
J. Appl. Phys. 110, 093503 (2011); https://doi.org/10.1063/1.3656987 110, 093503

© 2011 American Institute of Physics.

Temperature dependent photoluminescence
of lateral polarity junctions of metal organic
chemical vapor deposition grown GaN
Cite as: J. Appl. Phys. 110, 093503 (2011); https://doi.org/10.1063/1.3656987
Submitted: 19 June 2011 . Accepted: 22 September 2011 . Published Online: 02 November 2011

Ronny Kirste, Ramón Collazo, Gordon Callsen, Markus R. Wagner, Thomas Kure, Juan Sebastian Reparaz,
Seji Mita, Jinqiao Xie, Anthony Rice, James Tweedie, Zlatko Sitar, and Axel Hoffmann

ARTICLES YOU MAY BE INTERESTED IN

Polarity control and growth of lateral polarity structures in AlN
Applied Physics Letters 102, 181913 (2013); https://doi.org/10.1063/1.4804575

The mechanism for polarity inversion of GaN via a thin AlN layer: Direct experimental evidence
Applied Physics Letters 91, 203115 (2007); https://doi.org/10.1063/1.2815748

Luminescence properties of defects in GaN
Journal of Applied Physics 97, 061301 (2005); https://doi.org/10.1063/1.1868059

https://images.scitation.org/redirect.spark?MID=176720&plid=1087013&setID=379065&channelID=0&CID=358625&banID=519848093&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=ad80d4e33fdfc0af2d4ab2d42a5a7ea86f258e7e&location=
https://doi.org/10.1063/1.3656987
https://doi.org/10.1063/1.3656987
https://aip.scitation.org/author/Kirste%2C+Ronny
https://aip.scitation.org/author/Collazo%2C+Ram%C3%B3n
https://aip.scitation.org/author/Callsen%2C+Gordon
https://aip.scitation.org/author/Wagner%2C+Markus+R
https://aip.scitation.org/author/Kure%2C+Thomas
https://aip.scitation.org/author/Sebastian+Reparaz%2C+Juan
https://aip.scitation.org/author/Mita%2C+Seji
https://aip.scitation.org/author/Xie%2C+Jinqiao
https://aip.scitation.org/author/Rice%2C+Anthony
https://aip.scitation.org/author/Tweedie%2C+James
https://aip.scitation.org/author/Sitar%2C+Zlatko
https://aip.scitation.org/author/Hoffmann%2C+Axel
https://doi.org/10.1063/1.3656987
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.3656987
https://aip.scitation.org/doi/10.1063/1.4804575
https://doi.org/10.1063/1.4804575
https://aip.scitation.org/doi/10.1063/1.2815748
https://doi.org/10.1063/1.2815748
https://aip.scitation.org/doi/10.1063/1.1868059
https://doi.org/10.1063/1.1868059


Temperature dependent photoluminescence of lateral polarity junctions
of metal organic chemical vapor deposition grown GaN

Ronny Kirste,1,a) Ramón Collazo,2 Gordon Callsen,1 Markus R. Wagner,1 Thomas Kure,1

Juan Sebastian Reparaz,1 Seji Mita,3 Jinqiao Xie,3 Anthony Rice,2 James Tweedie,2

Zlatko Sitar,2 and Axel Hoffmann1

1Institute of Solid State Physics, Technische Universität Berlin, Hardenbergstrasse 36, D-10623 Berlin, Germany
2Department of Materials Science and Engineering, North Carolina State University, Raleigh,
North Carolina 27695, USA
3HexaTech, Inc., 991 Aviation Pkwy., Suite 800, Morrisville, North Carolina 27560, USA

(Received 19 June 2011; accepted 22 September 2011; published online 2 November 2011)

We report on fundamental structural and optical properties of lateral polarity junctions in GaN.

