their own electrons. Those electrons have a low energy and can only 

escape the material near the surface. After they have escaped the material they are attracted 

by a positively charged collector. Once they have passed the collector they will interact with 

a secondary electron detector resulting in a measureable intensity. By scanning the sample a 

spatially resolved electron yield can be measured and eventually converted into a greyscale 

image where the brightness depends on the amount of electrons which have escaped the 

surface. The yield is larger on protrusions and edges but lower at valleys and holes as less 

electrons escape them. This measurement method is called secondary electron microscopy 

(SEM) and is ideal to image surface characteristics. The penetration depth / depth of infor-

mation depends on the investigated material and ranges between a few nm up to several tens 

nm for metals and insulators respectively [57]. 

Some of the electrons of the primary beam will be inelastically scattered at atoms from the 

surface and from deeper within the specimen. The backscattering site can be regarded as a 

divergent source. Electrons that interact with lattice planes and escape the material at the 

Bragg condition [58] lead to a constructive interference. The diffracted electrons result in a 

material typical diffraction pattern also known as Kikuchi pattern. Some of the diffracted 

electrons collide and excite a phosphor screen. The resulting fluorescence can be detected 

with a charge coupled device camera. By scanning the sample spatially resolved Kikuchi 

pattern can be measured. The detected Kikuchi pattern provides information on the crystal 

phases and their orientation and can thus be used to evaluate e.g. grain orientations, grain 
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sizes, grain boundaries and strain. This measurement method is known as electron backscat-

ter diffraction (EBSD). To increase the fraction of back scattered electrons from the sample 

and to reduce the penetration depth the investigated samples they are generally tilted by  

70 ° to keep the incident angle of the electron beam low. 

 

Figure 8: electron beam sample interaction. The excited volume increases with increasing acceleration voltage 

and decreases with increasing atomic number 

Characteristic X-rays are emitted if electrons of the primary beam collide with atoms of the 

specimen and eject electrons of their inner atomic orbit. To gain a lower energy state, the 

outer electrons will take their place and emit an energy quantum. Those energies depend on 

the energy levels of the electron orbits. They can be directly related to a certain element and 

are called characteristic X-rays. In the energy dispersive X-ray spectroscopy (EDX), this 

radiation is detected and evaluated. The detection limit for most elements with an atomic 

number greater than ten is approximately 0.1 wt%. For lighter elements this limit decreases 

while elements below an atomic number of 5 cannot be detected. The penetration depth / 

depth of information depends on the investigated material and is approximately one micron.  

The electron microscope can also be used in transmission mode. This method is known as 

transmission electron microscopy (TEM). However very thin polished samples of approxi-

mately 100 nm thickness and a very fast acceleration of the primary beam are required for 

the specimen to become electron transparent. In general the primary electrons can be ab-

sorbed, scattered or pass directly through the investigated sample. Depending on the detected 

signal various greyscale images can be depicted. If the transmitted electron fraction passes 

through the objective aperture the bright field image can be displayed. The bright field image 

leads to dark areas in regions of high scattering indicating regions of increased thickness, 

high mass and/or strong diffraction effects. The dark field image in contrast is formed with 
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electrons scattered in a specific direction due to diffraction of a particular lattice plane. The 

image is dark where diffraction is weak and bright where diffraction is strong. The interfer-

ence between the transmitted beam and the diffracted beams is used to obtain images with 

an atomic resolution and is known as high resolution TEM. 

Secondary ion mass spectroscopy: 

Secondary ion mass spectroscopy (SIMS) uses a focused ion beam to sputter of from the 

surface of a specimen. The ejected secondary ions are collected and analyzed to determine a 

depth resolved elemental composition of a sample down to a sensitivity ranging from parts 

per million to parts per billion. For this purpose, either a quadrupole mass analyzer or a 

sector mass spectrometer is used. Details on their operation principle can be found in refer-

ence [59]. The quantitative SIMS measurements with standards were performed at Evans 

Analytical Group. 

Raman spectroscopy: 

Raman spectroscopy provides information about crystal and molecular vibrations that can 

be used for identification and quantification [60]. It detects the scattered light of a mono-

chromatic light source which is focused onto a specimen. The majority of the scattered light 

will be elastically scattered and thus has the same frequency as the excitation source. How-

ever, a very small amount of the scattered light is shifted in energy due to interactions with 

the vibrational energy levels of the specimen. The energy difference between excitation 

source and scattered light can result from the generation or the extinction of a phonon and is 

known as Stoke and anti-Stoke shift, respectively. In this work the evaluation of the Raman 

spectrum has been used to draw conclusion on the crystallinity and the strain within silicon 

specimens. 

Photoluminescence 

Photoluminescence (PL) originates from a photon absorption and emission process between 

different electronic energy levels in a material. Since this radiative recombination can occur 

directly or through intermediate levels in the band gap, it provides valuable information 

about the electronic structure of a specimen. The PL signal can generally be measured spec-

trally resolved, time resolved or as a spatially resolved map integrating the signal for a cer-

tain time within the sensitivity range of an appropriate detector [22].   
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In this work the spatially resolved PL map also known as PL imaging and the local time 

resolved PL known as transient PL are detected. The PL imaging system uses light emitting 

diodes as excitation source. The emitted light is uniformed and passed through a shortpass 

filter to block infrared noise before it is directed onto a specimen. Longpass filters are used 

to block any stray light and excitation light which has not been absorbed in the thin film. 

The detection is carried out with a cooled back-illuminated charge coupled device. Specific 

details on the system can be found in reference [61]. Transient PL measurements were per-

formed on 200 µm² spots using a mirror Schwarzschild microscope objective with a numer-

ical aperture of 0.5. Illumination and detection shared the same beam path through the ob-

jective and were mixed/separated via beam splitters and additional clean up filters. For illu-

mination a frequency doubled Nd:YAG laser was used with 8 ps, 10 nJ pulses and 1 MHz 

repetition rate. An InGaAs avalanche photo detector measured the PL signal with 5 µs dead 

time. Additional filters suppressed any spectral bleeding between illumination and detection 

beams. A time-correlated single photon counting statistic was accumulated over 60 s with 

125 ps time bins. The transient PL via time correlated single photon counting is well suited 

for fast charge carrier dynamics down to the ns regime.  

Photothermal deflection spectroscopy: 

The photothermal deflection spectroscopy (PDS) is used to measure the absorption coeffi-

cient of a specimen [62]. A chopped monochromatic light is passed through a beam splitter. 

One beam is used to determine the intensity and the other focused vertically onto a specimen. 

The light which is absorbed by the specimen without radiative recombination leads to a heat-

ing. The heat raises the temperature of the specimen and of a suitable material adjacent to it. 

This results in a changing refractive index that can be detected by the deflection of a helium-

neon laser which runs parallel and close to the sample surface. The amount of deflection is 

detected with a silicon differential diode and its signal processed with a lock-in amplifier. 

The measurement range comprises a range of 0.5 – 3.5 eV with a sensitivity of approximately 

0.1 cm-1. Since the PDS only measures defects that lead to a heating of the sample it can be 

considered as a complimentary measurement method for photoluminescence, which only 

detects radiative recombination processes. 
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Quantum efficiency: 

The quantum efficiency of a solar cell is a measure of a device’s electrical sensitivity to light. 

It is measured across a broad wavelength range to gain a cell’s sensitivity at each photon 

energy level. One can distinguish between external quantum efficiency (EQE), which rep-

resents the ratio of the number of generated charge carriers collected by the device to the 

number of incident photons, while the internal quantum efficiency (IQE) describes the ratio 

of collected charge carriers to the number of incident photons absorbed by the photoactive 

layer.  

Hall mobility: 

The Hall effect describes the deflection of a charged particle in a magnetic field due to the 

Lorentz force. The deflection is proportional to the strength of the field and the velocity of 

the charge carrier and leads to an uneven distribution of charge carriers causing a potential 

difference across the material. This difference is known as the Hall voltage and can be meas-

ured. The Lorentz force is strongest if the current flow is perpendicular to the direction of 

the magnetic field. In this work the van der Pauw method [63] was used. It provides infor-

mation on the resistivity, doping type, majority carrier density and their mobility. 

SunsVOC: 

SunsVOC [64,65] measures the open circuit voltage of a device as a function of the light 

intensity. A constant light source is not necessarily required and a single flash of a flash lamp 

can be used in order to ensure a quick and simple measurement. Prerequisite is, however, 

that the intensity decay of the flash lamp is significantly lower than the minority carrier 

lifetime of the investigated device. Thus every VOC measurement during the flash takes place 

in a quasi-stationary equilibrium. The intensity is typically varied within 0.1 suns up to a 

few suns and a photodiode used as a reference. 

By setting the JSC to a certain value and assuming that the generated current density scales 

linearly with the illuminated light intensity we can assign a theoretical JSC to every measured 

VOC value [refer to Equation (13)]. From the resulting curve we can determine a fill factor 

which is not affected by series resistance and known as the pseudo fill factor (pFF). We can 

also calculate the intensity dependent ideality factor of the device [66,67]. The SunsVOC 

method is perfectly suited to screen the VOC of a large amount of devices within a short 

period of time. 
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Solar simulator 

A solar simulator tries to map the AM1.5g spectrum defined in the standard IEC [19] in 

order to provide a controllable indoor system to measure the current-voltage characteristic 

of photovoltaic devices. It usually consists of an assembly of one or more light sources, 

filters, lenses and reflectors. The resulting spectrum is classified with a grading from A to C 

with A being best. Assessment criteria are the spectral content, the spatial uniformity and 

temporal stability. The utilized equipment achieved an A grade in all three categories. More-

over it is capable to actively cool the sample to 25 °C during the measurement as defined in 

the standard testing conditions. 
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4 Intermediate layers at the glass silicon interface 

The functional layers between glass and silicon need to fulfil a variety of tasks. It starts off 

with properties which we take for granted such as temperature stability and wettability. 

Moreover the optical and electrical properties of the interlayers are of major importance, 

since the direct crystallization of silicon on a glass substrate leads to a buried interface and 

the most promising contact schemes for the future [68,69] require a superstrate configura-

tion (illumination from the glass side). Many properties have already been investigated in 

references [14–16,70], whereby experiments have focused on the passivation and optical 

properties. Below are important additional experimental results to supplement the current 

state of the art. The defect densities of the buried interfaces are investigated with PDS for 

various interlayers. The results are correlated to cross-sectional TEM measurements and to 

numerous Hall mobility measurements. Furthermore the changing processability in depend-

ence of various interlayers is investigated and compared with values from literature. 

4.1 Thermal stability, defects and mobilities 

Simulations of the lateral and depth resolved heat distribution during the crystallization of a 

10 µm thick Si layer on top of a 1.1 mm thick Corning® Eagle XG® substrate have shown 

that for low scanning velocities and high laser intensities surface temperatures of up to 

1508 °C can be achieved. The temperature and the thermal load even increases as the thick-

ness of the Si layer is increased, reaching values far beyond the melting temperature (Tmelt) 

of silicon [see Appendix A.1 for more details]. Any layer in direct contact and significantly 

4
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thinner than the thickness of the silicon layer will therefore approximately reach the same 

temperature. Hence, a prerequisite for any functional layer, with the exception of a silicon 

doping layer, is to be thermally more stable than the maximum temperature during the crys-

tallization process. Otherwise, the layer in contact will melt completely or at least in parts 

and its impurities will be dissolved into the silicon lattice or lead to precipitates which are 

directly frozen into the silicon lattice. Table 2 depicts the layers used in this work and their 

melting temperatures. As can be seen Al2O3, SiO2 and Si3N4 theoretically meet the temper-

ature requirement. While the oxides melt at their respective Tmelt, a direct phase transition 

from the solid to the gas phase without passing through the liquid phase can be observed for 

Si3N4. Crystalline SiC can be distinguished by excellent thermal properties and only starts 

to decompose at temperatures above 2800 °C. However, amorphous silicon-rich SiCX com-

pounds form a liquid-solid mixed-phase at temperatures as low as 1400 °C. It can be assumed 

that amorphous SiC layers in contact with a thick Si layer will always be silicon-rich (at least 

at the interface) and thus be at least partially melted during the crystallization process. 

Table 2: Interlayer Properties 

material Tmelt (°C) reference 

Al2O3 2072 [71] 

SiO2 1713 [72] 

Si3N4 ≈ 1900 (sublimation) [73] 

SiCx 
≈1400 (SiCx | x < 50 at. %) 

≈2800 (decomposition) 
[74,75] 

Si 1414 [76] 

 

To investigate the quality of the interface we crystallized 10 µm EBPVD deposited silicon 

layers on a 200 nm SiO2, 200/80 nm SiO2/SiNX and a 200/10 nm SiO2/SiC interlayer (stack). 

After crystallization we etched off the glass substrate with HF [20 %vol] to expose the 

glass/silicon interface and measure the absorption coefficient utilizing PDS. The black 

curves of Figure 9 depict the resulting spectra of the three samples after HF etching, respec-

tively. Since the HF etching may not fully remove the interlayer stack an additional short 

mc-Si wet etch was performed and two further PDS spectra were measured at two different 

positions on the sample. The resulting curves (blue and red) are depicted in Figure 9. 
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Figure 9: PDS spectra from the buried interface of 10 µm EBPVD deposited and laser crystallized Si layer on 

a 200 nm SiO2, a 200/80 nm SiO2/SiNX and a 200/10 nm SiO2/SiCX interlayer (stack). The black spectra was 

measured after the HF removal of the Corning® Eagle XG® substrate. The blue and red curves have been 

measured after an additional mc-Si etching. 

The PDS spectra of the 10 µm Si on a 200 nm SiO2 interlayer shows a more or less identical 

slope before and after mc-Si etching with a very low sub-band absorption (α < 1 cm-1). This 

is indicative for a high quality interface with a relatively low defect density. The small mis-

match at 1.1 eV results from a detector change. Crystallization on a 200/80 nm SiO2/SiNX 

interlayer stack in turn leads to an increase of the sub-band absorption with values of  

3 – 7 cm-1, which decrease to values just above 1 – 2 cm-1 after mc-Si etching. The highest 

sub-band absorption was observed for the Si sample crystallized on a 200/10 nm SiO2/SiCX 

interlayer stack. Here an absorption coefficient of almost 50 cm-1 could be measured below 

1 eV. However, the sub-band absorption decreased to values ranging between 4 – 6 cm-1 

after mc-Si etching. The decrease of the sub-band absorption for both the Si on a SiNX and 

SiCX based stack after mc-Si etching indicates that the first few nm of the interface have an 

increased defect density and/or the interlayer was not completely removed. Moreover the 

change of the absorption coefficient above the band gap for the crystallized silicon on a 

200/10 nm SiO2/SiCX interlayer stack indicates a change of the bond lengths and angles [77–

79] due to an increased incorporation of impurities at the interface and/or a lattice mismatch 

towards the interface.  

In Figure 10 cross-sectional TEM images of the silicon interlayer interface for Si on 200 nm 

SiO2, 200/70 nm SiO2/SiNx, 200/10 nm SiO2/SiCX and 200/30/5 nm SiO2/Al2O3/SiO2 are 
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shown. As can be seen the increasing defect densities in the sub-band region seem to corre-

late with the appearance of the interface between the silicon and the interlayer. While a sharp 

Si interface is created on a SiO2 barrier and dislocations are not visible, SiNX based interlay-

ers generally show an increased amount of voids and structures that appear to be stacking 

faults. Moreover an increased number of pinholes after crystallization is observed. Even 

though SiNX is supposed to be stable up to 1900 °C and temperature simulations of the crys-

tallization process suggest temperatures below it seems that a partial sublimation occurs 

which leads to an outgassing of nitrogen and thus to an increased amount of pinholes and 

voids. The SiCX and the Al2O3 based interlayers seem to crystallize creating a rough transi-

tional layer which is indicative of even higher defect densities. 

 

Figure 10: TEM images from 10 µm thick silicon layers crystallized on a Corning® Eagle XG® substrate 

coated with different intermediate layers as indicated. The images display a TEM cross-section of the respec-

tive interfaces.  

This relation is also reflected by the Hall mobilities of the silicon layers. Figure 11 depicts 

numerous Hall measurements of samples with different barrier types. The sample size for all 

Hall structures was 5 · 5 mm2. The measurements were performed at 300 K using the Van 

der Pauw method. In order to compare n-type and p-type and preserve an overview the meas-

ured mobilities have been normalized to the maximum achievable majority carrier mobility 

data provided by D. Amkreutz
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of monocrystalline silicon according to Equation (10). As model parameters the data from 

Table 1 have been used for both doping types respectively. Figure 11 (a) depicts the meas-

ured values of 10 µm laser crystallized silicon layers, which have been deposited via 

EBPVD. Their crystallization was solely performed on Corning® Eagle XG® substrates. 

Direct and reactive sputtering was used to deposit the various interlayers and interlayer 

stacks. The corresponding intermediate layer structure is depicted as well as the utilized 

sputter target. Exceptions are Al2O3 layers which have been deposited by means of atomic 

layer deposition and experiments which utilized a seed layer [more details can be found in 

chapter 8 (p.93)]. The scattering of the results within a series is not necessarily caused by 

the interlayer quality or changing deposition conditions but rather by parameter variations 

within the categories. Figure 11 (b) also depicts the Hall mobilities of laser crystallized spec-

imens which have been entirely prepared with PECVD on Schott® Borofloat® substrates.  

The shown Hall mobility generally represents the upper limit of the respective samples as 

the best areas were examined. It should be noted that in particular samples with a lower 

mobility tend to strongly scatter towards lower values. One reason is the changing sheet 

resistance along and perpendicular to the scanning direction due to the elongated grain struc-

ture after crystallization [details of the morphology are shown in chapter 6 (p.51)]. This may 

even result in not measurable samples with the Van der Pauw method. 

Figure 11: Normalized Hall mobilities of 10 µm p-type (squares) and n-type (stars) silicon deposited with (a) 

EBPVD on Corning® Eagle XG® substrates coated with various differently sputtered interlayers from either 

a SiC or a Si sputter target as indicated or (b) fully PECVD processed intermediate and absorber layers. 
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Figure 11 (a) reveals four general trends. First of all n-type layers [Figure 11 (a) stars] have 

an approximately 10 % increased normalized mobility compared to their p-type counterparts 

[Figure 11 (a) squares]. Possible causes may be diverse. N-type material in general is known 

to be less prone to metallic impurities [80]. Moreover it is known that p-type material may 

result in an increased density of harmful BO complexes [81] and an increased effective sur-

face recombination in case of a Si/SiO2 interfaces [82]. On a device level the improved per-

formance on n-type cells was already demonstrated. 

Furthermore it can be seen that interlayers and interlayer stacks which have been sputtered 

from a 5N SiCX target result in Hall mobilities in the range of 20 – 55 % of the maximum 

achievable majority carrier mobility for silicon whereas interlayers and interlayer stacks 

from a 9N Si target lead to Hall mobilities in the range of 52 – 89 %. A SIMS analysis of the 

SiCX target revealed high impurity concentrations of several relevant elements as shown in 

Table 3. It seems very likely that either the impurities itself or the carbon from the sputter 

target (even after reactively sputtering SiO2 layers) are responsible for this degradation. 

Table 3: Impurity concentrations of the 5N SiC target measured with SIMS 

element Be Fe K Al N O 

concentration (cm-3) 3.2·1017 6.9·1015 7.4·1015 1.3·1016 6.9·1017 1.2·1018 

 

Moreover one can see a correlation with the PDS measurements for samples which are of 

the same doping type and have interlayers from the same sputter target. P-type specimens 

with a SiO2/SiCX interlayer stack sputtered from a SiCX target reach values of 20 – 37 % 

which are increased to 42 – 55 % if a single SiO2 interlayer is utilized. In case of p-type 

specimens with sputtered interlayers from a Si target the lowest values were measured for 

Al2O3 based interlayer stacks with values ranging between 52 – 62 %, followed by 

SiO2/SiNX/SiO2 triple stacks with values between 60 – 68 % and single SiO2 interlayers with 

values of 62 – 70 %. The seed layer crystallization [refer to chapter 8 (p.93)] on a SiO2 

interlayer even reached values in the range of 78 – 83 % of the maximum majority carrier 

mobility of silicon. In case of n-type layers values of 71 – 79 % were achieved on 

SiO2/SiNX/SiO2 triple stacks and value between 86 – 89 % for seed layer specimens on SiO2 

interlayers. Thus one could deduce that SiO2 performs best closely followed by 

SiO2/SiNX/SiO2 triple stacks. This is followed by considerably lower performing Al2O3 
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based interlayers and SiCX based interlayers which performed worst. On a device level SiNX 

based triple stacks seem to perform better than single SiO2 interlayer [83]. One should note 

that the exact chemical composition of the interface remains unknown. However, it is very 

likely that field passivation effects as stated in reference [70] compensate the slightly in-

creased defect density at the interface for SiNX based interlayers.  

As mentioned before some series have been subject to additional parameter variations. The 

data which have been fitted with a linear regression for example have been crystallized at 

different scanning velocities. For all scanning velocities series we observe an increased mo-

bility at lower vscan. The most likely reason are improved morphological properties [refer to 

chapter 6.5 (p.60)]. Lower vscan are accompanied by an increased carrier concentration. How-

ever, it cannot be determined with certainty if the increase in the charge carrier density is 

caused by the higher thermal load for the respective interlayers at low scanning velocities or 

a higher doping efficiency due to increased material properties e.g. less grain boundaries 

[refer to chapter 6.5 (p.60)]. 

The normalized Hall mobilities of the PECVD deposited samples are shown in  

Figure 11 (b). The results summarize the state of the art and specific details on their deposi-

tion can be found in references [18,84]. The samples consisted of a 15/200/85 nm 

SiNX/SiO2/SiOXNY triple stack with a 9 µm a-Si:H(i) absorber and an either 50 nm a-Si:H(p) 

or 50 nm a-Si:H(n) doping layer on top. The p-type layer performed very similar to the sput-

tered SiO2/SiNX/SiO2 triple stacks with values ranging between 59 – 68 %.  The n-type layer 

in turn outperformed the sputtered and EBPVD deposited layers with 82 – 93 %. Considering 

the huge effect of the different sputter targets for EBPVD layers this indicates that either the 

purity of the deposited layers itself are increased and/or the full precursor deposition without 

vacuum break between interlayer and absorber layer deposition is beneficial. 

4.2 Silicon wettability 

The wettability of silicon on glass substrates certainly is a prerequisite of the intermediate 

layer. In the liquid state thin silicon layers are dominated by surface tensional forces and 

tend to converge into droplets [85]. To avoid this phenomenon it is essential to use an ade-

quate intermediate layer or intermediate layer stack. For a liquid droplet on a solid surface 

we can measure a material specific contact angle provided that temperature and pressure are 

constant and known [86–88]. In case of liquid silicon on various substrates this has been 
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investigated in reference [89]. It was deduced that the contact angle of the Si droplet is di-

rectly proportional to the band gap of the material it was placed on. This correlation leads to 

a fundamental limitation. In general a low band gap material leads to a higher absorption 

while its wettability for molten silicon increases. In case of the deposited SiCX interlayer the 

strong parasitic absorption is increased even further due to its amorphous nature and can 

only be decreased by a crystallization procedure utilizing pulsed short wavelength laser [90–

93]. This additional process step, however, leads to a significant expenditure and is therefore 

undesirable. To circumvent this fundamental disadvantage one can utilize thin capping lay-

ers as stated in reference [85] or in the patent of Corning® [94]. In zone melting processes 

they have been investigated in reference [95] and were adapted to the liquid phase crystalli-

zation process later on [11]. However, the deposition of a cap also leads to a rather undesired 

additional expenditure and in case of a laser system to optical interference effects that are 

hard to control. 

 

Figure 12: Working range enhancement in dependence of the interlayer between silicon and substrate. The 

working range without interlayer was used as the reference. The experimental data has been gained at a sub-

strate temperature of Tsub = 700 °C and a scanning velocity of vscan = 3 mm/s. 

In order to investigate the effect of the intermediate layer dependent contact angle 10 µm Si 

layers have been depostied onto Corning® Eagle XG® substrates which have been coated 

with the interlayers shown in Table 2. As crystallization parameters a Tsub of 700 °C and a 

vscan of 3 mm·s-1 were chosen. The optical laser intensity was raised starting with the lowest 

possible energy to fully crystallize the Si layer until dewetting of the Si layer was observed. 

The working range ΔIopt of 10 µm silicon layers directly deposited onto cleaned Corning® 

Eagle XG® substrates were used as a reference. The relative change in ΔIopt is plotted in 

Figure 12 for the investigated interlayers. As can be seen samples without any interlayers 

performed worst. Specimens with a SiNX, SiO2, Al2O3 and a SiCX interlayer showed an 

improved working range with a relative increase of 11, 16, 27 and 39 %, respectively. In 
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literature [17] the process window for the crystallization of 10 µm silicon layers at substrate 

temperatures of Tsub = 650 °C and scanning velocities of vscan = 7 mm·s-1 seems different. 

Nevertheless, very similar trends were observed. However, the relation between band gab 

and wetability of reference [89] could not be confirmed. Especially the Al2O3 with its 

significantly larger bandgap than SiNX performed unexpectedly well. The TEM cross 

sections of Figure 10 suggests that the increased surface roughness due to a partial 

crystallization for Al2O3 as well as SiCX based interlayers improves the silicon adhesion in 

exchange for a highly defective interface. Capping layers have not been investigated in  

Figure 12. While a process stability enhancement is gained for electron beam crystallization 

[11], they can work as a reflective layer or as a absorptive layer in laser crystallization 

processes depending on their relative thickness compared to the irradiation intensity of the 

laser system (λ = 808 nm). 

4.3 Summary and Conclusion 

The investigated intermediate layers of Table 2 have shown a good correlation between PDS 

measured defect densities at the glass silicon interface and cross sectional TEM micrographs 

of the corresponding interfaces. Hall measurements could be correlated to confirm the 

findings and additionally revealed a strong dependance of the doping type of the silicon 

absorber, the purity of the sputter target and thus the resulting purity of the interlayer itself. 

From a morphological point of view, it was found, that silicon on a SiO2 intermediate layer 

performs best, while SiNX, Al2O3 and SiCX based interlayers led to steady decreasing 

material properties at the interface. Thereby the defect densities increased as followed:  

SiO2 < SiNX < Al2O3 / SiCX. Moreover phosphorous silicon doping is superior to boron 

doped silicon layers. In terms of silicon wettability during the melting process it was found 

that the processing range increases as followed: SiNX < SiO2 < Al2O3 < SiCX. This is almost 

in contrast to the measured defect density and represents a fundamental limitation. However, 

the linear correlation of the wetting angle of silicon and the bandgap of the intermediate 

layer in contact as stated by reference [89] could not be confirmed. It rather seems that the 

resulting surface roughness after crystallization additionally promotes the silicon wettability. 
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5 Silicon precursor 

The material properties of the as-deposited silicon are decisive for the quality of the result-

ing absorber material. The following chapter investigates the effects of the EBPVD deposi-

tion temperature in dependence of the utilized contact layers SiO2 and SiNX. The results are 

compared with a fully PECVD processed precursor of the hitherto (2014/09/22) best known 

process. Besides the analysis of strain, crystallinity and the orientation of the crystals the 

ability to crystallize the resulting layers was investigated. Furthermore the impurity concen-

trations of the material before and after crystallization for several highly relevant elements 

was measured utilizing SIMS. 

5.1 General properties 

The following section deals with the material properties of the as-deposited silicon layers. 

The main focus was on the EBPVD deposited films. Only for comparison, a PECVD depos-

ited silicon layer of the hitherto (2014/09/22) best known process was added. The influence 

of the deposition temperature on the morphology of the resulting layers was investigated. 

The temperatures of the graphite heater [refer to chapter 3.1] during the deposition were set 

to (Tdepo) 200, 400 and 600 °C, respectively. Deposition was carried out on a 200 nm SiO2 

and a 200/80 nm SiO2/SiNX coated Corning® Eagle XG® substrate of 1.1 mm thickness. 

Figure 13 shows the corresponding Raman spectra of the layers including a c-Si reference 

of a polished float zone Si wafer. Each spectrum is the average of 10 separate measurements 

performed at various locations on the specimens to ensure sufficient statistics. The Raman 

5



Silicon precursor - General properties 

 

40 

 

spectra were then deconvoluted with three Gaussian peaks which can be attributed to differ-

ent material phases present in the investigated samples. A narrow line centered at a wave-

number of ν = 521 cm-1 corresponds to the position of the transverse optical (TO) phonon 

mode of crystalline silicon [96]. A tail towards lower ν can be attributed to crystallites of 

diameters lower than 10 nm [97] or a silicon wurzite phase which can result from twinning 

defects [98]. In the deconvolution procedure this tail is fitted at ν = 510 cm-1. Finally a broad 

peak at 480 cm-1, which is characteristic of the TO phonon mode of the amorphous silicon 

phase is fitted. By integrating the deconvoluted Gaussian peaks we can calculated the so 

called Raman crystallinity (XC) as described in Equation (17), whereby Ii is the area under-

neath each graph with the center wavelength at i. The value XC can be interpreted as the 

minimum crystalline volume fraction within the material [99]. 

 𝑋𝑐 =
(𝐼520 + 𝐼510)

(𝐼520 + 𝐼510 + 𝐼480)
 (17) 

 

Figure 13: Raman spectra of 10 µm thick electron beam evaporated silicon layers deposited at different tem-

peratures on a sputtered (a) SiO2 interlayer and (b) SiO2/SiNX interlayer. An additional c-Si reference has been 

added. The tabular insets display the deposition temperature Tdepo, the corresponding calculated Raman crys-

tallinity fraction XC and the amount of uniaxial stress σ. The graph insets serve for the determination of the 

peak position. 

As shown in Figure 13 (a) and Figure 13 (b), the spectrum of the c-Si reference (red curves) 

has its peak at ν = 520 cm-1 with a full width half maximum (FWHM) of approximately  

4 cm-1. In contrast, the recorded Raman spectra of the investigated samples differ in the 

position of their peaks and their FWHM. The shift of the TO phonon mode of c-Si towards 

lower frequencies can be directly attributed to an increasing Tdepo. From the relative change 

(Δν) of  ν one can calculated the amount of uniaxial stress () within the material using the 
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relation shown in Equation (18) [100]. A positive σ indicates tensile strain while negative 

values represent compressive strain. Thus the recorded Raman spectra reveal tensile stress 

of approximately 350 MPa for layers deposited at 400 °C and about 800 MPa for layers 

deposited at 600 °C. The interlayer type showed no major effect on the center position of the 

TO phonon mode of c-Si. 

 σ = ∆𝜈 ∙ (−434 MPa ∙ cm) (18) 

The increase in strain is to be expected due to slightly different expansion coefficients of the 

Corning® Eagle XG® substrate and the silicon. Hence a higher temperature during the sili-

con deposition leads to a larger area expansion mismatch after cooling. Furthermore, the 

calculated XC values showed an increase in crystallinity with increasing Tdepo as expected. 

Note that the center position of the c-Si TO mode I520 had to be adjusted due to the strain 

induced shift towards lower ν. The calculated XC values are shown in the tabular insets of 

Figure 13. While at Tdepo of 200 °C (green curves) only amorphous silicon fractions were 

detectable, XC increased to approximately 80 % at Tdepo = 400 °C (blue curves) independent 

whether a SiO2 or SiO2/SiNX coated substrate was used. At the maximum permitted deposi-

tion temperature of 600 °C XC values of 94 – 97 % were achieved (black curves). 

 

Figure 14: The grain orientation of the surface normal and of the in-plane direction of 10 µm electron beam 

evaporated silicon layers deposited at different temperatures Tdepo on a sputtered (a) SiO2 interlayer and (b) 

SiO2/SiNX interlayer stack. Measurements were performed using XRD. 

The layers with a crystalline fraction (Tdepo = 400/600 °C) have also been evaluated for their 

crystal orientation. This was done using the XRD. In order to examine the largest possible 
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area the samples were moved (wobbled) during their integration time, wherein a surface area 

of several cm² could be covered. The inverse pole figures of Figure 14 summarize the find-

ings. As can be seen the orientation of the surface normal as well as for the in-plane direction 

are almost identical independent of the used interlayers. Only Tdepo leads to a change of the 

crystal orientation. It can be seen that a deposition at 600 °C leads to a significant {101} 

formation for the surface normal while the grain orientation of the in-plane direction remains 

random. By lowering Tdepo to 400 °C the {101} preference clearly decreases and both the 

surface normal and the in-plane rather show randomly oriented grains. 

 

Figure 15: (a) Raman spectra of a c-Si reference and of a 10 µm PECVD deposited silicon layer on a PECVD 

deposited SiOXNY compound interlayer. The tabular inset displays the deposition temperature Tdepo, the corre-

sponding Raman crystallinity fraction XC and the calculated uniaxial stress σ. In (b) the grain orientation of the 

surface normal and of the in-plane direction of the as-deposited PECVD layer after annealing is shown. Meas-

urement was performed using XRD. 

The PECVD layers have been developed on a 3.3 mm Schott® Borofloat® substrate (see 

Appendix A.1) and could not be deposited on an EAGLE XG® substrate due to adhesion 

problems. In contrast to the EBPVD samples the full deposition sequence could be per-

formed without samples breaking the vacuum. Deposition of interlayers and silicon was per-

formed at 400 °C. The interlayer in contact with the silicon consisted of a SiOXNY com-

pound. The silicon deposition rate of approximately 45 nm·min-1 is very low. More details 

on the PECVD deposition can be found in reference [84]. Prior to crystallization a thermal 

treatment step was necessary to effuse hydrogen out of the 10 µm silicon layer. Therefore, 

the 24-hour three-step thermal annealing process was adapted from reference [101]. At the 

first stage the samples were heated 8 hours at a temperature of 450 °C followed by 8 hours 

at 550 °C and a final 8 hours at 650 °C. The annealing was performed in nitrogen atmosphere. 
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Despite already shown good electronic properties [18,102] the annealing and the deposition 

rate pose strong disadvantages in terms of industrial implementation, since they are not only 

time consuming but also very energy demanding. The Raman spectra after annealing con-

firms a high XC of 98 %, as can be seen in Figure 15 (a). This is comparable with the 600 °C 

as-deposited EBPVD material. The peak position of the annealed material was almost iden-

tical to the c-Si reference showing no significant strain within the layer after annealing. 

However, a clear difference can be observed for the crystallographic orientation of the an-

nealed PECVD material. Unlike the 600 °C EBPVD layers no preferential grain orientation 

of the surface normal could be observed. The in-plane orientation also showed no preferen-

tial orientation. 

5.2 Influence on crystallization 

The ultimately most important criterion was the ability to laser crystallize the as-deposited 

layers. Although all EBPVD layers could be crystallized, a general increase of pinholes, 

micro-cracks and interruptions in crystal growth were observed as Tdepo was decreased inde-

pendently whether a SiO2 or a SiO2/SiNX interlayer was used. However, ablations were not 

observed. Moreover, a direct comparison of both interlayers revealed that samples with a  

10 µm high temperature deposited silicon layer on a 200 nm SiO2 barrier performed best by 

visual evaluation whereas samples with a 10 µm high temperature deposited silicon layer on 

a 200/80 nm SiO2/SiNX interlayer stack resulted in an increased amount of pinholes after 

crystallization. The used PECVD layer could also be crystallized without any visible adhe-

sive problems or ablation as long as the thermal annealing was performed.  

Finally the impurity level of several elements in EBPVD and PECVD layers before and after 

crystallization have been investigated with SIMS. For the EBPVD layers only the samples 

deposited at Tdepo = 600 °C have been considered as they resulted in the highest optical qual-

ity after crystallization. Besides the classical O, C and N impurities we investigated the Al, 

B, P and Fe concentration as these elements can be found in large quantities within the used 

substrates and/or were components or deposited in the corresponding deposition and crys-

tallization tools. The average concentrations within the 10 µm EBPVD deposited absorber 

material are summarized in Figure 16 (a). The average concentrations of the as-deposited 

material are marked by blue circles, while the concentrations after crystallization are marked 

by red circles and red stars for layers with a 200 nm SiO2 interlayer and a 200/80 nm 

SiO2/SiNX interlayer stack, respectively. Furthermore, values from literature for EBPVD 
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layers after crystallization were added from reference [84,103,104] for comparison. The de-

tection limits of SIMS have been marked by a black dash. The results of the PECVD layer 

before and after crystallization were provided by O. Gabriel (see also reference [84] for ad-

ditional details) and are depicted in Figure 16 (b). In PECVD layers also the F concentration 

was measured as NF3 is used in regular intervals to clean the PECVD chamber. Unfortu-

nately, there was no data on all of the investigated metallic impurities. Again the individual 

impurity concentrations have been marked by blue and red circles for the as-deposited and 

crystallized material, respectively, while a black dash indicates the detection limit. The SIMS 

raw data can be found in Appendix A.3. 

 

Figure 16: Impurity concentrations in (a) EBPVD and (b) PECVD deposited silicon layers ● before and ● 

after laser crystallization measured with SIMS. The detection limits are marked by a black dash. In (a) the 

circles indicate material on a 200 nm SiO2 interlayer and stars material on a 200/80 nm SiO2/SiNX interlayer 

stack. Additionally literature values are marked as indicated in the legend.  

In crystal growth the solubility of various elements in Si and their impact on the resulting 

material has been studied intensively. Since the laser crystallization is a relatively fast pro-

cess (zone melting process), which takes place far away from the thermodynamic equilib-

rium, it can be assumed that the solubility of impurities can be approximated for tempera-

tures of liquid silicon close to its melting temperature of ~1690 K. Concentration above those 

limits cannot be dissolved and will be directly frozen into the silicon lattice as precipitate. 

The temperature dependent solubility of oxygen in silicon was examined in the following 

references [105–108] and a phase diagram of the Si-O system for low O concentrations was 

determined in reference [105]. From the literature data it can be seen that the solubility of 

oxygen in silicon at its melting temperature is within 2·1018 – 4·1018 cm-3.  The oxygen which 
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is built into the silicon lattice usually occupies interstitial positions resulting in a widening 

of the silicon lattice. It is supposed to be electrically inactive and known to reduce dislocation 

glides [109]. However, tempering processes, as commonly used for device fabrications, can 

lead to oxygen agglomeration which can be electrically active (thermal donors) [110,111]. 

The O concentrations of the EBPVD deposited silicon layers show concentrations just below 

their solubility with values in the range of 7·1017 – 3·1018 cm-3 (including literature values). 

The highest value of ≈ 3·1018 cm-3 was observed for samples with a SiO2 interlayer, regard-

less of whether they have been crystallized or not. A strong reduction of the oxygen content 

to 8.7·1017 cm-3 is observed if the crystallization is performed on a 200/80 nm SiO2/SiNX 

interlayer stack. The PECVD deposited silicon, which utilizes a SiOXNY compound inter-

layer, shows a similar behavior as the EBPVD layers deposited on a SiO2/SiNX interlayer 

stack. The as-deposited material has a concentration of 3.2·1018 cm-3, which is reduced to 

1.5·1018 cm-3 after crystallization. Nitrogenous layers thus lead to a strong reduction of the 

oxygen concentration of approximately ≈ 2·1018 cm-3.  According to SEMI standard  [112] 

the oxygen concentration in c-Si and mc-Si wafers should not exceed 1·1018 and  

8·1017 cm-3, respectively. The company Targray [113] confirms this upper limit for their 

wafer products and TOPSIL [114] guarantees concentrations below  2·1016 cm-3 for their 

photovoltaic float zone c-Si wafers (PV-FZ™). Compared to the impurity concentrations of 

the laser crystallized silicon we thus reach the upper limit defined in the standard and even 

values beyond. 

A phase diagram [115] and the temperature dependent solubility of carbon in silicon can be 

found in reference [115–119]. The C concentration at the melting point of Si ranges between 

2·1018 cm-3 up to approximately 8·1018 cm-3
. C results in a substitution of a Si atom in the 

silicon lattice, which leads to a contraction of the lattice due to the small atomic radius of C. 

This is in contrast to the oxygen incorporation and leads to a direct dependence of both 

impurities. The dissolved C in the Si lattice is known to be electrically inactive. The carbon 

concentration of our EBPVD deposited layers was in the range of 2·1017 – 3·1017 cm-3. This 

is significantly lower than the specified solubility. Since there are no process dependent var-

iations a reduction of the carbon content seems only possible by an improvement of the 

deposition conditions. This is in accordance with the as-deposited PECVD results shown in 

Figure 16 (b). However, after crystallization both concentrations reported by O. Gabriel (the 

EBPVD and PECVD) increase to 1.3·1018 cm-3. This increase indicates that a carbon source 

contaminated the silicon sample prior to crystallization introducing approximately  
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1·1018 cm-3 carbon atoms independent of the deposited precursor material. Interestingly, we 

observe an equilibrium condition of both concentrations, oxygen and carbon, if we provide 

enough C [see values of reference [84] and Figure 16 (b)]. The SEMI standard [112] defines 

concentrations of 5·1017 and 1·1018 cm-3 for c-Si and mc-Si, respectively. The vendor Tar-

gray [113] states values clearly below the SEMI standard with 5·1016 and 1·1017 cm-3 for 

mc-Si and c-Si, respectively. This indicates that the carbon concentration of the laser crys-

tallized material is below the requirement of the standard but slightly above the values given 

by Targray [113]. Only the carbon contaminated samples introduce carbon concentrations 

beyond the stated levels. 