GaN with Ga- to N-polar junctions was grown on sapphire using an AlN buffer layer. Results from

scanning electron microscopy and Raman spectroscopy measurements indicate a superior quality

of the Ga-polar GaN. An extremely strong luminescence signal is observed at the inversion domain

boundary (IDB). Temperature dependent micro photoluminescence measurements are used to

reveal the recombination processes underlying this strong emission. At 5 K the emission mainly

arises from a stripe along the inversion domain boundary with a thickness of 4-5 lm. An increase

of the temperature initially leads to a narrowing to below 2 lm emission area width followed by a

broadening at temperatures above 70 K. The relatively broad emission area at low temperatures is

explained by a diagonal IDB. It is shown that all further changes in the emission area width are

related to thermalization effects of carriers and defects attracted to the IDB. The results are success-

fully used to confirm a theoretical model for GaN based lateral polarity junctions. Due to the strong

and pronounced emission of IDBs even at elevated temperatures, it is demonstrated that lateral

polarity junctions exhibit a strong potential for future high efficiency devices. VC 2011 American
Institute of Physics. [doi:10.1063/1.3656987]

I. INTRODUCTION

GaN and its related ternary alloys InGaN and AlGaN are

the leading materials for photonic devices in the visible and

ultra violet wavelength regime. Extremely important for high

efficient photonic devices is a deep understanding of recombi-

nation centers in these materials. One can distinguish between

radiative and non-radiative recombination centers. Non-

radiative recombination centers such as threading dislocations

have to be avoided as they reduce the external quantum

efficiency.1 The controlled incorporation of radiative recom-

bination centers is a good possibility for high efficient

light-emitting diodes (LEDs). Most of these radiative recom-

bination centers are introduced by the incorporation of

defects. These could be structural defects or dopants as for

example In atoms in GaN.2 Unfortunately, the incorporation

of such desired recombination centers often goes hand in hand

with the introduction of non-radiative recombination centers.

Nearly one decade ago Schuck et al. presented laterally

resolved photoluminescence measurements on the inversion

domain boundary (IDB) in GaN.3 They revealed that at the

N-polar to Ga-polar junction in GaN, an enhancement of the

luminescence signal of one order of magnitude is observed.

Further calculations by Fiorentini explained this strong emis-

sion of the IDB by a maximum of the local potential in the

core of the IDB accompanied by two local minima that can

effectively collect electrons.4 It was suggested that optical

devices based on such polar junctions could lead to a new

generation of optical devices.5 In the following years only

few publications dealing with the optical, electrical, and

structural properties of IDBs were published,6,7 which might

be related to difficulties in the controlled growth of lateral

polarity junctions (LPJs). For that reason many properties of

polar junctions are still unknown. But for the implementation

of IDBs into optical devices, a better understanding of the

recombination processes is indispensible.

In this contribution we present fundamental investiga-

tions of the structural and optical properties of lateral polar-

ity junctions in GaN. Scanning electron microscopy and

Raman spectroscopy are used to explain the results obtained

by temperature dependent micro photoluminescence. This

data is not available in literature, so far and is needed to

understand the processes underlying the strong luminescence

of the IDB. The model calculated by Fiorentini is confirmed

and extended.4 Since the signal of the inversion domain is

still very strong at room temperature, it is demonstrated that

polar junctions are extremely interesting for next generation

optical devices.

II. EXPERIMENT

GaN was grown in a low pressure metal organic chemi-

cal vapor deposition (MOCVD) reactor at temperatures

around 1030 �C. Area selective growth of Ga- and N-polar

GaN was achieved via the laterally controlled growth of a

low temperature (LT) AlN buffer layer on sapphire substratea)Electronic mail: rkirste@physik.tu-berlin.de.
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and subsequent nitridization. Details of the growth process

can be found elsewhere.8 Consequently, in the border

between the N- and Ga-polar GaN, lateral polarity junctions

were grown; thereby the inversion domain boundary (IDB)

was accessible for optical investigations from the surface.

By growing samples under different V/III ratios, which cor-

responds to different supersaturations, a selective incorpora-

tion of carbon was achieved leading to different carrier

concentrations and mobilities.9 In this contribution we focus

on two samples: Sample A grown under a V/III ratio of

around 100 and sample B under a V/III ration of approxi-

mately 2000. Scanning electron microscopy (SEM) and cath-

odoluminescence (CL) investigations were undertaken with

a FEI Quanta 200 ESEM, which was equipped with a

MONOCL3 System by Gatan. It was the main aim of those

investigations to gain information about the sample’s surface

morphology and the deep defect related luminescence. Room

temperature micro Raman spectroscopy measurements were

performed using a DILOR XY 800 triple grating Raman

spectrometer with the 488 nm line of an argon ion laser as

excitation source. In order to obtain information about the

lateral distribution of the crystal properties the setup was

coupled to a XY-table, which enabled map scans with a reso-

lution down to 500 nm. The near band edge photolumines-

cence (PL) was examined with a micro photoluminescence

(l-PL) setup allowing map scans with a resolution down to

300 nm. Thereby, the 325 nm line of a HeCd laser was used

as excitation source, the PL signal was dispersed using a

0.45 m single monochromator and detected by a nitrogen

cooled CCD with 2048� 512 pixel. For temperature depend-

ent measurements, an Oxford constant flow cryostat allowed

a variation of the temperature in the range from 5 to 300 K.

III. RESULTS

Figure 1 displays SEM images of the IDB for sample A

(left) and B (right). For both samples the surface of the

N-polar region is very rough, as it is dominated by hexagonal

pyramids well aligned to the crystal axis. The size of these

pyramids varies from 1 lm up to 8 lm in diameter. No pyra-

mids are observed in the Ga-polar region where the surface

is flat and nearly free of observable structural defects. Such

pyramidal structures in N-polar GaN are not unusual and

have been observed before.5,10 Collazo et al. pointed out that

the roughness of the N-polar regions can be reduced by

longer nitridization times of the substrate up to a level where

it is comparable to that of the Ga-polar region.8 In our case a

distinct roughness of the N-polar region was chosen on pur-

pose in order to simplify the orientation and alignment of the

crystal.

In the past, different models for the IDB with mono-

atomic inversion domains were suggested.11,12 However, TEM

measurements by Mita et al. revealed, that due to the imprecise

etching of the LT-AlN layer the LPJ consists of around 50 nm

with mixed polarity.13 Taking into account our results obtained

by SEM, a much broader IDB for our samples seems to be

obvious. In Fig. 1 a step-like shape between the N-polar and

Ga-polar area is visible. This step has a width of around

1.5 lm for sample A and 2.5 lm for sample B, whereby the or-

igin of the different thickness is attributed to the different V/III

ratios while growth. These findings are confirmed by atomic

force microscopy (AFM) measurements. Thereby, a step with

a width comparable to that revealed by the SEM images and a

height of 600-800 nm between the two polar areas was

observed (not shown). This vertical step is caused by a thicker

Ga-polar region compared to the N-polar region. Taking a

closer look at Fig. 1, overgrowth of N-polar GaN is observed,

since some of the pyramids in the N-polar region are half cov-

ered by smooth Ga-polar GaN. Thus, the inversion domain

boundary is not expected to be perpendicular to the surface.

A schematic illustration of the polarity junction is shown

in Fig. 2. The angle under which the inversion domain is

grown increases the effective (observable) area of the IDB,

viewable from a top view, to a few micrometers. A rough

estimation of the angle between the inversion domain and

the substrate delivers a value of 50-60 degree. Following the

results obtained by SEM/AFM, we estimate the effective

IDB-width to 1.5 lm for sample A and 2.5 lm for sample B.

Different incorporation of defects depending on the

polarity is well known for many materials including GaN,

InN, and ZnO.14–16 It has been shown that in many cases the

surface with the polarity of the cation has a much lower

unintentional doping rate compared to that of the anion

side.17 Cathodoluminescence spectra of the N- and Ga-polar

areas of sample A were recorded in order to confirm these

findings and are shown in Fig. 3. The spectra were normal-

ized to the near band edge emission (NBE). Thereby, it

FIG. 1. SEM images of the inversion domain boundary (Ga-polar to

N-polar junction) for sample A (left) and B (right). The N-polar regions are

dominated by pyramidal structures while the Ga-polar regions reveal a

mainly flat surface.