The solubility of nitrogen in Si has been investigated in reference [120–122] and ranges 

between 6·1018 cm-3 and 1·1019 cm-3. As a group V element one could suspect a high doping 

efficiency. However, most of the N is not built into substitutional lattice sites [123–126] 

resulting in a low donator activity. However in contrast to other group V elements it can 

induce deep traps in p-type and n-type silicon [127].  The average nitrogen concentration of 

our as-deposited EBPVD layers is 1.8·1016 cm-3. The concentration decreases to 5·1015 cm-3 

if crystallization is performed on a 200 nm SiO2 diffusion barrier and increases to  

1·1017 cm-3 for crystallization on a 200/80 nm SiO2/SiNX interlayer stack. In literature con-

centrations of 6·1016 cm-3 for layers on a SiO2 interlayer and 2.6·1017 cm-3 for layers on a 

200/80/10 nm SiO2/SiNX/SiO2 triple stack were reported. This is in accordance with our 

measurements indicating that nitrogen from the interlayer diffuses into the silicon even if the 

SiNX is capped by a thin SiO2 layer. The as-deposited PECVD layers have a very high ni-

trogen concentration of 1.6·1018 cm-3. Since precursor and interlayer deposition is done in 

one deposition run it is conceivable that nitrogen from the interlayer deposition is still in the 

chamber leading to this increased value. This is supported by the fact that the concentration 

of N decreases during the Si deposition (refer to Appendix A.3). However upon laser crys-

tallization the average concentration of N is reduced to 1.8·1017 cm-3. This value is very 

similar to our laser crystallized EBPVD silicon on a 200/80 nm SiO2/SiNX interlayer stack 

and seems to be an upper limit for the nitrogen concentration even though a higher solubility 

has been reported in literature. There is no official concentration given by the SEMI standard 

and/or the manufacturers. However, reference [122] states values of 6.5·1015 and 4.2·1015 

cm-3 for mc-Si and c-Si wafers, respectively. The measured SIMS value for laser crystallized 

Si on a SiO2 is within the reported concentration whereas all samples that utilized SiNX 

interlayer are well above the reported concentration for mc-Si wafers.  
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Figure 17 additionally depicts the depth resolved O, C and N SIMS profiles for the as-de-

posited and laser crystallized EBPVD layers. It can be seen that the as-deposited layers have 

a decreasing impurity concentration as we approach the silicon/interlayer interface. This 

strongly suggests that atmospheric constituents diffuse into the silicon. A swift crystalliza-

tion after the precursor deposition or processing without vacuum breach should therefore 

reduce the C, O and N concentration. Moreover, it can be seen that the SiO2 interlayer  

[Figure 17 (a) and (b)] seems to be responsible for an accumulation of O at the interface 

between silicon and interlayer. In contrast SiNX leads to a depletion of the O and N at the 

interface with a very distinctive profile for both strongly suggesting a direct dependence. 

Therefore one can expect a strong reduction of harmful B-O complexes in p-type silicon if 

the N concentration is increased. However, from literature it is also known that metal con-

centrations are directly related to N.  

 

Figure 17: Impurity profiles in 10 µm EBPVD deposited Si on a 200 nm SiO2 interlayer (a) before and (b) 

after crystallization. In (c) crystallization was performed with 200/80 nm SiO2/SiNX interlayer instead of the 

200 nm SiO2 interlayer. The silicon/air interface is at x = 0 and the silicon/interlayer interface at x = 10 µm 

Fe is due to its ubiquity (e.g. glass, substrate heater, tweezers) and detrimental electrical 

activity one of the most critical contaminations in silicon [128] and known to strongly de-

crease the minority carrier diffusion length. In multicrystalline wafers iron concentrations of 

2.5·1013 cm-3 were detected [129] and it was found that Fe decorates extended defects and 

grain boundaries, making them extremely recombination active [130–133]. In reference 

[134] it was shown that simply by handling a wafer with metal tweezers one can introduce 

concentrations of 2·1013 cm-3. The detected Fe concentration in our samples is as high as 

1.5·1015 cm-3 for as-deposited EBPVD material and decreases to values between  
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2.8·1014 – 3.2·1014 cm-3 after crystallization. Even though the tolerance of solar cells regard-

ing transition metals is increased if the impurities are incorporated as inclusions at grain 

boundaries or as precipitates instead of being dissolved as interstitial or substitutional states 

the detected Fe concentrations are still at a very high level for the as-deposited material. The 

reason for the decreased concentration after crystallization is unknown. An explanation 

could be that the SIMS measurements were performed in a region with a low grain boundary 

density. Nevertheless, it is necessary to decrease the Fe concentration, especially in its inter-

stitially resolved form due to its large capture cross section. Since Fe can easily diffuse at 

elevated temperature one should consider to cover the iron heater of the laser crystallization 

system with a less critical and temperature stable material and resort to ceramic tweezers 

instead of metal tweezers. Even better would be to exchange the complete sample heating 

stage of the laser system. The transitional metals Cr, Ni and Cu have also been investigated 

but showed concentrations below the detection limit of the SIMS systems  

(2·1013, 5·1014 and 2·1014 cm-3) and are therefore not shown in Figure 16 (a). 

The elements B, P and Al can generally be used as dopants and therefore might be desired. 

Nevertheless, B is known to interact with other impurities resulting in harmful B-O [81] and 

Fe-B [128] complexes. Furthermore, it is known that metallic impurities can change the sol-

ubility of non-metallic impurities in Si [135] and that n-doped silicon is less prone to metallic 

impurities [80] compared to p-type silicon. However, since we investigate “intrinsic” mate-

rial their respective concentrations should be as low as possible to avoid compensation ef-

fects for doped samples. While the B concentration of the as-deposited material is below the 

detection limit of 1·1015 cm-3 it increases to ≈1.5·1015 cm-3 after crystallization. This indicates 

that the deposition system itself (including switched off boron effusion cell) has no measure-

able impact. Thus it is very likely that the small increase of B originates from the substrate 

and is introduced during the crystallization process. On the other hand the B profile is uni-

form and there is no increased concentration at the silicon/interlayer interface suggesting 

that the interlayer blocks out diffusion of B. The high B concentration in reference [103] was 

intended to check the doping concentration. For Al, we measured concentrations between 

2·1014 – 3·1014 cm-3. This is in accordance with values found in reference [103] but almost 

one order of magnitude higher than the value found in reference [84] and the measured val-

ues of the PECVD deposited layers. The P concentration for our as-deposited EBPVD ma-

terial was 1·1015 cm-3 and was reduced to 3·1014 cm-3 after crystallization. 
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5.3 Summary and Conclusion 

The substrate temperature during the EBPVD deposition of silicon has a strong influence on 

the crystallinity, the growth behavior and the strain of the resulting layers. While in reference 

[136,137] a phase transition from amorphous to nanocrystalline silicon was reported in the 

range of 600 – 700 °C we have observed a high crystallinity of the as-deposited silicon layers 

already at Tdepo as low as 400 °C. Our results are similar to the 400 °C values gained from 

annealing experiments of amorphous silicon shown in reference [138]. Generally the in-

duced strain within a layer is highly dependent on the expansion coefficient of the utilized 

substrate and can easily reach several GPa as for solid phase crystallized silicon on a standard 

soda lime glass. However the conducted experiments utilized glasses with only a small ex-

pansion coefficient mismatch between silicon and substrate. Thus the measured uniaxial ten-

sile stress did not exceed 900 MPa. A relative change of about 300 – 400 MPa for every  

200 °C temperature difference between equilibrium and Tdepo could be derived. The texture 

analysis of the resulting layers revealed a {101} texture in growth direction of the silicon 

(perpendicular to the substrate). A likely cause is the high solidification velocity of this ori-

entation [139]. The preferential texture became stronger as Tdepo was increased and confirms 

the findings from literature [137] even though the transitional temperature deviates from the 

experiments of this work by more than 300 °C. The amorphous deposited PECVD silicon 

absorber had to be annealed prior to laser crystallization [84]. This solid phase crystallization 

process did not lead to any preferential orientation or relevant uniaxial stress. 

The SIMS measured impurity concentrations within the silicon absorbers before and after 

crystallization on a SiO2 and SiO2/SiNX intermediate layer have been investigated and com-

pared with values of the SEMI standard, various silicon manufacturers and general literature. 

While the carbon concentrations have been within an acceptable range oxygen has been 

clearly above the reported values. Reasonably low nitrogen concentrations could only be 

achieved on SiO2 interlayers and exceeded reported values in case of SiNX based intermedi-

ate layers. Moreover it was shown that both oxygen and nitrogen concentrations are not 

independent from one another. As a result complex concentration profiles within the 10 µm 

thick absorber layers could be observed depending on the interlayer composition. The pas-

sivating properties of nitrogen are known from literature [83] and in case of liquid phase 

crystallized silicon layers it was shown that the final thickness of the SiO2 layer from a 

SiO2/SiNX/SiO2 triple stack effects this passivation quality [70]. Moreover it was shown in 
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the previous chapter that a single SiO2 layer performed best in terms of morphology. Com-

bining both aspects, great passivation properties and low defect densities at the interface by 

optimizing the properties such as stability, homogeneity, purity of the SiO2 layer in contact 

with the silicon seems feasible. B, P and the investigated metallic impurities Fe and Al could 

be detected in the as-deposited material, while Cr, Ni and Cu concentrations were below the 

detection limit of SIMS. Apart from a few exceptions B, Al and P only cause shallow states 

in the silicon band gap. However, the detectable Fe concentration in the as-deposited mate-

rial has to be reviewed critically. Potential contamination sources before and during deposi-

tion need to be identified and removed if possible. It is very unlikely that Fe concentrations 

(and metallic contaminations in general) were indeed less after crystallization. Their de-

crease was rather caused by local inhomogeneities such as precipitates or due to grain bound-

ary decorations. 
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6 Silicon crystallization 

The crystallization is the core technology of this thin film approach, wherein there are nu-

merous parameters to choose from. A simple layer stack of 10 µm Si on a 200 nm SiO2 coated 

Corning® Eagle XG® substrate was used as a reference sample setup if not stated otherwise 

and the most important crystallization parameters and their impact on the resulting layers 

were investigated. Section 6.1 to 6.4 provides a general overview of the crystallization pa-

rameters investigated. The partially isolated considered variables are by no means inde-

pendent from one another. Some of the results and text passages have been taken from the 

already published work [140] (Kühnapfel et al. - DOI: 10.1016/j.tsf.2015.01.006) and have 

been extended by important results and aspects that have not been covered before. In section 

6.5 the influence of the introduced parameters in terms of morphological changes and their 

origin is discussed. Besides the already mentioned publication a few excerpts taken from 

reference [141] (Kühnapfel et al. - DOI: 10.1016/j.solmat.2015.03.030) have been used.  

6.1 Influence of the laser intensity 

Figure 18 depicts the influence of an increasing optical laser intensity (Iopt) on the resulting 

layer. First of all the as-deposited nanocrystalline material is crystallized to a small-grained 

material with grain sizes in the range of a few microns [see Figure 18 (a)]. The microstructure 

is strongly reminiscent of the columnar grain growth known from solid phase crystallization 

[103]. A further increase of Iopt eventually leads to the typical elongated grain growth, which 

is known for liquid phase crystallization [see Figure 18 (b)] [9]. Generally, the grain width 

6

http://www.sciencedirect.com/science/article/pii/S0040609015000164
http://www.sciencedirect.com/science/article/pii/S0927024815001531
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is a few hundred microns, while their length can be several centimeters. The minimum and 

maximum optical laser intensities required for a lateral grain growth are referred to as Iopt_min 

and Iopt_max, respectively. Beyond Iopt_max crystallization becomes unstable and dewetting 

lines occur. They usually start at pinholes or dust particles and evolve in a specific angle 

depending on the scanning velocity of the laser. As a result a diagonal line structure is created 

as depicted in Figure 18 (c). If the optical intensity is raised even further the dewetting be-

comes increasingly dominant and the silicon melt starts to converge into a branching struc-

ture as shown in Figure 18 (d). Eventually the dewetting becomes stable resulting in almost 

perfectly parallel silicon lines in scanning direction [see Figure 18 (e)].  

 

Figure 18: EBSD images of a sample crystallized with an optical intensity (a) slightly below and (b) within 

the lateral grain growth threshold. A transmitted light image of a sample crystallized at an Iopt (c) at the, (d) 

slightly above, (e) far beyond the dewetting threshold. 

Figure 19 shows the cross-sectional Secco-etched [142] SEM micrographs of mc-Si samples 

that were crystallized with optical laser intensities between Iopt = 1.904 and 2.073 kW·cm-2. 

The crystallization was performed in standard atmosphere at a substrate temperature of  

Tsub = 700 °C and a scanning velocity of vscan = 3 mm·s-1. Once the samples were placed with 

the substrate facing the heater [Figure 19 (a)] and once flipped upside down, with the silicon 

side towards the heater [Figure 19 (b)]. A schematic setup is shown in the corresponding 
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parts of Figure 19. Additionally the glass interface of the cross-sectional Secco-etched SEM 

micrographs has been marked blue for a better visualization. 

 

Figure 19: Cross-sectional Secco-etched SEM micrographs of 10 µm thick silicon layers on a 200 nm SiO2 

coated Corning® Eagle XG® substrate crystallized in atmosphere at a substrate temperature of 700 °C and a 

scanning velocity of 3 mm/s. Crystallization was performed with different optical laser intensities as indicated. 

The sample setup is shown in the corresponding schematics. 

At a low Iopt of 1.904 kW·cm-2 the multicrystalline samples consist of some grains with a 

size of a few microns that are separated by highly defective regions. As the optical laser 

intensity is increased to Iopt = 1.932 kW·cm-2 the grain size clearly increases while the dis-

ordered regions between the grains decrease. For both crystallization setups a columnar grain 

growth is observed [see also Figure 18 (a)]. However, while the shape of the grains of  

Figure 19 (a) suggests that the nucleation starts at the substrate interface with a growth di-

rection towards the silicon/air interface we observe that the crystal solidification in Figure 

19 (b) seems to start at the silicon/heater interface with the columnar grains growing towards 

the glass substrate. This indicates that the major heat loss channel is conduction, with heat 

flowing towards the interface with the highest thermal conductivity, while convection and 

radiative losses are only of minor importance. The disordered regions ultimately disappear 

with grains extending through the whole absorber thickness as we increase Iopt to  

2.073 kW·cm-2. The grain growth is no longer from bottom to top or vice versa, but laterally 

across the substrate in scanning direction of the laser [see also Figure 18 (b)]. The process 

window in which this lateral grain growth can be maintained is fairly large with almost  

1 kW·cm-2. Simulation of the thermal profile for Iopt_min and Iopt_max have shown that the peak 

temperature during the crystallization can range between 1436 – 1508 ° C, respectively (see 
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Appendix A.1). A stable dewetting occurs at a relatively small increase of optical intensity 

above the Iopt_max. A temperature difference of not more than 50 °C can be deduced from the 

start of the dewetting until the dewetting stabilizes. This shows that the mechanism for 

dewetting strongly depends on the peak temperature during the crystallization process.  

6.2 Influence of the scanning velocity 

A similar behavior is observed for laser scanning velocities other than vscan = 3 mm/s. How-

ever, as vscan is changed the optical laser intensity needs to be adjusted. The data is summa-

rized in Figure 20 (a). The squares indicate the transition from as-deposited nanocrystalline 

[see Section 5 for more details] to small-grained multicrystalline material. Although the 

specimens are completely crystallized a rather columnar grain growth is observed with 

grains of a few microns embedded in a highly disordered silicon matrix [see Figure 18 (a)]. 

The triangles and circles comprise the parameter space were crystallization leads to the for-

mation of elongated grains [see Figure 18 (b)]. Iopt above the values indicated by the circles 

leads to dewetting, which becomes increasingly dominant as Iopt is raised above this thresh-

old. Although laser crystallization can be performed with scanning velocities vscan ≤ 1 mm/s 

the energy deposited in the sample stack raises the temperature beyond the softening point 

of the Corning® Eagle XG® substrate causing deformation [details on the substrates can be 

found in Appendix – A.1 and references [143–145]]. This is noticeable by a wavy shaped 

substrate after crystallization as shown in Figure 20 (b). There are different limits for various 

substrates e.g. on a 3.3 mm thick Schott® Borofloat® deformation already occurs at 2 mm/s 

for the same layer stack. In general, the demands on the diffusion barrier are increased as the 

scanning velocity is decreased. However, in terms of processability low scanning velocities 

offer a larger working range (Iopt). At elevated scanning velocities vscan ≥ 15 mm/s the crys-

tallization becomes unstable as Iopt ≈ 0 kW·cm-2. The only known possibility to enhance 

the crystallization range in terms of Iopt is the utilization of alternative interlayers or to use 

a capping layer [refer to chapter 4.2 for more details]. In this case the dewetting threshold 

[Figure 20 (a) circles] is shifted upwards towards higher optical intensities. As a result crys-

tallization at vscan ≥ 15 mm/s becomes accessible. However, it should be noted that for very 

high scanning velocities vscan ≈ 18 – 20 mm/s the increasing temperature gradient is critical 

causing cracks within the substrates (not shown here). From a technological perspective, the 

large process window at low to moderate vscan also implies that an inhomogeneity of  
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10 – 20 % of the optical intensity across the laser profile can be easily compensated. This 

allows to work on less expensive equipment.  

 

Figure 20: (a) Phase diagram for the crystallization of a 10 µm thick silicon layer on a 200 nm SiO2 coated 

Corning® Eagle XG® substrate. Processing is performed in atmosphere and prior to crystallization the speci-

mens are pre-heated to 700 °C. The optical laser intensity, Iopt, is depicted as a function of the scanning velocity, 

vscan. The squares indicate the transition from as-deposited nanocrystalline to small grained multicrystalline 

silicon [see Figure 6 (a)]. The triangles and circles outline the parameter space where elongated large grained 

multicrystalline silicon films are obtained [see Figure 6 (a)]. For higher Iopt dewetting of the silicon occurs and 

for vscan ≤ 1 mm/s glass deformation is observed. In (b) a transmitted light micrograph of a few degree tilted 

polished cross-section of a sample crystallized at a scanning velocity below the deformation threshold is de-

picted. 

6.3 Influence of the substrate temperature 

The optical laser intensity required to obtain large elongated grains also depends on the sub-

strate temperature during crystallization. In Figure 21 the minimum optical laser intensity 

required to enter this regime is shown as a function of the substrate temperature for scanning 

velocities of 3 and 10 mm/s. With increasing Tsub the required Iopt decreases. The slope of 

the curve is slightly smaller at lower vscan. As a rough approximation, one can say that a  

Tsub = +/− 100 K leads to a change in optical laser intensity of Iopt = −/+ 0.22 kW/cm2. 

Considering the lateral inhomogeneity of the heater [see Appendix – A.3], the positioning 

of the sample can thus have a decisive influence on the outcome of the crystallization. Es-

pecially at higher scanning velocities, where the working range Iopt [see Figure 20 (a)] is 
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within the intensity range of the heater inhomogeneity, the result of the crystallization can 

easily vary between nanocrystalline, multicrystalline or dewetting. This may even occur on 

one and the same sample. Decreasing Tsub below ≈ 630 °C leads to crack formation of the 

silicon layer as shown in Figure 21 (b). The crack formation increases as the temperature is 

decreases and ultimately extends into the substrates at pre-heating temperatures just below 

600 °C [see Figure 21 (c)]. At Tsub above ~ 740 °C the substrate starts to become sticky. This 

effect increases as the temperature of the stage is raised.  

 

Figure 21: Crystallization of a 10 µm thick silicon layer on a 200 nm SiO2 coated Corning® Eagle XG® 

substrate. (a) depicts the minimum optical laser intensity needed to enter the lateral grain growth regime as a 

function of the substrate temperature, Tsub. The data shown in blue and red were obtained with laser scanning 

velocities of vscan = 3 and 10 mm/s, respectively. In (b) a SEM image of a Si crack and in (c) a photograph of 

the glass cracking is depicted. 

The more temperature sensitive Borofloat® substrates already become sticky at tempera-

tures just above 700 °C. Moreover, we observe crack formation in the silicon layer over the 

full temperature range. This can be seen by the white yellowish appearing lines in scanning 

direction as shown in Figure 22 (a). However, their relative density decreases as Tsub is in-

creased. In reference [146] it has been reported that crystallization on a Borofloat® can be 

performed without silicon cracks for scanning velocities below vscan < 0.7 mm/s. However, 

on our samples those vscan damage the substrate and lead to severe deformations (as described 

before). It is questionable whether the interlayer stack particularly in terms of diffusion bar-

rier can withstand such low scanning velocities. In addition to the silicon cracks we observe 

microscopic cracks in the substrates. At Tsub = 675 °C very small glass cracks at the silicon 

glass interface begin to form. They start at the silicon crack and grow perpendicular to it as 

can be seen in the respective image of Figure 22 (a). At Tsub < 650 °C those interface cracks 
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become more in number and their starting position is no longer restricted to areas with silicon 

cracks. At Tsub < 600 °C the sample area is completely covered by glass crack as can be seen 

by the increased reflection (whitish areas) in Figure 22 (a). However, due to the thicker glass 

(3.3 mm) they are only found at the silicon/substrate interface and do not extend through the 

entire substrate thickness [Figure 22 (b)]. This has, in contrast to the EAGLE XG® sub-

strates, which are only available with a thickness of not more than 1.1 mm, the advantage 

that crystallization can be performed at low Tsub without shattering or even bursting of the 

complete substrate. Another phenomenon which is only observed on Borofloat® substrates 

is a blistering at the interface just below the silicon layer as shown in Figure 22 (c). Samples 

with various interlayer stacks crystallized at a variety of different parameters have led to this 

bubble formation. The author believes that the cause is directly related to the glass cleaning 

and the used interlayer stacks. On Soda-lime substrates a similar phaenomenon has been 

reported. Here the effect was significantly reduced by changing the cleaning procedure and 

depositing a silicon rich SiO2 [147]. However, with absolute certainty it can only be said that 

a high energy input (high Iopt and/or low vscan) will amplify the blistering effect. 