FIG. 2. Illustration of the expected sample-structure in the area of the inver-

sion domain. The IDB lies under a distinct angle and is not perpendicular to

the surface. This leads to an increased effective IDB area of 1.5–2.5 lm,

whereby the effective area shall be defined as the area observable from a top

view. The thickness of the AlN-buffer is roughly 50 nm, the thickness of the

GaN film is supposed to be 2 lm.
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should be mentioned that the intensity of the NBE of the Ga-

polar region was enhanced by a factor of 15 compared to that

of the N-polar region. This result is consistent with earlier

results and explained by different non-radiative recombination

rates.3 Further discussion of the NBE will follow below when

results of photoluminescence measurements are taken into

account. Additionally to the NBE, two strong defect lumines-

cence bands are observed. While the broad peak centered

between 400 nm and 500 nm, the so-called blue luminescence,

is normally attributed to Mg, Si, or Zn incorporation,18 the ori-

gin of the yellow luminescence between 500 and 600 nm is

attributed to Ga vacancies or oxygen impurities. Compared to

the NBE, the defect luminescence of the Ga-polar area is

much weaker than that of the N-polar area indicating

decreased defect incorporation. In the N-polar area the blue

luminescence is nearly as strong as the near band edge lumi-

nescence while it is more than two orders of magnitude

weaker in the Ga-polar area. Although the intensity of the yel-

low luminescence also decreases, its reduction is smaller. This

is in good agreement with results published in ZnO, where a

secondary ion mass spectrometry (SIMS) analysis of Zn- and

O-polar samples revealed a reduced impurity concentration of

up to two orders of magnitude in the Zn-face samples.17 It is

of importance to confirm these findings with our samples

since the investigation of different surface polarities is nor-

mally performed on two different samples. Although grown in

the same growth-run, a spatial displacement could result in

different gas flows, a temperature gradient and so on, which

would lead to slightly different growth conditions. For sam-

ples with a LPJ, this can be excluded due to the fact that the

spatial displacement is only a few micrometers.

In order to assess the strain, crystal quality and electronic

properties of the GaN epilayers in the IDB area, laterally

resolved Raman spectra were recorded with a step width of

1 lm over a square of 20� 20 lm. Spectra were taken in

z(xx)z geometry, consequently the E2(high) and A1(LO)

Raman modes are allowed.19 The line shapes of these modes

were analyzed and the position and full width at half maximum

(FWHM) was plotted laterally resolved in Figs. 4(a)– 4(d) for

the E2(high) for both samples and in Figs. 4(e)þ 4(f) for the

A1(LO) mode of sample B. The E2(high) mode is non-polar

and thus only slightly influenced by carriers in the crystal.

Therefore, it can be used to evaluate the strain in the layers.

Taking into account the relaxed position of the E2(high) mode

at 567 cm�1, it can be seen that the N-polar regions for both

samples are relaxed while the Ga-polar regions exhibit a small

compressive strain.19 These different strain states can be easily

understood if the SEM and CL results presented above are

taken into account. For the N-polar region pyramidal structures

were observed indicating a strong 3D growth, which leads to

relaxation. On the other hand, the Ga-polar region exhibited a

smooth surface with few structural defects, which leads to a

small strain originating from the lattice mismatch between sub-

strate and layer. The FWHM of the E2(high) mode is an indica-

tor for the crystal quality. Comparing the Ga-polar to the N-

polar region an increase from around 3 cm�1 to 8 cm�1 in sam-

ple A and to 5 cm�1 in sample B is observed. While 3 cm�1 is

a good value for epitaxial grown GaN, 5–8 cm�1 is an indicator

for a decreased crystal quality. The driving force for the

decreased crystal quality is supposed to be the increased defect

incorporation in the N-polar region as observed with CL. Thus,

the results obtained by SEM and CL are confirmed and the

superior crystal quality of the Ga-polar region is demonstrated

by Raman measurements.

The inversion domain is well established in Figs. 4(a)–

4(f) as a vertical line between the two areas of different

polarity. But this visibility is only due to the strain and quality

gradient between the N- and Ga-polar area. The IDB itself

cannot be observed, except in Fig. 4(d) where a stripe like

feature is seen. In contrast to the E2(high) mode, the position

and FWHM of the A1(LO) mode are not exclusively influ-

enced by the strain but also by charge carriers and their

mobility. At higher carrier concentrations, the phonons might

couple to the carrier plasma that leads to a broadening of this

mode and a shift to higher energies.20 Both, the position as

well as the FWHM of the A1(LO) mode are displayed in Fig.

4(e)þ 4(f). Comparing the Ga-polar and N-polar region, a

shift of the position from 735 cm�1 to 738 cm�1 and a broad-

ening from 6 cm�1 to 9 cm�1 are observed indicating an

increased carrier concentration in the N-polar region.20 This

behavior was observed before and is explained by a polarity

dependent incorporation of oxygen.21,22 Again, no differentia-

tion between the inversion domain and the N-polar or Ga-

polar region is observed. Taking into account the effective

IDB-width of 1.5–2.5 lm, this is very striking, since the po-

larity junction is supposed to be accomplished by a potential

minimum that effectively collects carriers.4 A possible expla-

nation could be the measurement at room temperature,

whereby thermalization could activate carriers and allow

them to drift away from the IDB into the Ga-/N-polar region.

For a detailed analysis of the recombination processes at

the inversion domain, l-PL spectra were recorded in an area

of 20� 20 lm with a step width of 330 nm. Thereby, the

inversion domain was a vertical line in the center, the

Ga-polar area on the left side and the N-polar region on the

right side. Typical PL spectra of the IDB and both polar

areas are displayed in Fig. 5. The spectra were recorded at

5 K. Drastic differences between the three regions are

observed regarding the position of the main peak as well as

their intensity. It should be mentioned that also some

FIG. 3. (Color online) Cathodoluminescence spectra of the Ga- and N-polar

region of sample A. Spectra were normalized to the near band edge

luminescence.
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variations between the spectra of each distinct region are

observed. These fluctuations are attributed to varying defect

incorporation and are small compared to those between the

Ga-/N-polar and ID region. The spectra taken in the Ga-

polar area exhibit features, which are generally observed for

n-type GaN. The peaks at 3.493 eV, 3.485 eV, and 3.478 eV

are attributed to the B-exciton, A-exciton and donor bound

exciton,18 which is confirmed by the temperature dependent

behavior of these lines (not shown). All peaks are shifted

8 meV to higher energies compared to their values in relaxed

GaN. This shift is due to the compressive strain in the

Ga-polar region as it was observed by Raman spectroscopy

(Fig. 4).23 In the N-polar area two broad peaks at around

3.45 eV and 3.47 eV are observed. Reshchikov et al. ascribed

a line at 3.42–3.43 eV to structural defects near the surface.18

Although the emission of the N-polar region is observed at

higher energies, it is also attributed to structural defects.

SEM results presented in Fig. 1 support this interpretation

where a high density of pyramids was found in the N-polar

area. A strong shift for the emission of such pyramids was

previously observed. Liu et al. performed laterally resolved

cathodoluminescence in GaN pyramids and revealed a strong

redshift of 40 meV from the top to the base of these pyramids

due to a strong tensile strain.23 Taking these results into

account the high FWHM of the emission of the N-polar

region is explained by a strain gradient that cannot be

observed with Raman spectroscopy or l-PL due to the lim-

ited spatial resolution of the setup. Thus, the increased

FWHM of the E2(high) mode in the N-polar region is not

only interpreted as a decreased crystal quality but also as

result of a strain gradient in the pyramidal structures (Figs.

4(c) and 4(d)). The maximum of the emission of the IDB is

found between those of the N-/Ga-polar regions at 3.47 eV.

This is about 20 meV above the values for IDB emission as

published by Schuck et al.3 The argumentation for this shift
FIG. 5. (Color online) Typical low temperature (5 K) PL spectra of the

N-polar GaN, Ga-polar GaN and the inversion domain area of sample A.

FIG. 4. (Color online) 2D maps in the

area of the IDB of the position of the

E2(high) mode (a),(b) and its FWHM

(c), (d) for sample A (left) and sample B

(right), as well as position (e) and

FWHM (f) of the A1(LO) mode for sam-

ple B.
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is comparable to that for the shift of the emission of the N-