 

Figure 22: In (a) the influence of the substrate temperature during the crystallization of a 10 µm thick silicon 

layer on a 200 nm SiO2 coated Schott® Borofloat® substrate is depicted. In (b) and (c) a SEM image of the 

crack formation and blistering of the substrate is shown. 

6.4 Influence of the atmosphere and pressure 

Another important parameter is the pressure during the crystallization process. Because of 

the “open” laser system this parameter has been given little attention so far. For pressure-

dependent experiments the heater of the existing system had to be removed. In exchange a 

steel chamber with a vacuum system was installed. Due to space limitations only a small 

heater could be used within the chamber. Its heat output was much lower with a maximum 



Silicon crystallization - Influence of the atmosphere and pressure 

 

58 

 

of Tsub = 400 °C. Crystallization at such low pre-heating temperatures is very challenging 

due to the large temperature gradient. Therefore, crystallization was no longer possible on 

the reference sample setup and the 1.1 mm EAGLE XG® substrate had to be replaced by 

3.3 mm Borofloat® substrates, in order to avoid shattering or bursting of the substrates as 

described before. To keep the gradient as low as possible a low scanning velocity of  

vscan = 3 mm/s was chosen. This was only slightly above the deformation threshold of the 

substrate. The laser beam was directed through a quartz window. Hence, the optical intensity 

on the sample might differ from the optical intensity of the laser due to reflective losses. 

First of all we successively increased the laser intensity to determine the minimum Iopt re-

quired to enter the lateral grain growth regime. The determined Iopt_min of 3.338 kW·cm-2 was 

used for all experiments.  

The actual experiments were performed in standard atmospheric composition and in nitrogen 

atmosphere. Inert gases such as Ar have not been available at the time, due to experimental 

restrictions. Starting point of all experiments was an evacuated chamber with a base pressure 

of 10-6 bar. For experiments in nitrogen atmosphere the system was completely purged with 

N2 before setting the final pressure. Table 4 summarizes the findings.  

Table 4: The influence of the pressure and the atmospheric composition on the crystallization of a 10 µm thick 

silicon layer on a 200 nm SiO2 coated Schott Borofloat® substrate was investigated. 

 pressure 

(bar) 

standard 

atmosphere 

nitrogen 

atmosphere 

 wetting 

 dewetting 

 1 
  

 10-2 
  

 10-5 
  

 

As can be seen in Table 4, dewetting is observed at a very low pressure regardless of the 

atmospheric composition. The resulting layers had perfectly parallel silicon lines in scanning 

direction just like samples crystallized in atmosphere far beyond their respective dewetting 

threshold [see Figure 18(e)]. Decreasing the pressure leads to an improved wettability of the 

resulting layers. At a pressure of 10-2 bar only occasional diagonal line structures were ob-

served [see Figure 18(c)]. A sudden increase in pressure was measured during the crystalli-

zation processes in vacuum. Due to the small volume of the steel chamber this increase, of 

approximately one order of magnitude, was very clearly. This indicates an outgassing of 
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volatile matter from the sample during the crystallization process in a vacuum environment. 

Even though its composition could give valuable information on the processes involved its 

exact composition remains unknown. At a pressure of 1 bar, both, samples crystallized in 

nitrogen and standard atmosphere have led to a well crystallized silicon layer without any 

signs of dewetting. 

The wetting/dewetting effect on LPC layers utilizing a frequency doubled Nd:YAG laser has 

been investigated in reference [148]. It is stated that dewetting often occurs at film irregu-

larities larger than the silicon layer itself and continues with the running liquid spot. It is 

suggested to perform faster scans to reduce the time of melting and/or to utilize capping 

layers or more advantageous interlayers. Furthermore, it is stated in reference [149] that 

dewetting can be avoided in ambient air due to an in-situ oxidation of the liquid silicon at 

the silicon/air interface leading to a self-assembling capping layer upon crystallization. For 

electron beam crystallization in turn a vacuum was necessary for an efficient coupling of the 

thermally emerging electrons. Apart from a larger focal line width of 0.8 mm crystallization 

parameters were similar with vscan = 6 mm/s and Tsub = 700 °C. However, for crystallization 

a SiCx interlayer was required as an adhesion promoter [9] in order to avoid dewetting. Only 

in later works it was shown that crystallization can be performed in vacuum with a SiO2 

capping layer [11]. This suggest that indeed the missing atmospheric composition leads to a 

dewetting as stated in reference [149]. However, the process stability enhancement presented 

in reference [11] shows that the thickness of the cap is the crucial parameter that virtually 

restricts the working range. Below 50 nm layer thickness the process remained unstable. 

Whether these 50 nm can be formed as an in-situ cap with the atmospheric oxygen content 

during the relatively short melting period remains very difficult to estimate even though  

1 liter air would provide more than enough O2 (≈ 6 · 1021) to oxidize the complete melt  

(≈ 1019). The performed experiments however suggest that if an in-situ SiO2 cap is created 

with atmospheric oxygen than this would also hold true with an in-situ Si3N4 cap in nitrogen 

atmosphere.  Also very likely could be that crystallization is rather affected by the pressure 

itself instead of the composition of the atmosphere. In this scenario, it is conceivable that an 

increase in pressure thus leads to a significantly better adhesion of the silicon layers. Fur-

thermore, one could waive any reactive gases in exchange for inert gases. This should even-

tually increase the purity of the crystallized absorber layer provided that the starting material 

is of high standard. However, a final clarification of the phenomenon can only be achieved 

with experiments performed in inert gas atmosphere. 
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6.5 Morphology of the crystallized silicon films 

The introduced crystallization parameters offer a wide range for each parameter to success-

fully crystallize the silicon precursor material. At first glance morphological differences are 

rarely visible and detailed structural investigations are necessary. First insights on the mor-

phology of the resulting layers after crystallization were gained utilizing EBSD. The largest 

resolvable area of approximately (800 · 800) µm² was used with a lateral resolution of 5 µm. 

In order to obtain a meaningful result on the grain orientation and the corresponding grain 

boundary formation three specimens for each parameter set were crystallized from which, in 

turn, three different starting position (first 800 µm of the crystallization) were analyzed. Af-

terwards the images were merged adding up to a total area of 5 – 6 mm². We started off with 

specimens crystallized at the lowest and highest lateral grain growth threshold, while keep-

ing vscan and Tsub constant at 3 mm·s-1 and 700 °C, respectively. Figure 23 (a) depicts the 

derived inverse pole figures. The samples crystallized with Iopt = 2.073 kW·cm–2 exhibit a 

strong preferential surface texture of {001}. Only a few grains deviate and show a surface 

orientation between {111} and {101} direction. Along the scanning direction of the laser the 

data shows that the grains are twisted with orientations varying between {001} and {101} 

with a slight accumulation of grains with an orientation towards {101}. For layers crystal-

lized close to the dewetting threshold of Iopt = 2.917 kW·cm–2 the preferential surface texture 

is significantly less pronounced. A tendency to the formation of a {111} texture is observed. 

This is supported by the inverse pole figure of the scanning direction that indicates an almost 

statistical distributed orientation.  

The EBSD data were further analyzed to determine the grain boundary population as shown 

in Figure 23 (b). Specimens that were crystallized with Iopt of 2.073 kW·cm–2 exhibit a rela-

tive fraction of low-angle boundaries, here denoted as Σ1, which amounts to about 28 %. 

The second highest contribution to the grain boundary distribution is obtained for twin 

boundaries of first order (Σ3) with a relative fraction of 12 %. Also second (Σ9) and third 

order boundaries (Σ27) are observed with relative fractions of 1.4 and 1.6 %, respectively. 

In addition, the multicrystalline samples revealed the presents of Σ5 tilt boundaries with a 

fraction of about 8.7 %. On the other hand, when crystallization is performed with  

Iopt = 2.917 kWcm-2, the amount of low-angle boundaries decreases by about a factor of two. 

The amount of Σ5 boundaries was also strongly reduced. This was accompanied by a strong 
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increase of twin boundaries of first, second and third order, compared to multicrystalline 

samples crystallized at the lowest lateral grain growth threshold. 

 

Figure 23: EBSD analysis of 10 µm laser crystallized silicon layers on a 200 nm SiO2 coated Corning® Eagle 

XG® substrate. Processing was performed in ambient air at vscan = 3 mm·s-1 and Tsub = 700 °C. The optical 

laser intensities are indicated in the figure. In (a) the grain orientation in surface normal and scanning direction 

is depicted. The corresponding grain boundary populations are shown in (b).  

Next, the morphological changes due to a variation of the substrate temperature were inves-

tigated. As parameter range 650 – 750 °C were used. This roughly comprises the range from 

the silicon crack formation up to substrates sticking to the heater [refer to section 6.3 for 

more details]. The scanning velocity was again set to vscan = 3 mm·s-1, while Iopt was chosen 

such that crystallization is performed at the lowest lateral grain growth threshold. This re-

gime offered the most promising results according to Figure 23. The EBSD results of the 

temperature variation are summarized in Figure 24. The samples crystallized at  

Tsub = 650 °C showed a preferential orientation of {001} for the surface normal. However, 

some grains deviated and showed a surface orientation close to the {111} direction. In most 

cases this could be attributed to a twin boundary formation. The inverse pole figure of the 

scanning direction revealed rather evenly distributed grain orientations ranging between 

{001} and {101}. For samples crystallized at Tsub = 750 °C the {001} texture of the surface 

normal was more pronounced with a lower angular deviation. In contrast to the samples 

crystallized at 650 °C orientations close to {111} were rarely observed. Again the scanning 

direction revealed grains that are twisted with orientations ranging from {001} to {101}. 

However, this time a stronger accumulation towards {101} was observed.  
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The analysis of the relative grain boundary fraction shown in Figure 24 (b) revealed that a 

change in Tsub had no major effect on the grain boundary distribution. Samples crystallized 

at 650 °C pre-heating temperature had a relative fraction of low-angle boundaries of 20 %, 

which increased to 28 % as the Tsub was raised. The relative fraction of Σ3 boundaries was 

less for both Tsub with values just above 10 %. The density of higher order Σ3n boundaries 

was very low at Tsub = 650 °C and increased at Tsub = 750 °C to 3 and 1 % for Σ9 and Σ27, 

respectively. Σ5 tilt boundaries reached values of 3 %, but increased by a factor of two as 

the temperature decreased. 

 

Figure 24: EBSD analysis of 10 µm laser crystallized silicon layers on a 200 nm SiO2 coated Corning® Eagle 

XG® substrate. Processing was performed in ambient air and vscan = 3 mm·s-1, while Iopt was set to the lowest 

lateral grain growth threshold. The substrate temperatures prior to crystallization are indicated in the figure. In 

(a) the grain orientation in surface normal and scanning direction is depicted. The corresponding grain bound-

ary populations are shown in (b). 

Last but not least the effect of the scanning velocity on the resulting morphology of the 

samples was investigated. Measurements were performed at a vscan = 1 mm·s-1, which repre-

sents the lowest possible scanning velocity without glass deformation. As an upper limit  

10 mm·s-1 were used as it still offered a decent working range [see Figure 20]. The substrate 

temperature was set to 750 °C and Iopt to correspond to the lowest lateral grain growth thresh-

old of 1.230 and 3.760 kW·cm-2, respectively. The EBSD results are summarized in Figure 

25. The inverse pole figures of the samples crystallized at vscan = 1 mm·s-1 show that the 

{001} texture of the surface normal is very strong, while the scanning direction shows a 

pronounced formation of grains with an orientation close to {101} and only a few grains 
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tilting towards {001}. At scanning velocities of 10 mm·s-1 the texture of the surface normal 

vanishes and the grain orientations seems to be random. This is supported by the inverse 

pole figure of the scanning direction that indicates an almost statistical distributed grain ori-

entation. 

 

Figure 25: EBSD analysis of 10 µm laser crystallized silicon layers on a 200 nm SiO2 coated Corning® Eagle 

XG® substrate. Processing was performed in ambient air and Tsub = 750 °C, while Iopt was set to the lowest 

lateral grain growth threshold. The scanning velocities are indicated in the figure. In (a) the grain orientation 

in surface normal and scanning direction is depicted. The corresponding grain boundary populations are shown 

in (b). 

The evaluation of the relative grain boundary fraction revealed that the strong preferential 

texture at low scanning velocities is accompanied by a high fraction of low-angle boundaries 

amounting to a total of 33 %, while the total density of Σ3 twin boundaries was less than  

10 %. For samples crystallized at elevated scanning velocities the relative fractions for Σ1 

and Σ3 are the other way round. While Σ3 boundaries make up more than 30 % of all grain 

boundaries the fraction of Σ1 boundaries is strongly reduced. The values of Σ5, Σ9 and Σ27 

are comparable for both scanning velocities with values of roughly 2, 3 and 1 %, respec-

tively. 

While the average grain orientation and the corresponding grain boundary distribution could 

be determined with EBSD by sampling sufficient areas it is not possible to make any con-

clusion concerning the average grain size. Figure 26 (a) depicts an EBSD mapping consisting 

of 30 individual EBSD measurements taken of a randomly selected area in the middle of a 
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crystallized sample. We resolved an area of approximately (4 · 4) mm² with a lateral resolu-

tion of 10 µm. The duration of the measurement amounted to approximately 4 hours. As can 

be seen, even by stitching 6 · 5 single EBSD measurements merely the grain width is resolv-

able whereas their length exceeds the mapped area. Besides general constraints of the max-

imum sample size within the EBSD chamber, it would require a significant additional ex-

penditure to measure areas large enough to fully resolve a few grains and even more to gain 

some statistics.  

Alternatively we started mapping the same sample with a transmitted light microscope after 

300 seconds of etching in a KOH isopropyl alcohol solution. Due to the anisotropic etching 

an orientation dependent material removal of up to 2 µm can be observed whereby upright 

pyramids are created at former {001} surfaces while orientations differentiating from the 

{001} orientation result in tilted structures. This in turn leads to a changing light scattering 

behavior depending on the grain orientation. The resulting map (consisting of 4 images) is 

shown in Figure 26 (b) and Figure 26 (c). Its acquisition time was less than 5 minutes. Fur-

thermore there are no constraints for the sample size for both etching and mapping. By com-

paring the EBSD mapping and the transmitted light microscope mapping it can be seen that 

dark areas resemble orientations close to a {001} surface texture [Figure 26 (b) region I] and 

whitish areas indicate grains with a surface orientation close to {111} [Figure 26 (b) regions 

III]. All color gradations in between cannot be assigned to a certain orientation without a 

movable light source to distinguish between the tilting direction of the pyramid structures 

after etching. In most cases we can clearly differentiate between grains with exception of a 

few which almost share the same orientation and are in direct contact to each other as shown 

in region I of Figure 26 (b). This leads to an almost identical surface texture after etching 

and thus to a similar light scattering behavior. Then again very fine twins, which have not 

been resolved properly with EBSD at a lateral resolution of 10 µm are clearly visible  

[see regions II in Figure 26 (b)]. This is no restriction for EBSD in general but would lead 

to an even longer measurement time.  
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Figure 26: (a) (4 · 4) mm² EBSD mapping of the surface normal. (b & c) depict a light transmitted microscope 

mapping of the same area after 300 seconds of etching in a KOH isopropyl alcohol solution. In (c) MATLAB 

detected grain boundaries are overlaid in blue. Some regions have been marked and are discussed within the 

text 

Based on the good correlation we tried to evaluate the grain boundary density by analyzing 

the transmitted light microscope image with MATLAB. We applied a few noise and blur 

filters in combination with the edge detection algorithm of Canny [150] followed by a blob 

analysis. Figure 26 (c) shows the original microscope image with a blue overlay for the de-

tected grain boundaries. As can be seen almost all grain boundaries are detected. Only ex-

ceptions are the grain boundaries of region I and IV. The latter can be detected at a higher 

lateral resolution while region I approaches the optical sensitivity limit of this method. How-

ever as a first approximation the edge detection should be sufficient to obtain trends for each 

of the crystallization parameters. Therefore we crystallized and etched three (5 · 5) cm² sam-

ples for each parameter set. Afterwards the transmitted light microscope mapping was cap-

tured and the grain boundaries detected. For convenience the ratio of grain boundary pixels 

versus the total amount of image pixels was calculated, instead of deducing the true grain 

size. Thus a monocrystalline sample will converge towards zero, while a very small crystal-

line sample will converge towards unity. The evaluation of the parameters vscan, Tsub and Iopt 

are summarized in Figure 27. Similar to the EBSD analysis of the grain orientations and the 

corresponding grain boundary distributions we observe the strongest change in microstruc-

ture by a variation of the scanning velocity, while setting Tsub = 700 °C and Iopt corresponding 

to the lowest lateral grain growth threshold. An increase from 3 mm·s-1 to 9 mm·s-1 leads to 
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roughly 50 % more detected grain boundary pixel. A changing Tsub at vscan = 3 mm·s-1 and 

Iopt = Iopt_min in contrast, has no measurable effect on the resulting grain size. Likewise low 

is the change of the grain boundary density with an increasing Iopt. Only as the optical inten-

sity approaches the upper limit the grain size becomes clearly smaller. 

 

Figure 27: Relative fraction of grain boundaries detected using an edge detection algorithm. In (a) vscan at Tsub 

= 700 ° and Iopt corresponding to the lowest lateral grain growth threshold, (b) Tsub at vscan = 3 mm/s and Iopt 

corresponding to the lowest lateral grain growth threshold and in (c) Iopt at vscan = 3 and Tsub = 700 °C has been 

investigated. 

Figure 28 (a/b) exemplarily depicts the optical micrograph of an EBPVD deposited and laser 

crystallized sample after texturing. The sample shown in Figure 28 (a) was crystallized at 

Tsub = 700 °C, vscan = 8 mm·s-1 and Iopt = 3.6 kW·cm-2, while the sample shown in  

Figure 28 (b) was crystallized at Tsub = 700 °C, vscan = 3 mm·s-1 and Iopt = 2.0 kW·cm-2. As 

can be seen a rather high vscan and Iopt leads to a layer which exhibits randomly oriented 

grains with a length of several centimeters and a width up to a few mm. A reduction of the 

scanning velocity and of the optical intensity in turn leads to a slightly increased grain size 

and a preferential texture begins to emerge, recognizable by the different scattering behavior 

(color) of the grains. In Figure 28 (c) an EBPVD deposited layer which has been crystallized 

with an electron beam is depicted. Prior to crystallization the sample was pre-heated to  

650 °C and subsequently crystallized at a vscan = 3 mm·s-1 and a low electrical power density 

to emulate the laser crystallization conditions of Figure 28 (b). As can be seen the strong 

texture formation is not limited to the laser crystallization process and can also be observed 

for electron beam crystallized layers. Figure 28 (d) depicts the optical micrograph of a fully 

PECVD deposited silicon precursor. The left half of the specimen was crystallized at a  

Tsub = 700 °C, vscan = 8 mm·s-1 and Iopt = 3.6 kW·cm-2, while the right half of the specimen 
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was crystallized at Tsub = 700 °C, vscan = 3 mm·s-1 and Iopt = 2.0 kW·cm-2. Again, the for-

mation of a preferential texture can be observed if the crystallization parameters are adjusted 

to a low scanning velocity and optical intensity, respectively. However for PECVD material 

the grain size and orientation seems to be less affected by the process but rather by the pre-

cursor material and the utilized barrier stacks. Hence it does not work equally well for all 

PECVD processed samples. 

 

Figure 28: optical microscope image of KOH/IPA etched samples laser crystallized at (a) Tsub = 700 °C, vscan 

= 8 mm·s-1 and 3.6 kW·cm-2, (b) Tsub = 700 °C, vscan = 3 mm·s-1 and 2.0 kW·cm-2. (c) Depicts a KOH/IPA etched 

sample electron beam crystallized at a vscan = 3 mm·s-1 and a low electrical power density. In (d) a laser crys-

tallized sample which has been prepared with PECVD  

Figure 29 depicts the absorption spectra measured of a planar layer (black curve), one with 

strongly tilted structures (blue curve) and a layer with a preferential {001} grain orientation 

of the surface normal resulting in upright pyramids after etching (red curve). Measurements 

have been performed in substrate (from silicon side) configuration without anti-reflective 

coatings, textured light trapping foils and/or back reflectors. It can be seen that due to re-

duced reflective losses a uniform increase in absorption occurs between 300 and 700 nm. 