polar area. As revealed by SEM measurements and illus-

trated in Fig. 2, the inversion domain consists mainly of a

boundary grown under a distinct angle to the surface. The

border lies between unstrained N-polar GaN and compres-

sively strained Ga-polar GaN. Hence, a strong strain field

affects the IDB signal, whereby the compressive strain origi-

nating in the Ga-polar region dominates and leads to a

shift to higher energies. The intensities of the signals of the

Ga- and N-polar regions are of comparable height. In con-

trast, the signal of the ID is more than one order of magni-

tude stronger. This behavior was observed before by Schuck

et al. with a comparable intensity ratio.3 Fiorentini discussed

the origin of this efficient light emission and suggested a

model with a potential maximum in the center of the ID

accomplished by two minima in the N-/Ga-polar regions.4 A

detailed analysis of this model will be discussed below. A

closer look at Fig. 5 reveals, that the IDB related signal not

only consists of the signal at 3.47 eV but has also a low and a

high energy shoulder. A line shape analysis reveals that ener-

getic position of the shoulders is very close to the values of

the N- and Ga polar region, respectively. Thus, we identify

the origin of these shoulders as the emission of the underly-

ing N-/Ga-polar GaN (Fig. 2).

Figure 6 shows laterally resolved integrated intensity

images of the near band edge luminescence of both samples

FIG. 6. (Color online) Laterally resolved

integrated intensity l-PL images of the

NBE luminescence in the area of the

inversion domain boundary for sample A

(left) and B (right). The displayed 2D

maps were recorded at 5 K, 10 K, 75 K,

and 200 K (top to bottom).

093503-5 Kirste et al. J. Appl. Phys. 110, 093503 (2011)



for different temperatures. The alignment of the samples for

these measurements was chosen so that the IDB was oriented

as a vertical line in the center of the investigated area. At all

temperatures the main emission comes from the IDB,

revealed by the highest integral intensity. This is in accord-

ance with results published by Schuck et al.3 In their samples

no PL-signal was detected in the N-polar regions while a sig-

nal one order of magnitude lower than that of the IDB was

observed in the Ga-polar regions. As mentioned in the dis-

cussion of Fig. 5, the observed intensity ratio between the

Ga-polar signal and IDB signal at 5 K is in good agreement

to that of Schuck et al. However, it was also shown that a

signal of similar intensity to that of the Ga-polar region can

be seen in the N-polar region. Furthermore, for some temper-

atures the integral intensity of the N-polar region is even

stronger than that of the Ga-polar area, especially in sample

A. As revealed by SEM, CL, and Raman spectroscopy the

N-polar area consists of pyramidal structures with a high

defect concentration. A reasonable explanation for the emis-

sion of the N-polar region is that these defects act as strong

optical recombination centers.

The character of the stripe-like emission of the IDB is

strongly temperature dependent. At 5 K the thickness of this

emission area is similar in both samples and lies around

4.5 lm, which is higher than the width of the IDB as

observed by SEM. If the temperature is raised from 5 K to

10 K a diminution of the emission area of the IDB related

signal to 2 lm in sample A and 3 lm in sample B is seen.

Furthermore, an increase of the overall intensity in that

region is observed as for example in sample A from

6.0� 105 to 1.0� 106. A further rise of the temperature leads

to a small broadening of the emission area in the case of

sample A and a much higher increase in the case of sample

B. Additionally, the integral intensity of all areas decreases

drastically for higher temperatures.

IV. DISCUSSION

By using D self-consistent field (SCF) principle, Fioren-

tini calculated the local potential in the inversion domain as

depicted in Fig. 7.4 The strong emission of the IDB is

explained by a very high potential centered in the IDB core,

which is accompanied by two local minima on each of its

sides. In this model the electrons are captured separately in

the two local minima while the holes are trapped in a local

maximum in the vicinity of the IDB. Taking into account the

theoretical models for the ID predicting the change from

Ga-polar to N-polar within one atomic layer, a strong over-

lap of the electron and hole wave functions is expected.11,12

This can be also seen in the calculations of Fiorentini as the

size of the IDB core is only a few angstrom. An interesting

result is the height of the IDB local potential. A rough esti-

mation from the publication of Fiorentini generates a value

of 75 meV for the local minima and around 600 meV for the

maximum compared to the height of the surrounding poten-

tial. These values are remarkably high if one takes into

account typical binding energies of excitons (26 meV).

Thereby, it should be mentioned that the calculations of Fior-

entini could neither reproduce the observed energetic shift of

30 meV of the undisturbed cell nor identify if the emission of

the IDB is of excitonic character.

The model of Fiorentini is used to explain the experi-

mental results obtained by temperature dependent photolu-

minescence (Fig. 6). Thereto, this model is complemented

by local minima close to the IDB as depicted in Fig. 7. Ori-

gins of the local minima are defects that are collected by the

IDB. This explanation is very likely taking into account

results known from other structural defects as for example

threading dislocation that effectively collect point defects.24

It can be seen in Fig. 7 that fewer defects are assumed in the

Ga-polar region compared to the N-polar region. This is

based on results obtained by SEM, CL, and Raman spectros-

copy that clearly revealed decreased structural quality and

increased defect incorporation of the N-polar region caused

by pyramidal structures.

At low temperatures (� 5 K) a strong PL signal is

observed along the IDB region (Fig. 6). Thereby, the main

emission area is a stripe with a width of 4–5 lm depending

on the sample. A temperature rise initially leads to a decrease

of the emission area width followed by a broadening for tem-

peratures above 75 K. In order to analyze this behavior in

detail, single lines of the laterally resolved integral intensity

maps were extracted. Two typical linescans are displayed in

Fig. 8. Line shapes of all single lines were fitted and the

FWHM as well as the intensity distribution were noted. It

can be seen in Fig. 8 that the line shape of the intensity is

asymmetrical. In order to find an accurate fit, different model

were applied, whereby it was found that a Fano line shape is

the best fitting model for most lines. The FWHM of the Fano

line shape depending on the temperature is displayed in

Fig. 9. It can be clearly seen that the temperature dependent

behavior of the emission area of the IDB, as described above,

is well reproduced by the FWHM. This behavior is explained

by thermalization of carriers trapped by defects near the IDB

(Fig. 7). At 5 K and below the main emission originates from

the IDB, which is broadened compared to the value observed

by SEM (Fig. 1). Carriers that are excited close to the IDB

will be collected by the local potential extreme of the polar

junction and recombine there, leading to the observed high

emission intensity. However, some of the carriers will be

also trapped by defects close to the IDB. Due to the low tem-

perature they do not have sufficient thermal energy to escape

from these defects, thus, they will recombine, not in the IDB,

but at the defects. If the temperature is increased to 10–20 K

the FWHM of the emission area is reduced down to

FIG. 7. Model for the local potential as calculated by Fiorentini (light

gray).4 The potential maximum is accompanied by two local minima in each

polar area leading to strong excitonic emission. Additionally, local minima

at both sides of the IDB due to defect states are suggested (black).

093503-6 Kirste et al. J. Appl. Phys. 110, 093503 (2011)



1.5–2 lm, which is comparable to the step width observed by

SEM and AFM. At these temperatures, carriers that are

excited close to the polar junction and are trapped by the

defects have enough thermal energy to escape from there.

Thus, they will migrate to the IDB where they finally recom-

bine. This leads to a smaller emission area and increased in-

tensity, compared to that at 5 K (Figs. 6 and 9). The

thermalization effect dominates the temperature dependent

behavior up to 70 K. For these temperatures the FWHM of

the emission area stays nearly constant. A further increase of

the temperature leads again to a broadening. This broadening

is small for sample A but very pronounced for sample B.

Origin is a thermalization from the IDB. Fiorentini calcu-

lated the depth of the local minimum for the IDB to around

75 meV,4 which exceeds the thermal energy at room temper-

ature (26 meV) by a factor of three. Thus, not all carriers are

activated; some are still trapped in the IDB, which can be

proven by the fact that the emission of the IDB is still well

pronounced with higher intensities than that of the Ga-/N-po-

lar regions. It was mentioned that the width of the emission

area decreases to 1.5 lm in sample A, which is in fact the

value observed by SEM. In contrast, for sample B the

FWHM decreases down to 1.9 lm, which is even below the

width obtained by SEM. At all temperatures the emission

area of sample B is always much broader than that of sample

A. To attribute this broadening only to the different width of

the IDB is insufficient, especially at higher temperatures.

More likely, this effect can be explained by the different

charge carrier mobility of the samples due to the applied

growth conditions. It was shown that a higher Ga supersatu-

ration rate during growth leads to a decreased carbon incor-

poration and, thus, no compensation of unintentionally

incorporated donors.9 For that reason, the Ga-polar region of

sample B has a higher carrier concentration and mobility

than that of sample A. Since the carrier mean free path is

proportional to the mobility, thermally activated carriers in

sample B are able to propagate further away from the IDB in

sample B than in sample A.