The additional increase in absorption within the near infrared spectrum results because of an 

enhancement of the optical path length within the thin silicon films. This can particularly be 

seen for the absorber with a preferential surface texture of {001}. Integrating the photon flux 

of the AM 1.5g spectrum over the wavelength region absorbed by silicon (EG = 1.12 eV at 

300 K) and multiplying it with the value of the elementary charge leads to a maximum cur-

rent density of ≈ 44 mA·cm-2 that could be used for electric conversion. Considering the 

absorption potential of those three layers a maximum current densities of ≈ 19, ≈ 23 and  

≈ 34 mA·cm-2 for planar, tilted and upright structures can be derived respectively. Those 

values would increase even further using anti-reflective coatings, textured light trapping foils 
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and/or back reflectors. Hence one advantage of a preferential surface texture of {001} is the 

possibility to reduce reflective losses and to enhance the optical path length within the silicon 

thin films by implementing light trapping concepts based on random pyramids. Moreover 

the resulting {111} facets are known to form a well passivated a-Si:H/c-Si interface [151] 

,which is beneficial for the preparation of an a-Si:H/c-Si hetero-junction solar cell. A detailed 

discussion on the optical improvements and other loss mechanisms can be found in reference 

[18]. 

 

Figure 29: Absorption of a 10 µm (black) planar sample, a random pyramid textured sample (blue) without a 

preferential surface texture and (red) with a preferential surface texture of as indicated by the SEM images on 

the right 

6.6 Summary and Conclusion 

Important parameters during the crystallization process were identified and examined in 

more detail. While the interplay of the optical laser intensity, the scanning velocity of the 

laser and the pre-heating temperature of the substrate was comprehensively studied and re-

sulted in a phase diagram of the full working range of the liquid phase crystallization process 

of a standard sample setup, process parameters such as the atmospherical composition and 

the process pressure opened up many interesting and new questions. Additionally to the 

phase diagram it was shown in chapter 4.2 that the dewetting threshold [Figure 20 (a) circles] 

can be shifted utilizing alternative interlayers, interlayer stacks as well as capping layers. 

The systematic crystallization of layers at a variety of working points revealed morphologi-

cal changes in terms of preferential grain orientation, grain size and grain boundary distri-

bution within the resulting layers. 
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For the formation of a preferential grain orientation in growth direction the solidification 

velocities are crucial (not to be confused with vscan). In pulsed laser crystallization experi-

ments solidification velocities of up to 15 m·s-1 have been measured. The solidification ve-

locities strongly depends on the crystal orientation. For {101}, {001} and {111} textures 

solidification velocities of ≈ 15.5, 15 and 13 m·s-1 were reported, respectively [139]. Grain 

orientations that form at a high crystallization velocity are favored since they outgrow other 

crystallographic orientations. Hence, one would expect the formation of a {101} orientation. 

However, the solidification velocities for {101} and {001} textures are quite similar in value 

and it is conceivable that the experimental condition chosen for this work results in the for-

mation of either. And indeed at high Tsub, low Iopt and low vscan [Figure 25 (a)] we observe a 

strong accumulation of grains with an orientation of {101} in growth direction and only 

some twisting towards {001}. The absence of a {111} orientation regardless of the chosen 

crystallization parameters [refer to Figure 23 – Figure 25] also seems to agree that the texture 

formation in growth direction (scanning direction of the laser) strongly depends on the so-

lidification velocity of the individual crystallographic planes of the silicon lattice. Also the 

very strong {101} texture of the surface normal after EBPVD deposition at substrate tem-

peratures of 600 °C strongly suggests that the solidification velocity of the {101} plane is 

fastest, because in contrast to laser crystallized layers with a lateral growth direction in scan-

ning direction of the laser the growth during silicon deposition starts at the glass interface 

towards the air. However, the question remains open what mechanism causes the formation 

of a preferential texture of the surface normal after crystallization. The already mentioned 

{101} grain orientation of the surface normal after EBPVD deposition folds to a {001} ori-

entation after crystallization as can be seen in the EBSD image of the starting position shown 

in Figure 30.  

Unfavorable crystallization parameter may also lead to an increased fraction of grains tilting 

towards {111} direction. However {101} grain orientations for the surface normal are hardly 

observed [refer to Figure 23 – Figure 25]. Thus, it appears as if the mechanism for the {001} 

texture formation of the surface normal has a different origin. Using classical nucleation 

theory Fujiwara et al. [152] calculated the Gibbs free energy upon nucleation and determined 

the effect of interfacial energies on its orientation. The calculations showed that either {001} 

or {111} orientations are stable depending on the interfacial energy difference, while e.g. 

{101} orientations cannot be triggered. This is in accordance with our EBSD measurements. 

Thus a preferential {001} or {111} orientation of the surface normal could be achieved if an 
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appropriate contact layer is chosen. Investigations performed on Si/SiO2 interfaces [153] 

show that the {001} orientation has the lowest interfacial energy. This is consistent with our 

findings [refer to Figure 23 – Figure 25], which have shown that the orientation of the grains 

can be controlled amid {001} and {111} texture, while a {101} orientation of the surface 

normal was not achieved. Since similar results are obtained for laser crystallized silicon lay-

ers in contact with a SiNX intermediate layer it can be assumed that both SiO2 and SiNX have 

a similar surface energy which promotes the formation of a {001} > {111} > {101} grain 

orientation of the surface normal. 

 

Figure 30: EBSD image of 10 µm laser crystallized silicon layers on a 200 nm SiO2 coated Corning® Eagle 

XG® substrate. Processing was performed in ambient air at vscan = 3 mm·s-1, Tsub = 700 °C and Iopt = 2.073 

kWcm2. The image depicts the first few microns of the crystallization. 

The grain boundary distribution of the laser crystallized mc-Si samples can be divided in 

low-angle and high-angle grain boundaries whereby coincident site lattice other than  

Σ1 boundaries are a special type of high angle boundaries exhibiting special properties re-

garding structure and energy [44]. Especially the first (Σ3), second (Σ9) and third (Σ27) order 

twin boundaries are formed during the crystallization process and can account to more than 

40 % of the overall grain boundaries fraction. Twin boundaries can occur with different 

boundary planes such as {111}, {112} and {110}. Low temperature electron-beam-induced 

current measurements revealed that the electrical activity of Σ3 boundaries is low especially 

for those with {111} boundary planes [43]. This is consistent with tight-binding calculations 

using the bond orbital model [154] that showed a low grain boundary energy for Σ3 twin 

boundaries [44]. On the other hand, high-angle grain boundaries such as Σ27 have been re-

ported to strongly degrade the electrical properties [139,155]. It has also been reported that 

small deviation from the exact CSL can lead to a dissociation into lower order boundary 

types due to a reduction in surface energy [46,156]. Eventually, this can lead to a splitting 
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and faceting into a zig-zag boundary and is regarded to be an origin of highly dislocated 

grains and a source for other intra-grain defects, which are formed at junction points of the 

dissociated boundaries. Hence, it can be suspected that a high fraction of Σ1 and Σ3 grain 

boundaries has no or only a minor effects on the electrical properties, while the overall frac-

tion of CSL boundaries of higher order lead to a degradation. Moreover the increased grain 

boundary density and thus decreased grain size might also negatively affect the absorber 

quality. 

Thus, for linearly growing grains, a substantial decrease of high angle boundaries and a high 

fraction of preferentially oriented grains towards the surface normal and in scanning direc-

tion of the laser, it is necessary to adjust: 

 the laser intensity to be high enough to melt the complete absorber volume without 

operating at unnecessary high intensities which raise the temperature far beyond the 

melting temperature of the silicon absorber.  

 the pre-heating temperature of the substrate prior to crystallization to the highest pos-

sible values in order to reduce the thermal gradient during the crystallization process.  

 the scanning velocity to the lowest possible values but still high enough to neither 

harm substrate nor barrier.  
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7 Crystalline silicon thin film solar cells 

The following chapter is intended to correlate the morphology of the multicrystalline silicon 

thin films with their optoelectronic properties. For this purpose absorber layers have been 

laser crystallized at different working points, were processed to devices and their perfor-

mance was screened with SunsVOC. Section 7.1 investigates the influence of the optical laser 

intensity, while in section 7.2 the influence of the scanning velocity is examined. A few se-

lected devices were analyzed in more detail with the solar simulator, EQE and EBSD. In 

section 7.3 a combination of PL imaging measurements and transient PL measurements 

were used to extract the laterally resolved effective lifetime of a state of the art device. Low 

and high lifetime regions were further investigated with EBSD and TEM in order to identify 

performance limiting properties. The result and text passage of the PL analysis were taken 

from reference [157] (Kühnapfel et al. - DOI: 10.1063/1.4928156). A final comparison be-

tween laser and electron-beam crystallized material is done to summarize the status quo. 

7.1 Influence of the laser intensity 

The previous section revealed a strong correlation between the processing parameters and 

the resulting morphology of the crystallized samples. In particular the scanning velocity and 

to some extend the optical intensity of the laser have a large impact. It was shown that the 

interplay of low scanning velocities and preferably low optical laser intensities promote a 

{001} grain orientation towards the surface normal and a {101} orientation in scanning di-

rection. This was accompanied by a substantial decrease in grain boundary density and of 

7
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high angle grain boundaries. In part, however, it was a fine line between preferential texture 

formation and reaching the damage threshold of the substrate. Hence, a suitable compromise 

has to be chosen according to the used substrate. While the optical properties after random 

pyramid etching, in terms of reflection reduction and path length enhancement strongly ben-

efit from a preferential {001} orientation of the surface normal, the question remains unre-

solved as the changing microstructure affects the electrical properties of the resulting ab-

sorber layers on a device level. The following section is intended to shed light on this issue. 

We fabricated solar cells and/or test structures to assess the electrical material quality in 

terms of VOC. SunsVOC was chosen as the measurement method of choice. Selected samples 

were analyzed in more detail to gather a comprehensive knowledge on the involved loss 

mechanisms. At first the impact of the optical laser intensity was investigated. For this pur-

pose, Corning® Eagle XG® samples with a 200/80/10 nm SiO2/SiNX/SiO2 sputtered inter-

layer stack and a 10 µm thick 1·1017 cm-3 n-type doped silicon EBPVD precursor were crys-

tallized at a Tsub = 700 °C and vscan = 3 mm·s-1, while the optical laser intensity was set to the 

lowest and highest lateral grain growth threshold of 2.073 and 2.917 kW·cm-2, respectively. 

A texturing of the absorber was omitted in order to carry out further measurements such as 

EBSD, PL or TEM if necessary. After crystallization the resulting absorber layers were fur-

ther processed to planar n-type hetero-junction solar cells with a single sided contact system, 

extensively described in reference [10] and Chapter 3.2. Subsequently the cells were meas-

ured with SunsVOC. The results are summarized in Figure 31. Cells that have failed com-

pletely were removed from the statistics. The analysis of the results show that samples crys-

tallized at Iopt = 2.073 kW·cm-2 have an average VOC of 597 mV with a standard deviation of 

24 mV. The peak value was 629 mV. Crystallization at high optical intensities of  

Iopt = 2.917 kW·cm-2 in contrast leads to an average VOC of 561 mV with a standard deviation 

of 26 mV and peak values of 600 mV. The results of the pseudo fill factor strongly scatter. 

Cells crystallized at a low Iopt have an average pFF of 67 % with a standard deviation of  

10 %. However more than 50 % of the cells reach values of approximately 75 %. Samples 

crystallized at high Iopt have an average pFF of 61 % with a standard deviation of 9 %. Peak 

values of 74 % are reached however the results are almost statistically scattered without any 

accumulations towards higher values. 

A reduction of the optical intensity from 2.917 to 2.073 kW·cm-2 has led to an average in-

crease of the open circuit voltage of VOC = 36 mV. It is very likely that the diffusion barrier 

is not effected as the temperature difference between Iopt_min and Iopt_max is less than 80 °C 
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according to the simulation data shown in Appendix A.1. These results rather indicate that 

the increased fraction of high-angle grain boundaries and the decreased grain size have a 

negative impact on the cell performance. However it cannot be answered with absolute cer-

tainty whether the decreasing grain size on its own, the increased fraction high-angle grain 

boundaries or both are responsible. Considering that Σ3 is frequently reported to be electri-

cally inactive [43,44] as well as low-angle boundaries, the electrical activity of the higher 

order CSL grain boundaries and/or the increased grain boundary density could be the cause 

of the decrease in overall performance. Yet, the strong increase of Σ5 grain boundaries at 

low crystallization energies seems to have a smaller impact than the increased fraction of Σ9 

and Σ27 grain boundaries at elevated crystallization energies (refer to Figure 23). Less 

clearly are the results of the pseudo fill factor. In average the pFF increased from 61 to  

67 %, but the results for both, absorbers crystallized at Iopt_min and Iopt_max are within the 

uncertainty of the measurement. The strong scattering of the pFF-values is probably due to 

the complex processing of the single sided contact system, which utilizes photolithography. 

This issue was resolved in later solar cell series by resorting to simpler device structures. 

 

Figure 31: Series I – SunsVOC results of 51 planar solar cells. Cell preparation was done utilizing a 10 µm 

EBPVD processed and laser crystallized n-type silicon layers on a 200/80/10 nm SiO2/SiNx/SiO2 coated Corn-

ing® Eagle XG® substrate. Crystallization was performed in ambient air at Tsub = 700 °C and vscan = 3 mm·s-

1. The optical intensities are indicated in the figure. 

7.2 Influence of the scanning velocity 

The strongest morphological change on the resulting absorber layers was observed changing 

the scanning velocity during the crystallization process. Hence, the electrical impact of the 

vscan on the resulting absorber layers has been investigated. Samples have been crystallized 
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at 3, 8 and 12 mm·s-1 at the lowest lateral grain growth threshold of 2.073, 3.282 and  

4.288 kW·cm-2, respectively. The substrate temperature was set to 700 °C. Again we omitted 

a texturing of the samples to carry out additional measurements if necessary. After crystal-

lization the resulting absorber layers were further processed to planar n-type test structures 

of type B as described in Chapter 3.2. Subsequently the cells were measured with SunsVOC. 

The results are summarized in Figure 32. Samples crystallized at vscan = 3 mm·s-1 and  

Iopt = 2.073 kW·cm-2 have an average VOC of 589 mV with a standard deviation of 28 mV. 

Peak values of 631 mV could be achieved. Cells fabricated on absorber layers crystallized 

at moderate scanning velocities of vscan = 8 mm·s-1 and low optical intensity of  

Iopt = 3.282 kW·cm-2
 only reached a VOC of 532 mV with a standard deviation of 30 mV. The 

absorber material was not capable to lead to open circuit voltages of 600 mV and beyond 

and highest values of only 567 mV were observed. This decreasing performance trend be-

came even more pronounced as the scanning velocity was raised even further. At a scanning 

velocity of vscan = 12 mm·s-1 and a low optical intensity of Iopt = 4.288 kW·cm-2 the average 

VOC was only 443 mV. The open circuit voltages of the test structures strongly scatter with 

a standard deviation of 92 mV and peak values of only 560 mV were achieved. The average 

pFF is almost identical for 3, 8 and 12 mm·s-1 crystallized absorber layers with 76, 75 and 

76 %, respectively. Also the standard deviation of all three scanning velocities is low with 

3, 1 and 1 %. The highest values of the pFF were achieved for the 3 mm·s-1 with values of 

81 %, while at 8 and 12 mm·s-1 values of 78 % were highest. 

 

Figure 32: Series II – SunsVOC results of 64 planar test structures. Cell preparation was done utilizing a 10 µm 

EBPVD processed and laser crystallized n-type silicon layers on a 200/80/10 nm SiO2/SiNx/SiO2 coated Corn-

ing® Eagle XG® substrate. Crystallization was performed in ambient air and Tsub = 700 °C, while Iopt was set 

to the lowest lateral grain growth threshold of 2.073, 3.282 and 4.288 kW·cm-2. The scanning velocities are 

indicated in the figure.  
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An increase of vscan from 3 to 8 and 12 mm·s-1 has led to a reduction of the open circuit 

voltage of 57 and 146 mV, respectively. Comparing those results with the grain boundary 

distribution of Figure 25 (b) one can see that at very low scanning velocities of 1 mm·s-1 

low-angle boundaries make up one third of the total grain boundary distribution whereas Σ3 

grain boundaries account to 10 %. At elevated scanning velocities of 10 mm·s-1 the ratio of 

Σ1 and Σ3 was reversed, whereas the relative fraction of higher orders CSL boundaries was 

comparable for both vscan. In Figure 27 it was shown that an increase from 3 to 9 mm·s-1 

already led to an increase of the detected grain boundary pixel of 50 %. Extrapolating the 

trend up to 12 mm·s-1 as used in the cell series it can be assumed that the amount of detected 

grain boundary pixel increases even further and thus the grain boundary density. This indi-

cates that the changing grain boundary density (grain size) could be responsible for the 

changing electrical performance, if Σ1 and Σ3 are indeed electrically inactive. The strong 

scattering of the VOC results for absorber layers crystallized at 12 mm·s-1 is very likely due 

to very large local differences of the material in terms of grain boundary type and density. 

Noteworthy is also that the results of the 3 mm·s-1 crystallization performed at low optical 

laser intensities investigated in series 1 (Figure 31) and 2 (Figure 32) are very reproducible. 

The results of the average VOC, the standard deviation and the best VOC only deviate by  

8, 4 and 2 mV, respectively. Prerequisite for this is of course that all process steps starting 

from the glass cleaning up to the deposition, crystallization and final cell fabrication run 

smoothly. 

Due to the strong impact of the scanning velocity on the resulting layers a third series was 

fabricated utilizing fully PECVD processed precursors. They consisted of 9 µm thick p-type 

a-Si:H absorbers on a 15/200/85 nm SiNX/SiO2/SiOXNY coated Schott® Borofloat® sub-

strates. Tsub was again set to 700 °C. Crystallization was performed with scanning velocities 

of 1, 3 and 10 mm·s-1 at the lowest possible Iopt of 1.680, 2.214 and 4.323 kW·cm-2, respec-

tively. The resulting absorber layers were further processed to mixture of planar and textured 

p-type hetero-junction solar cells with a single sided contact system as described in chapter 

3.2 or reference [18]. The resulting sunsVOC measurements are shown in Figure 33 (a/b). As 

can be seen a vscan of 1, 3 and 10 mm·s-1 leads to an average VOC of 541, 581 and 560 mV 

with a standard deviation of 40, 10 and 16 mV, respectively. Peak values were 592, 619 and 

584 mV. The average pFF was 59, 73 and 70 % for cells crystallized at 1, 3 and 10 mm·s-1, 

respectively. Their standard deviation was 11, 4 and 7 % with peak values of 74, 78 and  

77 %. 
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The slowest scanning velocity of 1 mm·s-1 leads to a deformation of the substrate and is very 

likely the cause of the large standard deviation of both the measured VOC and the pFF. As 

the scanning velocity was raised above the deformation threshold of the substrate the average 

VOC increased by 40 mV and the standard deviation strongly decreased. At an elevated scan-

ning velocity of 10 mm·s-1 the VOC started to decrease again by 10 mV and the standard 

deviation increased. The PECVD layers thus behave similar to the EBPVD deposited ab-

sorber layers. A reduced scanning velocity seems to be beneficial for the device performance 

as long as the substrate is not affected. The JV-characteristic of the best performing cell was 

also measured with a solar simulator from the silicon side using an anti-reflective foil and a 

back reflector. The resulting curve is shown in Figure 33 (c). As can be seen the textured  

p-type hetero-junction solar cell with a final thickness of 7.5 µm after texturing had an open 

circuit voltage of 618 mV, a short circuit current density of 29.4 mA·cm2 and a fill factor of 

64.8 %. The resulting efficiency of stable 11.8 % is the highest reported efficiency for 

p-type liquid phase crystallized silicon thin films so far. Silicon cracks and blistering on the 

Schott® Borofloat® substrates as well as the unsatisfactory low FF currently prevent even 

higher efficiencies. 

 

Figure 33: Series III – (a/b) SunsVOC results of 54 planar and textured solar cells. Cell preparation was done 

utilizing a 9 µm PECVD processed and laser crystallized p-type silicon layers on a 15/200/85 nm SiNX/SiO2/Si-

OXNY coated Schott® Borofloat® substrate. Crystallization was performed in ambient air and Tsub = 700 °C, 

while Iopt was set to the lowest lateral grain growth threshold of 1.680, 2.214 and 4.323 kW·cm-2. The scanning 

velocities are indicated in the figure. (c) Depicts the JV-curve of the best performing 3 mm·s-1 crystallized p-

type hetero-junction solar cell with a final thickness of 7.5 µm after texturing. It reached a stable record effi-

ciency of 11.8 %. 
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A more detailed analysis was conducted for the cell with the highest VOC of each vscan from 

series II. The best cell on a 12 mm·s-1 crystallized absorber was accidentally damaged and 

had to be resorted to the next best (SunsVOC = 542 mV). First of all the cells were measured 

with a sun simulator. The resulting JV-curves are depicted in Figure 34 (a). As expected, the 

open circuit voltages of the SunsVOC measurements are almost identical to the results of the 

sun simulator with less than 4 mV total deviation. The JSC gained from the IV-measurement 

was 22.3, 21.4 and 18.3 mA for the cell on a 3, 8 and 12 mm·s-1 crystallized absorber, re-

spectively. Since all cells of series 2 have been processed on one and the same substrate and 

all subsequent processes except the crystallization process itself have been carried out in one 

run it can be assumed that there are no processing variation within the series. Hence the drop 

in JSC is very likely due to a decreasing collection efficiency. The corresponding EQE-curves 

measured from the silicon side are depicted in Figure 34 (b). As can be seen the JSC of both 

measurements differentiates by no more than 0.5 mA. Between 300 – 600 nm the slope of 

the EQE-curves is almost identical even though the cell on the 12 mm·s-1 crystallized ab-

sorber layers is slightly lower than the other two curves. In the wavelength region beyond 

600 nm one can see a steady drop with increasing vscan. Assuming a similar surface recom-

bination velocity for all cells due to the completely identical processing this indicates a re-

duction of the absorber diffusion length. From the IQE data shown in Figure 34 (c) we ex-

tracted the effective minority carrier diffusion length using Equation (19) [157,158], whereat 

α represents the absorption coefficient of crystalline silicon [20].  

 1 𝐼𝑄𝐸(𝛼)⁄ = 1 + 1 (𝛼 ∙ 𝐿𝑒𝑓𝑓)⁄  (19) 

However, at short wavelength (< 580 nm), the fit is not valid due to two factors. Firstly, the 

short diffusion length in the emitter leads to a lower IQE response. Secondly and more im-

portantly, the ITO and the a-Si leads to a high parasitic absorption at short wavelengths, 

which makes the fitting ineffective since the IQE in the equation only includes the absorption 

that generate electron-hole pairs within the mc-Si absorber. At long wavelengths (> 800 nm) 

a significant amount of the light reaches the back of the film (silicon/glass interface) which 

is also beyond the effective range of this fit. Therefore, in Figure 34 (c) only the midrange 

was used to provide a linear fit. The best fit results in a value of Leff = 17.8, 11.6 and 7.6 µm 

for cells on a 3, 8 and 12 mm·s-1 crystallized absorber layer, respectively. 
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Figure 34: Comparison of the best devices of Series II (see Figure 32). In (a) the JV-curves, (b) the corre-

sponding EQE-curves and in (c) the Basore plot with the fit using equation (19) is depicted. The tables of the 

figures show the derived parameters of the corresponding measurements. 

After the cells have been measured, they were etched back for subsequent EBSD measure-

ments to analyze the microstructure of the differently crystallized absorber layers and thus 

confirm the findings shown in Section 6.5. We investigated the material of the previously 

shown cells (Figure 34) on a 3 and 12 mm·s-1 crystallized absorber. A summary of the cell 

characteristics and the EBSD analysis is shown in Figure 35.  The EBSD measurements 

itself took several days. The resulting large scale EBSD mappings consisted of several hun-

dred single measurements to resolve an area of a few cm2 with a lateral resolution of 10 µm. 

Due to the extremely large areas (for EBSD) the mappings resulted in a slightly perspective 

distortion with a tilling effect caused by merging the single measurements. The crystalliza-

tion of the absorber was performed from left to right and the position of the circular cells 

(see chapter 3.2) has been marked by dashed circles. In Figure 35 (a) and Figure 35 (b) an 

overlay of the SEM mappings and the Σ3n grain boundaries identified with EBSD are shown. 

Red, blue and green lines represent the increasing order of n = 1, 2 and 3, respectively. It 

turns out that fast crystallization velocities lead to a dense network of Σ3n grain boundaries 

with lots of grains growing in an increased angle with respect to the scanning direction of 

the laser. In contrast, the vscan of 3 mm·s-1 leads to fairly linear grains with a strongly reduced 

amount of grain boundaries, especially in terms of Σ3. The orientational maps for the grain 

orientation towards the surface normal are shown in Figure 35 (c) & (d) and towards the 

scanning direction in Figure 35 (e) & (f). The inverse pole figure color key is shown on the 

right. For the layer crystallized at 3 mm·s-1 the result of the large scale measurement show a 
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strong preferential texture for both, the surface normal and the scanning direction. The sili-

con crystallized at elevated scanning velocities in turn has a rather randomly distributed grain 

orientation across the substrate. Thus the results are in accordance with the findings pre-

sented in the previous section (Figure 25 and Figure 27).  

 

Figure 35: Large area EBSD analysis performed on the absorber layers of the processed cells shown in Figure 

34. The absorber consisted of 10 µm laser crystallized silicon layer on a 200/80/10 nm SiO2/SiNX/SiO2 coated 

Corning® Eagle XG® substrate. Crystallization was performed at Tsub = 700 °C in ambient air either utilizing 

a vscan and Iopt of (a/c/e) 3 mm·s-1 and 2.073 kW·cm-2 or (b/d/e) 12 mm·s-1 and 4.288 kW·cm-2. In (a) and (b) 

the SEM mapping with an overlay of the detected Σ3n grain boundaries is depicted with the color code as shown 

to the right of the images. Figure (c/d) depicts the grain orientation of the grains towards the surface normal 

and in Figure (e/f) in scanning direction of the laser (which was from left to right, respectively). The inverse 

pole figure color key shows the corresponding orientational lattice planes. The position of the cells have been 

marked by a dashed circle and the corresponding cell data has been summarized above the EBSD measure-

ments. 

Since the texturing of the cells was omitted for the sake of further analysis the JSC of both 

cells roughly corresponds to a single light pass. However, it can be assumed that the strong 

{001} grain orientation of the surface normal for the cell shown in Figure 35 (c) would lead 

to excellent upright pyramids after wet chemical texturing. Hence the current would strongly 

benefit from a reduced reflection and an increasing path length enhancement. In turn, the 

layer shown in Figure 35 (d) would result in strongly tilted structures and the JSC gain would 

only be minor. The gap, in terms of JSC between cells fabricated on absorbers crystallized at 

3 and 12 mm·s-1 would therefore increase even more, since not only the collection efficiency 
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but also the optical properties are poor. The optical properties could certainly be enhanced 

resorting to anti-reflective foils and/or coatings instead. The drop in the collection efficiency, 

which is most likely due to the strong increase of the grain boundary density, can however 

not be avoided. The absorption potential of a 10 µm thick random pyramid etched absorber 

layer with upright pyramids has already been shown in Figure 29. To gain a realistic JSC 

prediction for a solar cell on such a layer, which also accounts for recombination losses and 

parasitic absorption, one can weights the absorption potential with the IQE of the corre-

sponding planar cell using Equation (20). Hence a JSC of 30 mA·cm-2 can be estimated. This 

increase of 30 % should represent a maximum for a cell without back reflector, further anti-

reflective coatings and/or foils measured at STC.  

 𝐽𝑆𝐶 = q ∙ ∫ 𝜙0(𝜆) ∙ A
𝜆2

𝜆1

(𝜆) ∙ IQE(𝜆) ∙ dλ (20) 

So a state of the art solar cell with a doping concentration of N ≈ 1·1017 cm-3 can reach values 

of VOC ≈ 635 mV, JSC ≈ 23 mA·cm-2  (planar) / 30 mA·cm-2  (textured). Since the investigated 

test structures possess an inherently higher series resistance, they only provide information 

on the material quality in terms of VOC and JSC. However with a decent FF of 75 % the 

material quality could lead to an efficiency of 11.0 or 14.3 % for a planar or a random pyra-

mid textured cell with upright pyramids.  

The investigated devices revealed effective diffusion length of approximately  

Leff  ≈ 10 – 20 µm. Considering ideally passivated interfaces (sb = 0 cm·s-1) this would cor-

respond to a base diffusion length of Lb = 8 – 13 µm according to equation (21) [23].  

 𝐿𝑒𝑓𝑓 = 𝐿𝑏 ∙ (
𝑐𝑜𝑠ℎ (

𝑥𝑏
𝐿𝑏
) +

𝑠𝑏 ∙ 𝐿𝑏
𝐷𝑏

∙ sinh (
𝑥𝑏
𝐿𝑏
)  

𝑠𝑖𝑛ℎ (
𝑥𝑏
𝐿𝑏
) +

𝑠𝑏 ∙ 𝐿𝑏
𝐷𝑏

∙ cosh (
𝑥𝑏
𝐿𝑏
)
) (21) 

Surely this assumption represents a lower limit for the base diffusion length, however since 

state of the art devices result in very comparable results for measurements performed in 

superstrate and substrate configuration it is very likely that the surface recombination veloc-

ity is indeed quite low. Based on the absorber thickness xb = 10 µm and the base diffusion 

length Lb = 13 µm (at sb = 0 cm·s-1) one can compare the electrical potential of our material 

with the estimations for a perfectly monocrystalline silicon crystal as done in the Chapter 

2.1 Figure 2 (a/c).  The results show that the given assumptions result in a theoretical VOC 

limit of approximately 640 mV, while the theoretical JSC for a single and a quintuple pass 
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would lead to values of roughly 26 and 32 mA·cm-2. One should keep in mind that a quin-

tuple light pass in the model assumes no external reflection and full internal reflection and 

would thus correspond to a several times larger number of passes in a real device. At a FF 

of 75 % this would lead to a maximum efficiency of ≈ 12.5 and 15.4 % for a planar and a 

textured solar cell, respectively.  

A clear issue is the relatively short Leff and therefore a low short circuit current density. Even 

solid phase crystallization technology was able to achieve 29.7 mA·cm-2 on a 94 cm2 mini-

module [8,159], whereby approximately 2 µm thick absorber layers were utilized and Leff 

slightly larger than 3 µm [160] were reached. Resorting to thicker absorber layers will prob-

ably not resolve the JSC limitation. In fact, the opposite seems to be true. Provided the light 

trapping is reasonable, thinner absorber layers could be beneficial on a short term base. Since 

direct crystallization of thinner layers results in a decreasing grain size a subsequent etching 

of thick layers after crystallization would be recommendable. In the long run, however, it is 

necessary that the diffusion length of the material is sustainably improved to increase the 

absorber thickness and thus the JSC potential. Options to do so are certainly versatile and will 

be discussed at a later stage. 

7.3 Minority carrier properties 

In order to further improve the diffusion length, the identification of major electrical loss 

channels is necessary. Yet it is difficult to measure the impurity concentrations and defect 

densities as the material quality reached a level at which, e.g., secondary ion mass spectrom-

etry or electron spin resonance approach their detection limit. Also, the application of relia-

ble characterization methods used in wafer technology, such as quasi steady state photocon-

ductance decay, is not as straightforward for silicon thin films on glass and failed to deliver 

results in the past due to the small material thickness [161,162]. Therefore we have investi-

gated the material quality using PL imaging and transient PL. We fabricated a 10 µm thick 

n-type test structures of type A, featuring a 200/80/10 nm SiO2/SiNX/SiO2 interlayer stack 

[17,70] and a10 µm silicon layer [12] laser crystallized at vscan = 3 mm·s-1, Tsub = 700 °C,  

Iopt = 2.438 kW·cm-2. The resulting parameters of the device under investigation are summa-

rized in Table 5. 
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Table 5: Characteristic parameter of the cell under investigation. Cell preparation was done utilizing a 10 µm 

laser crystallized n-type silicon layers on a 200/80/10 nm SiO2/SiNX/SiO2 coated Corning® Eagle XG® sub-

strate. Crystallization was performed in ambient air at vscan = 3 mm·s-1, Iopt = 2.438 kW·cm-2 and Tsub = 700 °C. 

A (cm²) VOC (mV) JSC (mA·cm-2) Leff (µm) N (cm-3) µ (cm2·V-1·s-1) 

0.64 
(shadow mask area) 

638 

(IV) 

21.3 ± 2 

(IV & EQE) 

11 ± 2 

(Basore plot) 

1.8·1017 

(Hall) 

590 

(Hall) 

 

To gain qualitative information about the lateral lifetime distribution in our device we per-

formed PL imaging using the system described in Section 3.3 and reference [61]. Figure 36 

(a) displays a measurement performed at an excitation wavelength of λexc = 530 nm and an 

excitation intensity of Iexc = 2.7·1017 photons·cm-2·s-1 (1 sun). There is a strong lateral varia-

tion in PL intensity (IPL) with an average IPL of 1724 counts per second and minimum and 

maximum intensities of 87 and 5926 counts per second, respectively. Figure 36 (b) shows 

the average IPL as a function of Iexc on a double logarithmic scaling. In general IPL
n is pro-

portional to Iexc, whereas n is a distinctive value for the type of transition [22,163].  With an 

n = 1.255 we gain a typical value for a band-band transition with a small injection depend-

ence.  The exponent n can also be interpreted as the diode ideality factor of the solar cell.  

This is possible because both the voltage and the luminescence intensity depend on the sep-

aration of the quasi Fermi levels [164,165].  

 

Figure 36: (a) PL image taken at an excitation wavelength of λ = 530 nm and an intensity of 1 sun. (b) Shows 

the injection dependency (Iexc) of the average PL signal (IPL). 
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To quantify the lateral lifetime distribution we performed transient PL measurements.  

Figure 37 (a) shows the transients of regions with: (1) a long lifetime, (2) a moderate lifetime, 

(3) a short lifetime, and a lifetime decay measured on the bare glass substrate. A clear signal 

with a high signal-to-noise ratio could be measured using the setup described in the experi-

mental section. Interestingly, the transient measurement on the glass substrate showed no 

measureable decay at a λexc of 532 nm. It was shown that the luminescence from the glass is 

of sufficient intensity to interfere with steady state PL measurements if not managed appro-

priately [61]. However the duration of the glass luminescence signal is sufficiently short to 

have no effect on transient PL measurements. In order to quantify the lifetime, the intensity 

decay over time was fitted with the exponential decay function as given in Equation (22): 

 𝐼𝑃𝐿 =∑𝐴𝑖 ∙ 𝑒
−𝑡/𝜏𝑖

3

𝑖=1

 (22) 

The excitation of the pulsed laser and the response time of the system lead to a τ1 of approx-

imately 5 ns, while τ2 between 5 – 50 ns implies high injection level conditions. The third 

order represents the lifetime decay of the investigated material. The calculated τ3 of the tran-

sients are shown in the inset of Figure 37 (a). Figure 37 (b) depicts a photoluminescence 

image excerpt from Figure 36 (a). Circles indicate the positions of transient PL measure-

ments across the test structure with a step size of 0.5 ± 0.1 mm. Additionally, the positions 

of the transients of Figure 37 (a) are indicated respectively. The calculated lifetime of each 

transient is plotted in Figure 37 (c) and is compared with extracted line scan values of the 

corresponding PL image. 

There is a correlation between the τ3 and IPL from which we gain a calibration factor of  

IPL/τ3 = 8.1 s-2. Using this calibration factor we calculated the lifetime map depicted in Figure 

38 (a). From the map we can derive a lifetime range starting with values as low as 10 ns up 

to lifetimes just above 700 ns. The average lifetime of the holes is 213 ns. Assuming a normal 

distribution of the implied lifetime from the PL image, we can assign a 95 % confidence 

interval of ± 68 ns to the implied minority carrier lifetime from the PL image. For compari-

son the lifetime was also converted into a Leff map [see Figure 38 (b)] by the relation shown 

in equation (23). 

 𝐿𝑒𝑓𝑓 = √𝐷 ∙ 𝜏 = √
𝑘 ∙ 𝑇

𝑞
∙ 𝜇𝑚𝑖𝑛 ∙ 𝜏 (23) 
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Figure 37: (a) Transient PL measurements (dots) fitted with a third order exponential decay (line). The derived 

lifetime is depicted in the inset. (b) depicts a PL image excerpt of Figure 36 (a). The approximate positions of 

the transient measurements have been marked and the positions of the PL measurements shown in (a) are 

indicated with 1, 2 and 3 (region 4 is subject to structural analysis and is referred to later on). (c) depicts the 

calculated lifetime vs. position gained by transient PL (red) and local PL imaging intensity (black) using a 

calibration factor of IPL/τ3 = 8.1 s-2 

The quantity of interest is the effective minority carrier diffusion length Leff, which depends 

on the product of minority carrier mobility µmin and the minority carrier lifetime τ. The mi-

nority carrier mobility and the corresponding diffusivity D in monocrystalline silicon have 

already been investigated in literature [24,25,166]. Moreover intra-grain Hall measurements 

on liquid phase crystallized material [13,167] resulted in majority carrier mobilities compa-

rable to monocrystalline silicon. However a Hall measurement performed across our test 

structure, comprising several grain boundaries (5 ∙ 5 mm²) only reached 67 % of the theoret-

ically possible majority carrier mobility of crystalline silicon. Assuming a proportionality of 

the majority and minority carrier mobilities thus leads to a reduced minority carrier mobility 

of our test structure compared to monocrystalline silicon. Hence, the diffusion length of the 

holes in our sample comprises a range of approximately Leff = 2 – 20 µm [see Figure 38 (b)] 

with a total average of 10 ± 2 µm. Approximately 40 % of the investigated cell area possesses 

diffusion length shorter than the 10 µm thickness of the absorber. Thus charge carriers gen-

erated far away from the emitter are less effectively collected in those regions. Considering 

the measurement accuracy the Leff gained from the Basore plot (shown in Table 5) is in good 

agreement with the average value gained from the PL analysis.  
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Figure 38: (a) lifetime mapping and (b) diffusion length mapping derived from PL imaging and transient PL 

results 

To investigate the origin of the short lifetime regions, EBSD and cross-sectional transmis-

sion electron microscopy were employed. Note, due to the large number of experimental 

data only a selection of representative examples is shown. Figure 39 (a) presents the distri-

bution of different CSL boundaries identified by EBSD at one of the areas that gives the 

lowest PL signal according to Figure 37 (b) region 3. As it is shown in Figure 39 (a), three 

large-angle CSL boundaries (∑3, ∑9 and ∑27) were observed. The major portion of the grain 

boundary area consists of ∑3 interfaces, which is the most common type of boundary in 

liquid phase crystallized silicon material and regarded as electrically inactive [44,167]. Junc-

tion points of a dissociated ∑9 boundary (zig-zag boundary) were found corresponding for 

the high density ∑3 twin boundary network. Moreover the presence of ∑9 and ∑27, which 

appears as ∑3:∑9:∑27 junction, was found to have formed through the interaction and dis-

sociation of different CSL boundaries following the product rule [156]. The exact misorien-

tation of the CSL boundaries were identified using cross-sectional TEM images and selected 

area diffraction (SAD) technique as shown in Figure 39 (c), (d) and (f). Figure 39 (f) reveals 

a ∑9 boundary which has a small angular deviation of 2~3° from the exact CSL orientation 

determined by SAD. Such deviation results in unstable grain structure leading to the high 

density of dislocations around the boundary. Figure 39 (d) and (e) present the TEM and 

HRTEM image of a ∑27 boundary. Again there is an angular deviation of 1° from the exact 

CSL angle. In the HRTEM image, ∑27 appears as a rather rough corrugated boundary, which 

has a large surface area, suggesting the presence of small segments of low-∑ CSL boundaries 

along the boundary interface. Note that dislocations were also found along the ∑27 interface, 

lining up parallel to the boundary interface, as shown in Figure 39 (e). Figure 39 (c) depicts 
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a cross sectional TEM of a ∑3 twin network without misorientations leading to a low defect 

density. Hence for large angle and low-∑ CSL boundaries, the short-period boundary struc-

tures lead to short-range strain fields and a minimization of the elastic contribution to the 

boundary energy [168]. For high-∑ CSL boundaries, the larger surface area and longer strain 

fields lead to a higher boundary energy and unstable boundary structures. Also the  

high-∑ CSL boundaries are often found to have a small angular deviation from the exact 

CSL orientation because of their unstable nature. This in turn leads to a locally increased 

dislocation density with peak values up to 5∙108 cm-2 in areas with junctions of high-∑ CSL 

boundaries. In contrast, the areas with a single type of CSL boundary with exact CSL orien-

tation as shown in Figure 39 (b) and (c) have no defect structures observed. Hence, in addi-

tion to an increased electrical activity for higher order ∑3n, the strong variation in the defect 

density ultimately leads to a reduction of the local lifetime. For comparison, Figure 39 (b) 

depicts an EBSD measurement at a high lifetime region according to Figure 37 (b) region 4. 

As can be seen, neither a high grain boundary density nor a dissociated grain boundary due 

to an angular misorientation is observed. The scanning electron microscope background sug-

gests a triangular grain structure. However we only observe a single ∑9 with EBSD. Hence 

the structure can only result from grains sharing the same orientation (grain boundary angle 

≤ 5°) for which grain boundaries are not detectable with EBSD. Such low angular deviations 

lead to interfacial energies which are notably lower than those of high CSL boundaries. 

 

Figure 39: Distribution of CSL boundaries identified by an EBSD scan in a (a) short and a (b) long lifetime 

area according to PL imaging. TEM image and SAD pattern of a (c) ∑3, (d) ∑27 and (f) ∑9 grain boundary. 

In (e), the HRTEM image of the ∑27 is depicted. 
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The PL investigation of the current state of the art material (status quo January 2015) re-

vealed strong lateral variation of the lifetime distribution.  One reason for this are high en-

ergy grain boundaries e.g. ∑27, which may also dissociate leaving a dense network of lower 

order grain boundaries. Perfectly parallel aligned dislocations have been found along grain 

boundary interfaces and thus even the frequently as electrical inactive reported grain bound-

aries may appear to be electrically active at first sight. Avoiding high energy grain bounda-

ries and a reduction of the grain boundary density seem sensible. Moreover it is known that 

grain boundaries are prone for decoration of impurities [169]. Dense grain boundary net-

works offer a large surface area and hence a high potential for both impurity decoration and 

dislocation alignment. Therefore it is important to improve the deposition and crystallization 

procedure. 

 

Figure 40: (a) Frequency distribution of the IPL gained from PL imaging of three electron beam and three laser 

crystallized absorber layers. (b) Exemplarily depicts the PL image excerpt of both crystallization processes 

In Figure 40 (a) the frequency distribution of the IPL across large substrate areas (not always 

equal in size) is plotted for three electron-beam and three laser crystallized absorbers. An 

exemplary image is shown in Figure 40 (b) for each crystallization method. The data is also 

summarized in the first three columns of Table 6. The previously investigated state of the art 

laser crystallized device has been added as a reference. The PL imaging on nominally iden-

tical absorber layers that differ only be the crystallization method (electron-beam crystalli-

zation vs. laser crystallization) show severe differences. While laser crystallized layers have 

an average IPL of roughly ≈ 2200 counts per second, the IPL of electron beam crystallized 

layers is almost doubled. Striking is the huge standard deviation of electron beam crystal-

lized layers, which leads to an even stronger lateral variation in terms of lifetime distribution 

when compared to a laser crystallized absorber. 
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Now, let us assume that the calibration factor of IPL/τ3 = 8.1 s-2 remains valid (refer to  

Figure 37). Then the average lifetime of those three laser crystallized layers would corre-

spond to 203 – 399 ns with peak values between 519 – 1513 ns. The three electron beam 

crystallized layers in contrast would have an average lifetime of 319 – 594 ns with peak 

values of 2575 – 3575 ns. The respective values of all layers are shaded light gray in  

Table 6. If we also assume that the mobility of the minority carriers of all layers would 

correspond to 67 % of the theoretical maximum for monocrystalline silicon according to 

Equation (10) and that the lifetime is constant independently of the doping density we can 

estimate the effective diffusion length as shown in Table 6 (shaded dark grey).  At high 

doping densities of N = 1.8·1017 cm-3 we gain values for Leff between 10 – 14 µm for laser 

crystallized layers and 12 – 17 µm for electron-beam crystallized absorber layers. A reduc-

tion of N to 1·1016 cm-3 would lead to an increase of 2 – 4 µm in average for both. In fact 

this increase is a very conservative approximation due to two facts. The assumption τ being 

constant is unlikely and an increase can be expected as the doping density is decreased. 

Moreover it was shown in Figure 11 that mobilities of up to 80 % of the theoretical maximum 

for monocrystalline silicon can be achieved for an n-type material on a 200/80/10 nm 

SiO2/SiNX/SiO2 interlayer stack. 

Table 6: Average, standard deviation and maximum PL imaging intensity of the layers shown in Figure 40. 

Additionally the previously discussed reference cell of the PL imaging and transient PL has been added 

(marked green). Effective lifetime values (shaded light grey) are estimated assuming a calibration factor of 8.1 

s-2. Effective diffusion length (shaded dark grey) are estimated assuming a constant lifetime and a minority 

carrier mobility of 67 % of monocrystalline silicon. 

 IPL (s-1) τ (ns) 
Leff (µm) 

@ N = 1.8·1017 cm-3 

Leff (µm) 

@ N = 1·1016 cm-3 

  σ max  max  max  max 

e-beam 1 4420 3850 28962 546 3575 16 41 20 52 

e-beam 2 2584 2363 22992 319 2838 12 37 15 46 

e-beam 3 4812 2912 20860 594 2575 17 35 21 44 

laser 1 3232 1835 12259 399 1513 14 27 17 34 

laser 2 1992 599 4907 246 606 11 17 14 21 

laser 3 1645 541 4202 203 519 10 16 12 20 

PL_cell 

reference 
1724 752 5926 213 732 10 20   
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In short, at the current state one can expect better results on electron-beam crystallized ab-

sorber layers. However, the high lateral variation of Leff for electron-beam crystallized layers 

can lead to a large scattering of cell results depending on the cell size. Since both systems 

are very similar in terms of beam geometry it is very likely that either the crystallization in 

vacuum leads to layers of higher quality and/or that the iron heater of the laser system intro-

duces metallic impurities, which the graphite heater of the electron beam does not. So ques-

tions like, crystallization in vacuum or rather in atmosphere or on a graphite heater instead 

of a metal heater, need to be investigated and answered in future experiments.  

7.4 Summary and Conclusion 

In this chapter the impact of the crystallization parameters, vscan and Iopt, have been studied 

on a device level using the well-established device structures available at HZB [refer to 

Chapter 3.2]. It was shown that a low Iopt leads to slightly increased VOC values compared to 

high Iopt, while the crystallization with optical laser intensities close to the dewetting thresh-

old of the silicon thin film have resulted in a minor decrease of the average VOC. Significantly 

stronger pronounced was the increase of the VOC for absorber layers crystallized with an 

decreasing scanning velocity. The influence of the scanning velocity on EBPVD deposited 

layers was very strong and peak VOC values of 631 mV were reported for absorber layers 

prepared at vscan = 3 mm·s-1, Iopt = 2.073 kW·cm-2 and Tsub = 700 °C. An additional cell series 

with fully PECVD processed absorber layers confirmed the findings and ultimately resulted 

in a device with a stable record efficiency of 11.8 % for a p-type multicrystalline silicon thin 

film device [18]. 

Thus the absorber morphology after crystallization seems to be directly related to the elec-

trical material quality of the fabricated devices and an improved morphology seems to be of 

major importance. The results indicate that either the increased grain size, the changing grain 

boundary types and/or their decreasing relative density are responsible for the improved ma-

terial quality. A detailed analysis of the best performing devices of the scanning velocity 

series of the EBPVD deposited layers revealed effective diffusion length ranging from  

7 – 18 µm and a subsequent large scale EBSD analysis of the full absorber area verified the 

strong morphological changes. While the best performing 3 mm·s-1 device had a strong tex-

ture for both the scanning direction of the laser and towards the surface normal combined 
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with a clearly lower density of grain boundaries the best performing 12 mm·s-1 device re-

vealed random texture, non-linearly growing grains of smaller size and a large amount of 

dense CSL boundaries networks. 

The laterally resolved PL analysis of the minority carrier properties of a laser crystallized 

state of the art device revealed an average effective lifetime of 213 ns from which we esti-

mated an average effective diffusion length of 10 ± 2 µm with peak values of 20 µm. Ap-

proximately 40 % of the absorber area possessed diffusion length shorter than the 10 µm 

thickness of the absorber. A subsequent TEM and EBSD analysis of those short lifetime 

regions revealed grain boundaries with an angular deviations from the exact CSL orientation 

and dissociated CSL grain boundaries of higher order. The latter ultimately led to dense CSL 

networks and raised the local dislocation density to values of up to 5·108 cm-2. A further PL 

analysis of electron beam crystallized and laser crystallized absorber layers of the same type 

also revealed a strong deviation of the average lifetime for both systems. A first approxima-

tion suggests peak Leff of 41 – 52 µm and 27 – 34 µm for electron beam and laser crystallized 

layers, respectively (depending on the doping level). The most likely cause for the deviation 

between both systems seems to be the process pressure followed by several additional con-

tamination sources such as the Fe heater of the laser system.



93 

8 Seed layer crystallization 

In the previous chapter it was shown that a high amount of large angle boundaries and high 

grain boundary density in general have a negative effect on the electrical quality of the re-

sulting devices. EBSD, TEM and PL measurements revealed that the interaction and disso-

ciation of different CSL boundaries and/or angular deviations from the exact CSL orienta-

tion lead to dislocation densities of up to 5·108 cm-2 resulting in a low local material lifetime. 

It was shown that the crystallization parameters can be adjusted to reduce both. However 

the overall grain boundary density and their capture cross section is still high enough to 

detrimentally reduce the local lifetime of the devices. One option to improve the overall 

device performance is to decrease both, the grain boundary density and the amount of elec-

trically active grain boundaries. The following chapter deals with several seed layer ap-

proaches to do so. We used a simple layer stack of 10 µm Si on a 200 nm SiO2 coated Corn-

ing® Eagle XG® substrate as our reference sample setup if not stated otherwise. In section 

8.1 the standard crystallization, which has been comprehensively described in chapter 6 is 

summarized. Afterwards several seed layer crystallization experiments are presented in sec-

tion 8.2 – 8.4. A final estimation of the potential summarizes the findings.  

Some of the results and text passages from reference [141] (DOI: 10.1016/j.sol-

mat.2015.03.030) have been used and some additional aspects and unpublished results have 

been added. 

8

http://www.sciencedirect.com/science/article/pii/S0927024815001531
http://www.sciencedirect.com/science/article/pii/S0927024815001531
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8.1 Without seed layer 

In the previous chapter it was shown that high scanning velocities and elevated optical laser 

intensities lead to random oriented grains with a high grain boundary density and a large 

fraction of high angle boundaries. Figure 41 (a/b) depicts the EBSD mapping of such a layer. 

Crystallization was performed from top to bottom with Tsub = 700 °C, vscan = 12 mm·s-1 and 

Iopt = 4.288 kW/cm². The corresponding IPF’s are displayed below each mapping. As can be 

seen, the crystallization starts with a small grained matrix which serves as the seedling for 

the solidifying silicon melt and evolves upon laser crystallized distance covered to large 

elongated grains. However, the unfavorable crystallization parameters result in a randomly 

distributed grain orientation for the surface normal [Figure 41 (a)] as well as for the scanning 

direction of the laser [Figure 41 (b)]. As a result small grains with mostly high angle grain 

boundaries are created.  

 

Figure 41: EBSD map and the corresponding inverse pole figures of a sample crystallized at Tsub = 700 °C, 

(a/b) vscan = 12 mm·s-1 and Iopt = 4.288 kW·cm-2, (c/d) vscan = 3 mm·s-1 and Iopt = 2.073 kW·cm-2. In (a) and (c) 

the grain orientation towards the surface normal and in (b) and (d) the grain orientation in scanning direction 

of the laser is depicted. 

It was shown that the amount of high angle grain boundaries can be decreases and a prefer-

ential {001} grain orientation towards the surface normal and a {101} orientation in scan-

ning direction of the laser can be achieved. However the solidification velocities of {001} 
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and {101} are similar in value and thus it is conceivable that both orientations may emerge 

in growth direction (scanning direction of the laser). Figure 41 (c) exemplarily depicts the 

grain orientation of the surface normal for a sample crystallized at Tsub = 700 °C,  

vscan = 3 mm·s-1 and Iopt = 2.073 kW·cm-2. The corresponding orientational map in scanning 

direction is depicted in Figure 41 (d). As can be seen the sample has a well pronounced 

{001} surface texture and a high fraction of {101} oriented areas in scanning direction of 

the laser. A detailed analysis of such a layer has shown that the overall grain boundary den-

sity and their capture cross sections are still high enough to detrimentally reduce the lifetime 

of our devices. EBSD, TEM and PL measurements revealed dislocations lining up close to 

high order CSL boundaries and in areas with dissociated grain boundaries leading to local 

dislocation densities of up to 5·108 cm-2. Therefore a reduction of the grain boundary density 

seems feasible.  

If we compare the grain orientation of both samples at the start of the crystallizations, one 

can clearly see that the area of small grained silicon already consists of a high fraction of 

{001} oriented grains for the adjusted crystallization parameters. This indicates that the start-

ing region has a major impact on the texture formation. Thus we tried to directly influence 

the growth behavior of our multicrystalline silicon layer using different seed layer ap-

proaches. 

8.2 Multiple scans 

The most obvious method was established using multiple scans. Since a single scan process 

as schematically shown in Figure 42 (a) leads to elongated grains one can simply rotate the 

sample by 90 degrees after the first crystallization, performing a second scan perpendicular 

to the first one [schematically shown in Figure 42 (b)].  

An EBSD map of a multi-crystallized sample is shown in Figure 43. Figure 43 (a) depicts 

the orientational map towards the surface normal and in Figure 43 (b) the grain orientation 

in scanning direction is shown. The corresponding IPF’s are to the right side of the mapping. 

The first scan was performed from bottom to top and the second one from left to right. The 

numbered black dashed lines indicate the respective starting position of the scans. As crys-

tallization parameters we used vscan = 3 mm·s-1, Tsub = 700 °C and Iopt = 2.073 kW·cm-2 since 
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they generally offer a strong preferential grain orientation of {001} towards the surface nor-

mal and a high fraction of {101} oriented grains towards the scanning direction without 

damaging the Corning® Eagle XG® substrate. 

 

Figure 42: (a) Schematic drawing of a standard sample (1.1 mm Corning® Eagle XG® / 200 nm PVD SiO2 / 

10 µm EBPVD silicon) crystallized from left to right. (b) A second scan perpendicular to the grain growth is 

performed. 

 

Figure 43: (a/b) EBSD mapping of a sample crystallized at vscan = 3 mm·s-1, Tsub = 700 °C and Iopt = 2.073 

kW·cm-2 using multiple scans. (a) depicts the grain orientation towards the surface normal and (b) in scanning 

direction of the laser. The corresponding inverse pole figures are shown on the right. A top view optical mi-

crograph of a 2.5 · 2.5 cm2 multi-crystallized sample is depicted in (c). To visualize the grains it has been 

textured using a KOH/IPA solution. 

As can be seen the first scan leads to the typical elongated grain growth while the solidifying 

melt of the second scan nucleates at the crystals of the first scan leading to a lateral epitaxial 

growth. Figure 43 (c) depicts the top view optical micrograph of a 2.5 · 2.5 cm2 multi-crys-

tallized sample. The first scan was performed at the left side of the sample from bottom to 

top followed by a second full scan from left to right as indicated by the dashed lines. After-

wards the sample was etched in KOH/IPA solution to texture the surface and therefore to 

visualize the grains. The textured samples demonstrates that the process can easily be scaled 

up to larger sample areas. Although this method is very fast and easy, it has the disadvantage 
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that it is not possible to directly select a desired grain orientation even though the odds are 

high to extend the most common type ({001} grain orientation towards the surface normal 

and {101} in scanning direction). Moreover it is very unlikely to just “extend” one grain. In 

fact it would be quite a coincidence to only partially melt a single grain and thus to create a 

monocrystalline layer. However, since very slow scans result in a very linear growth com-

pared to very fast ones (refer to Figure 35), one can put the favor towards larger grains by 

reducing vscan for the first crystallization. Either way this approach will result in an increased 

grain size and thus in a decrease of the grain boundary density. It is obvious that one could 

also think of even more scans. However additional scans result in a higher demand on the 

diffusion barrier and clearly increase the stress within the substrate. 

8.3 Buried monocrystalline seed layer 

We also tried to directly influence the growth behavior of our silicon layers by using buried 

monocrystalline seed layers at the start of the crystallization process as schematically shown 

in Figure 44.  

 

Figure 44: Schematic drawing of a sample with a 200 nm buried monocrystalline seed layer at the start of the 

crystallization. The p-type seed layer features a {001} surface orientation as indicated. 

Starting material were silicon-on-glass (SIOG) substrates from Corning® [170,171]. Figure 

45 (a) exemplarily depicts a provided SIOG sample. It consists of a 200 nm p-type mono-

crystalline silicon film on a Corning® Eagle XG® glass. The monocrystalline silicon film 

features a resistivity of 10 – 15 Ω·cm and a {001} surface orientation as indicated in the 

schematic drawing of Figure 44. First of all the samples were cut to a size of 5 · 5 cm2 to 

match our deposition requirements. Except for a small stripe, which later on acts as a local 

buried seed layer, the silicon film of the SIOG substrate was removed by wet chemical etch-

ing using HNO3, H2O and HF [50:20:1 vol%]. Afterwards the samples have been cleaned 
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with a heated alkaline detergent in an ultrasonic bath and subsequently dried with nitrogen. 

Next was the deposition of a 200 nm reactively sputtered SiO2 interlayer which serves as a 

diffusion barrier to prevent contamination of the silicon during the crystallization. During 

SiO2 deposition the small silicon stripe was masked. A final 10 µm thick silicon layer was 

deposited using EBPVD. Figure 45 (b) depicts a typical sample at this stage. 

 

Figure 45: (a) Silicon-on-glass (SIOG) sample featuring a 200 nm monocrystalline {100} wafer bonded onto 

a Corning® Eagle XG® substrate. (b) A buried seed layer sample consisting of a 10 µm EBPVD deposited 

silicon precursor on a 200 nm SiO2 coated Corning® Eagle XG® substrate. Except for a thin monocrystalline 

silicon stripe at the top of the sample the seed has been removed. 

Figure 46 depicts the EBSD mappings of two samples with a buried monocrystalline seed 

layer crystallized at vscan = 3 mm·s-1, Tsub = 700 °C and Iopt = 2.073 kW·cm-2. Crystallization 

was performed from top to bottom. In Figure 46 (a/c) the orientational maps towards the 

surface normal and in Figure 46 (b/d) the grain orientations in scanning direction of the laser 

are depicted. The corresponding IPF’s are below the mappings.  

Upon crystallization on the seed layer an epitaxial layer is grown as can be seen in the black 

rectangle of Figure 46. The monocrystalline starting region partially disintegrates into indi-

vidual grains after the laser has passed the seed. The reason for the formation of grain bound-

aries is assumed to be due to stress within the layer stack upon crystallization and impurities 

e.g. particles on the samples during crystallization or pinholes in the as-deposited silicon thin 

film. Nevertheless, the silicon grains maintain the crystal information of the seed layer as 

they grow across the substrate resulting in a lateral epitaxial growth. Thus a preferential 

texture for the surface normal and in scanning direction can be achieved and even be con-

trolled. Since we are using a {001}-Wafer as a seed we can vary the orientation of the scan-

ning direction from {001} up to {101} as indicated by the schematic drawing of Figure 44. 

This can be achieved by either etching the seed stripe in an angle of 45 degrees or rotating 

the laser source by that angle. Figure 46 (c/d) exemplarily depicts an EBSD mapping for a 
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sample that has been etched. Again the silicon is taking over the crystal orientation of the 

seed layer underneath and grows laterally across the substrate resulting in a {001} texture of 

the surface normal and a {101} texture in scanning direction of the laser. The texture for-

mation is accompanied by a strong reduction of high angle grain boundaries. The material 

of both layers exhibits more than 90 % Σ1 boundaries and only some Σ3 twin boundaries 

which are known to have no major electrical impact. Higher orders of the Σ3 and other CSL 

boundaries have not been detected.  

 

Figure 46: EBSD mapping and the corresponding inverse pole figures of 2 samples crystallized at vscan = 3 

mm·s-1, Tsub = 700 °C and Iopt = 2.073 kW·cm-2 using a buried monocrystalline {001} seed layer at the beginning 

of the crystallization process. (a/b) {001} orientation of the seed in scanning direction. (c/d) {101} orientation 

of the seed in scanning direction. 

In Figure 47 (a) a top view optical micrograph of a KOH/IPA textured sample such as the 

one depicted in Figure 46 (a/b) is shown. It demonstrates that the size of the grains is signif-

icantly increased and the texture of the seed sustained upon laser crystallized distance cov-

ered resulting in large grains extending across the whole substrate area. Figure 47 (b) depicts 

the optical micrograph of the starting region of the laser crystallization process. The light 

blue area represents areas which have not been textured properly, the brownish area corre-

sponds to the seed layer and the dark area to textured areas with upright pyramids. The crys-

tallization started just before the exposed seed layer. As can be seen the seed layer at the 

start of the laser crystallization remains unmelted. This is due to a large amount of dissipated 
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heat before quasi-adiabatic conditions are achieved and thus very likely the reason of the 

epitaxial growth without destruction of the seed itself. 

 

Figure 47: (a) Top view optical micrograph of a buried seed layer sample after KOH/IPA based texturing. It 

consists of a 10 µm silicon layer on a 200 nm SiO2 coated Corning® Eagle XG® substrate with a 200 nm 

buried monocrystalline seed stripe at the start of the crystallization. (b) Top view optical micrograph of the 

starting region of the laser scan.  

8.4 Monocrystalline seed stamps 

While the multiple scan method is very easy to implement, the grain size and the grain ori-

entation are hard to control. A buried monocrystalline seed layer at the start of the crystalli-

zation specifically improves both. That, however, at the expense of a simple processing pro-

cedure making it hard to implement this method into a baseline process. A method which 

combines the benefits of both without their respective downsides is desirable. One approach 

was to use the above described SIOG substrates as a seed stamp [Figure 48 (a)] instead of a 

buried seed layer [Figure 44]. Thereby a standard sample can be used. However, the exper-

imental setup has to be adjusted to avoid melting of the 200 nm thin seed layer. In this case 

the samples have to be flipped upside down and crystallization has to be performed through 

the glass substrate with the sample pressed onto the seed stamp during the crystallization.   

 

Figure 48: Schematic drawing of a standard sample either (1.1 mm Corning® Eagle XG® / 200 nm PVD SiO2 

/ 10 µm EBPVD silicon) (a) flipped upside down and pressed onto a silicon-on-glass (SIOG) substrate or (b) 

with a small wafer stripe placed on top of the sample stack. 
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Just as the samples with a buried seed layer a preferential texture formation was observed 

(not shown here). However this process leads to a bonding of the SIOG substrate onto the 

sample. The seed stamp can only be lifted during an additional short laser irradiation or 

simply by applying some force. Using this experimental arrangement one could also think 

of using commercially available wafers instead of the SiOG substrates. However in order to 

relinquish on a complicated real time power control of the laser, it is essential that the spe-

cific heat capacity of the seed layer are negligibly small. Otherwise two scenarios occur. 

Either the crystallization of the absorber layer is not initiated due to the high specific heat 

capacity of the seed layer itself or for high Iopt the crystallization initiates but dewetting or 

even evaporation occurs as soon as the laser has passed the area with the attached seed layer.  

If we assume a perfect thermal coupling between seed stamp and absorber layer we can 

determine the maximum possible seed stamp thickness for the crystallization with a constant 

set of parameters by determining the working range ΔIopt as a function of the absorber layer 

thickness itself. The result of such a thickness variation is shown in Figure 49. As can be 

seen the required minimum energy to melt the silicon layer (blue curve) is proportional to 

the thickness of the absorber layer as expected. The maximum optical intensity in contrast 

dramatically increases as we increase the absorber layer thickness to 31.1 µm. So while ΔIopt 

starts off with approximately 0.6 kW·cm-2 at xb = 4.8 µm and slightly increases to  

0.9 kW·cm-2 at xb = 19.8 µm, there is a transitional area between 19.8 – 31.1 µm where a 

significant increase of ΔIopt occurs. At an absorber thickness of 31.1 µm the working range 

amounts almost 4 kW·cm-2.  

For absorber thicknesses between xb = 4.8 – 19.8 µm we observe a clear dewetting at optical 

intensities beyond Iopt_max. However for absorber xb ≥ 31.1 µm the dewetting effect vanishes 

and a direct evaporation of the material is observed. One possible cause for this phenomenon 

could be the increasing influence of the gravitational acceleration. For a small droplet or in 

our case a small dewetting line [refer to Figure 18 (e)] the gravity has no influence and the 

shape is governed by surface tension forces. If we increase the material volume those 

dewetting lines can either become larger in diameter or stack closer together. The latter leads 

to a merging of two, once they are in direct contact to each other. So eventually the dewetting 

lines will always become larger in diameter. Once the dewetting lines reach a critical diam-

eter of twice their capillary length they start to flatten. This could ultimately lead to the fact 

that a closed layer is formed at which dewetting is no longer possible and a direct evaporation 

takes place. 
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Figure 49: Phase diagram for the crystallization of an EBPVD silicon layer of varying thickness deposited on 

a 200 nm SiO2 coated Corning® Eagle XG® substrate. Processing is performed in ambient atmosphere with a 

vscan = 3 mms-1 and a Tsub = 700 °C. Triangles and circles outline the parameter space where elongated large 

grained multicrystalline silicon films are obtained. For higher Iopt dewetting or direct evaporation of the silicon 

occurs as indicated. The red arrow exemplarily indicates the maximum tolerable thickness variation for the 

crystallization with a constant Iopt of 2.904 kW·cm-2. 

The red arrows in Figure 49 indicates the thickness range which can be crystallized at con-

stant crystallization conditions of vscan = 3 mm·s-1, Tsub = 700 °C and Iopt = 2.804 kW·cm-2. 

From the data we can deduce a maximum seed layer thickness of 21 µm if our precursor 

material is 10 µm thick. Hence, in order to use a standard wafer of 150 µm thickness either 

a separate pre-heating of the wafer or a real time control of the laser system would be re-

quired. However, if we extrapolate the Iopt_min shown in Figure 49 up to an optical intensity 

of 7 kW·cm-2 one should be able to melt a 150 µm wafer seed. Since the seed layer is several 

times thicker than the layer to crystallize and a partial melting is sufficient we can use the 

seed wafer as a heat-sink at which nucleation is initiated (refer to section 6.1) and thus use 

the setup shown in Figure 48 (b). For the experiments we used a 150 µm thick {111} wafer. 

To reduce the material consumption the wafer was cut into strips of roughly 300 – 500 µm 

width and directly placed onto a sample consisting of a 30 µm silicon layer on a 200 nm 

SiO2 coated Corning® Eagle XG®. Crystallization was performed at vscan = 3 mm·s-1,  

Tsub = 700 °C and Iopt = 7 kW·cm-2. The resulting SEM image and an EBSD image of the 

surface normal and in scanning direction is shown in Figure 50. As can be seen in the SEM 
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image [Figure 50 (a)] the optical energy is sufficient to partially melt the wafer stripe. More-

over there is no dewetting after the laser has passed the seed area. The orientational map of 

the surface normal [Figure 50 (b)] and in scanning direction of the laser [Figure 50 (c)] show 

that the {111} surface orientation and {101} in plane orientation of the wafer is sustained as 

the laser passes the region of the seed layer (marked with a black dashed rectangle). The thin 

noisy region behind the seed layer is a shading effect resulting from the measurement setup. 

This proof of concept shows that a standard sample setup and a commercially available wafer 

can be used to grow an epitaxial layer of any desired orientation. The sample setup involves 

no complicated processing procedure and only requires a constant set of crystallization pa-

rameters. 

 

 

Figure 50: (a) SEM image of the starting region of a 30 µm crystallized silicon layer on a 200 nm SiO2 coated 

Corning® Eagle XG® substrate with a 150 µm thick wafer stripe placed on top. The corresponding orienta-

tional mapping of the (b) surface normal and (c) in scanning direction of the laser measured with EBSD. 

8.5 Potential 

Comparing textured samples without seed layers as shown in Figure 28 with those where a 

seed layer was utilized (e.g. Figure 47) one can see that the optical properties are improved 

even further due to the ideal crystallographic orientation. Since the strong preferential tex-

ture of the seed layer crystallization is accompanied by a significant reduction of large angle 

boundaries and of the overall grain boundary density, a 10 – 20 % increase of the Hall mo-

bility could be measured (refer to Figure 11). In turn the mobility results for samples without 

seed layer strongly depend on the number and type of grain boundaries within the hall struc-

tures, as they result in a strongly differing sheet resistance along and perpendicular to the 

growth direction of the grains. As a result some samples with a locally increased grain 

boundary density cannot be measured using the van der Pauw method. Seed layer samples, 
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however, have a very homogeneous mobility distribution across the substrate area and reach 

a maximum value of 80 – 90 % of the theoretically possible limit for monocrystalline silicon 

depending on the doping type [refer to Chapter 4.1]. 

Figure 51 (a) depicts the PL image of the sample with a buried seed layer shown in  

Figure 47. It has an average intensity of 3053 counts with peak values of 5327 counts. The 

standard deviation is low with only 521 counts. In Figure 51 (b) the investigated test structure 

shown in Chapter 7 (p.84) is drawn in scale for comparison. It features an average and max-

imum intensity of 1724 and 5926 counts with a standard deviation of 752 counts. 

 

Figure 51: PL image of (a) the seed layer sample shown in Figure 47 and (b) the test structure investigated in 

chapter 7 (p. 84). The images were taken at an excitation wavelength of λ = 530 nm and an intensity of 1 sun. 

The PL image of the seed layer sample has a homogeneous lifetime distribution across its 

sample area. However small-angle boundaries (exemplarily marked with ①) which extend 

over the entire sample length and inhomogeneities within the grains (exemplarily marked 

with ③) lead to a minor decrease in lifetime.  The strongest decrease is observed in areas 

with large-angle boundaries (marked with ②). The PL imaging agrees with the results of 

the Hall mobility measurements indicating that a reduced grain boundary density leads to an 

increased material quality in terms of homogeneity and of the average lifetime. However, 

the peak intensity of both images is similar. In fact the test structure reaches slightly higher 

values. Thus it seems, that the potential of a seed layer approach is a significant reduction of 

low lifetime regions which shifts the average lifetime towards the measured peak value. The 

peak value itself however is not improved in our case. As a general approximation one could 

state that the best local lifetime on a standard absorber represent the upper limit of the achiev-

able material quality provided that similar crystallization parameters are chosen. However 

one needs to keep in mind that there have been very few seed layer experiments so far, which 

makes the statistical power low. 
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8.6 Summary and Conclusion 

The electrical analysis revealed a strong lateral variation of the effective lifetime. A large 

fraction of the absorber layer exhibited shorter local effective diffusion lengths than the ab-

sorber thickness itself. To improve the material quality several seed layer crystallization pro-

cesses were investigated. 

One method was to utilize multiple laser scans. Since elongated grains are grown in a single 

scan process, a second one was performed perpendicular to the first one increasing the grain 

size and thus decreasing the overall grain boundary density. However, while a simple mul-

tiple scan was very easy to implement, the grain size and orientation were hard to control. 

Moreover additional scans posed a higher demand on the diffusion barrier and substrate.  

Experiments with monocrystalline silicon on glass (SIOG) seed layers led to clearly im-

proved results. The grain size was strongly increased and their length only limited by the 

substrate size. The resulting grain orientation towards the surface normal and in scanning 

direction of the laser was fully customizable and only depended on the seed layer itself. This 

was accompanied by a substantial decrease of grain boundaries. Drawback of the SIOG seed 

layer crystallization was a great expense in terms of sample preparation. 

To use commercially available silicon wafers certainly seemed to be the most elegant method 

combining the advantages of the previous ones without their drawbacks. However the high 

specific heat capacity of the wafer and a missing real time control of the laser system led to 

either uncrystallized regions whenever the seed was in contact with the precursor or to a 

delamination/evaporation of the silicon after the laser has passed the melted seed layer area. 

Depositing thicker precursors to levelize the specific heat capacities was inevitable. Thereby 

an unexpectedly large increase of ΔIopt was observed for 30 µm thick absorber layers, which 

ultimately resulted in a first proof of concept for a laser crystallized absorber layer with a 

standard wafer seed stamp. 

The PL image of a seed layer sample and the PL image of the state of the art device presented 

in Chapter 7.3 (p.84) revealed comparable peak intensities while the average intensity was 

almost doubled. This indicates a strong increase of the average effective lifetime and thus of 

the average effective diffusion length.  Therefore, an improved device performance can be 

expected. 
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9 Summary 

This thesis deals with the liquid phase crystallization of silicon thin films on glass utilizing 

a line-shaped continuous wave laser. As part of this work, the influence of the used materials 

of the sample stack were investigated. The general structure consisted of a substrate, inter-

mediate layer(s) and a silicon precursor. As substrate two different glasses were used. They 

slightly deviated from one another, but exhibited well matching thermal expansion coeffi-

cients for silicon. The type of interlayer (SiO2, SiNX, SiCX and Al2O3) and their deposition 

conditions (sputter target) were investigated. Their influence on the silicon quality (mobili-

ties, interface defect densities) and suitability for the liquid phase crystallization process in 

terms of wettability were examined. It was found that the best wetting promoters led to the 

worst silicon material properties and visa versa. Further experiments were confined to SiO2 

and SiNX intermediate layer(s) as they resulted in the highest material quality and the rather 

small process windows were accepted. The silicon precursor was investigated in terms of 

crystallinity, strain, orientation and impurity concentrations. The experiments showed that 

high deposition temperatures of the silicon precursor are favorable for the subsequent laser 

crystallization process leading to larger grains, less pinholes, less micro-cracks and less in-

terruptions in crystal growth. Therefore, the focus was set to the maximum deposition tem-

perature of Tdepo = 600 °C. The resulting layers had a crystalline fraction of ≥ 94 %, tensional 

stress ≤ 1 GPa, a strong {101} grain orientation in growth direction (towards the surface 

normal) and partly high impurity concentrations. In particular the Fe concentration of 

1015 cm-3 in the precursor material is critical. Although the detected concentrations decreased 

after crystallization the concentrations could still be limiting the lifetime of the material. The 

9
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identification of possible contamination sources and their reduction is therefore recommend-

able. 

Figure 52 summarizes some key findings of this work. Major parameters of the crystalliza-

tion process (Iopt, vscan and Tsub) were investigated and a phase diagram for the crystallization 

of 10 µm thick silicon layers on a 200 nm SiO2 coated Corning® Eagle XG® substrate was 

recorded (refer to Figure 52). It was shown, that the crystallization range in terms of ΔIopt is 

strongly increased as the scanning velocity of the laser is decreased, whereas the deformation 

threshold of the respective substrates limits the minimum vscan. With an increasing precursor 

thickness xb ≥ 10 µm the whole process window is shifted towards higher Iopt. An increasing 

Tsub in turn shifted the process window towards lower Iopt. It is, however, advisable to keep 

the thermal gradient during the crystallization process as low as possible to reduce stress. 

Therefore most of the experiments were carried out at Tsub = 700 °C. The various interlayers 

in turn had no impact on the minimum required optical intensity for elongated grain growth, 

but shifted the dewetting threshold to lower or higher values depending on the utilized inter-

layers. As mentioned before SiO2 interlayers resulted in a fairly small process window com-

pared to SiCX interlayers.  

Three strongly different working points are exemplarily depicted in Figure 52 

(green/blue/red). A high vscan (green circle/box) led to a random grain orientation towards 

the surface normal (s:) and in scanning direction (sd:) of the laser. Moreover the measured 

grain boundary density was high. A reduction of vscan, while keeping Iopt close to the 

dewetting threshold of the silicon melt (blue circle/box) has led to the formation of a slight 

texture formation of {001} and {101} towards the surface normal and in scanning direction 

of the laser, respectively. Additionally a small reduction of the overall grain boundary den-

sity was observed. The morphological changes introduced by the reduction of vscan correlated 

with the electrical properties leading to an increased mean and peak VOC. A reduction of Iopt 

from the dewetting threshold to the crystallization threshold at a constant vscan (left red box) 

revealed a further improved surface texture of {001} and an even lower amount of grain 

boundaries. So, by changing the process parameters from high vscan and Iopt to low vscan and 

Iopt (green to left red circle/box) the average and maximum VOC was significantly improved 

from 443 to 597 mV and 560 to 629 mV, respectively. This correlated with an improved Leff 

from 8 to 18 µm. 
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Figure 52: Phase diagram for the crystallization of a 10 µm thick silicon layer on a 200 nm SiO2 coated  

Corning® Eagle XG® substrate. Processing was performed in atmosphere and prior to crystallization the spec-

imens were pre-heated to 700 °C. The optical laser intensity, Iopt, is depicted as a function of the scanning 

velocity, vscan. The numbered circles mark the parameter space were ① dewetting, ② elongated grain growth 

and ③ small grained silicon growth is observed. The corresponding micrographs serve as an additional illus-

tration. The lowest possible scanning velocity without glass deformation is marked not only for Corning® 

Eagle XG® but also for Schott® Borofloat®. The impact of an increasing precursor thickness, xb, an increasing 

substrate temperature, Tsub and of a changing intermediate layer type on Iopt is depicted. Three working points 

(●●●) are marked. The corresponding color coded boxes contain the EBSD measured inverse pole figures of 

the silicon grain orientation (s:) towards the surface normal and (sd:) in scanning direction of the laser. The 

grain boundary (GB) density is given as well as the average VOC of all fabricated devices at the corresponding 

working point. Moreover the VOC and Leff of the best performing device is provided. The outer arrows illustrate 

the changes made.  
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These results indicate that morphological improvements in terms of grain boundary density 

and type have a positive effect on the optoelectronic properties. To further improve the mor-

phological properties and thus the potential of silicon thin film solar cells advanced crystal-

lization methods were investigated. These included multiple scans (rotating the sample by 

90 °) as well as several monocrystalline seed layer experiments. The multiple scan is very 

easy to implement and increased grain sizes were observed. However the orientation of the 

grains and their size are hard to control. Moreover the demands on the intermediate layer(s) 

and the substrate are increased. Monocrystalline seed layers in contrast have led to fully 

customizable orientations towards the surface normal and in scanning direction of the laser 

only depending on the seed layer itself (refer to right red box for a seed layer sample which 

utilized a {001} oriented seed towards the surface normal and in scanning direction of the 

laser). It was shown that the grain size is substantially increased and their length only limited 

by the substrate. Thus, the grain boundary density was strongly reduced and mainly low-

angle boundaries were observed. This was realized with both buried seed layers and seed 

stamps, whereby seed stamps are easier to implement from a technological point of view. 

The precursor thickness of xb = 10 µm strongly limited the maximum seed layer thickness. 

In order to use commercially available silicon wafers it was necessary to increase xb to  

30 µm. This ultimately resulted in a first proof of concept for a seed layer crystallization 

with a standard silicon wafer seed. 

In the long term thicker absorber layers are desirable in order to increase the JSC. However 

the current Leff of up to 18 µm for absorber layers laser crystallized at vscan = 3 mm·s-1,  

Iopt = 2.073 kW·cm-2 and Tsub = 700 °C is unsufficient for cells with a 30 µm thick absorber 

layer, especially if the cells are operating in superstrate configuration. 

By various measures such as improving the purity of the interlayers and precursor, utilizing 

optimized crystallization parameters and using a seed layer concept longer effective diffu-

sion lengths can be expected. Consequently the resulting solar cells should be improved. In 

addition, PL investigations on electron beam crystallized and laser crystallized absorbers 

layers have shown that the processing pressure and/or the atmospheric composition could 

also have a strong impact on the material quality and thus contribute to an improvement of 

the effective diffusion length. 

Considering the development of this fairly new technology one can see a fast and significant 

progress within the last years. Combining the aspects of this work should help to tab the full 

potential of these devices in the upcoming years.
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Appendix 

A.1 Temperature simulations 

long axis FWHM = 31 mm / short axis b1/e² = 0.3 mm / P  surface integral 

Assumptions: 

 steady state 

 infinitely extended geometry 

 only energetic phase transformation 

 no convection and radiation 

 no conduction towards heater 

 a-Si precursor instead of µc-Si (optical) 

xb = 10 µm / Tsub = 700 °C / vscan = 3 mms-1 / Iopt = 2.073 kW·cm-2 
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xb = 10 µm / Tsub = 700 °C / vscan = 3 mms-1 / Iopt = 2.917 kW·cm-2 
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xb = 10 µm / Tsub = 600 °C / vscan = 3 mms-1 / Iopt = 2.100 kW·cm-2 
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All simulations have been done in cooperation with IPHT Jena. 

A.2 Substrate Properties 

The table below is a summary from reference [143–145]. 

 
 

Corning® 

EAGLE XG® 

SCHOTT 

BOROFLOAT® 33 

SODA LIME 

(low iron) 

 

Viscosity     

Working point (°C) 1293 1270  

Softening point (°C) 971 820 ~ 726 

Annealing point (°C) 722 560 ~ 546 

Strain point (°C) 669 518 ~ 514 

 

Thermal Expansion     

0 – 300 °C (1/K) 31.7 · 10-7 32.5 · 10-7 ~ 85 · 10-7 

 

Mechanical     

Density (25°C) (g/cm³) 2.38 2.2 ~ 2.5 

Young’s modulus (kN/mm²) 73.6 64 ~ 72 

Poisson’s ratio  0.23 0.2 ~ 0.23 

 

Dimensions     

Thickness (mm) 0.7 – 1.1 0.7 – 25.4  

Size (mm) 1550 - 1321 2286 - 1702  
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A.3 Temperatures of the heating stage 

The heater dimension is 15 · 15 cm². To evaluate its lateral temperature distribution we di-

vided the heater in 5 · 5 cm² subdivisions as indicated in the schematic top view of the stage 

layout [see Figure below]. The photograph on the right shows the heater stage at a set tem-

perature of 700 °C, which is referred to as substrate temperature Tsub. A 5 · 5 cm² substrate 

with 10 µm of silicon deposited on top has been placed at the indicated positions 1, 2 and 3, 

respectively.  A Fluke 54II in combination with a K-type thermocouple was used to measure 

the temperature at the center of the sample. The results are summarized in the graph below. 

 

                stage layout (top view)                                         photograph of the heater stage (top view) 
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A.4 SIMS results 

Below are the SIMS measured impurity concentrations from Evans Analytical Group for 10 

µm as-deposited and laser crystallized silicon layers on either a 200 nm SiO2 or 200/80 nm 

SiO2/SiNX coated 1.1 mm thick Corning® Eagle XG® substrate. Additionally the SIMS raw 

data of 4.5 µm thick fully PECVD processed samples are shown before and after crystalli-

zation. The measured impurities and further details of the sample setup can be found in the 

corresponding graphs. 
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