In Fig. 8 two typical linescans of the integral intensity

depending on the distance to the IDB at 10 K and 200 K are

displayed. It was mentioned that the peaks had to be fitted

with a Fano line shape due to their asymmetry. This asym-

metry is very remarkable as it is a strong indicator for the

model proposed by Fiorentini.4 He proposed a local maxi-

mum in the center of the IDB surrounded by two local min-

ima on each side of the polar junction. This local maximum

divides the emission area into two separated regions; a

Ga-polar and a N-polar related. The density of defects that

can trap carriers is much lower in the Ga-polar than in the

N-polar region. At low temperatures (T< 10 K) carriers once

trapped by a defect cannot thermalize from it, as described

above. This leads to the tail of the intensity in the Ga-polar

side, as carriers excited there can drift much more apart from

the IDB than in the N-polar region. At elevated temperatures

(T> 70 K) carriers can escape from the defect states through

thermal energy. Thus, the defect density is no longer the lim-

iting factor. For these temperatures the limiting factor is only

the mobility, which is higher in the N-polar region. Conse-

quently, the tail of the asymmetrical Fano line extends into

the N-polar side of the IDB.

In order to confirm the defect model suggested in Fig. 7

excitation power dependent photoluminescence measure-

ments were performed. For that purpose, the excitation

source for micro PL was changed from a HeCd laser to the

fourth harmonic of a pulsed Nd:YAG laser (266 nm, 76 MHz

repetition rate, 60 ps pulse length) as it allows much higher

power densities. Excitation power dependent measurements

were performed with 2 mW and 0.2 mW. In order to enable

a simple comparison of the map scans, the excitation power

density was increased by one order of magnitude while the

integration time was reduced by one order of magnitude.

Figure 10 displays the integral intensity in the area of the

IDB for two different excitation powers at 5 K. Analyzing

the FWHM of the emission area, a width of the IDB of 5 lm

is revealed for the lower excitation power. This value is

above that of map scans obtained with the HeCd laser as

excitation source (Fig. 9), which is related to the pulsed exci-

tation and the following high excitation density. A further

rise of the excitation power density leads to an increase of

the IDB width to 5.8 lm. Additionally, the intensity of the

FIG. 8. (Color online) Linescans of the integral intensity maps in Figs. 6(d)

and 6(h) - the PL intensity depending on the x-position is shown for two

different temperatures. The IDB is in the center. The fit of these line shapes

delivers the FWHM of the IDB as displayed in Fig. 9.

FIG. 9. (Color online) Full width at half maximum of the emission area of

samples A and B depending on the temperature. The values are the mean

values from the fit of the plots of the PL-intensities depending on the

x-position as depicted in Fig. 8. The solid lines are a guide to the eyes.
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emission of the Ga- and N-polar region is enhanced, whereby

the increase is much more pronounced in the N-polar region.

The broadening as well as the increasing intensity of lumi-

nescence in the polar regions is attributed to a higher carrier

concentration due to the elevated excitation power density.

This higher carrier concentration leads to a saturation of the

defects close to the IDB. Carriers trapped in such local min-

ima that have not enough thermal energy to escape from

these defects can escape much easier if the potential is filled.

Thus, they can migrate to other defects and recombine there.

The higher intensity in the N-polar compared to the Ga-polar

region is a strong indicator for a higher defect density, which

leads to the model as described in Fig. 7.

V. SUMMARY

In summary the recombination processes at the Ga-polar

to N-polar inversion domain boundaries in GaN were investi-

gated by temperature dependent photoluminescence measure-

ments. Preliminary structural and optical investigations

revealed a strong defect incorporation in the N-polar com-

pared to the Ga-polar GaN. By SEM imaging a pyramidal

structure was observed in the N-polar region that was in con-

trast to the smooth surface of the Ga-polar GaN. Low temper-

ature micro photoluminescence measurements revealed a

strong emission of the IDB. At 5 K the width of the emission

area width of the IDB related signal is 4–5 lm. A slight

increase of temperature from 5 K to 10 K leads to a decreased

FWHM of the emission area combined with an increased

intensity. A further rise leads to a drop of the intensity and a

broadened emission area. The intensive emission of the polar

junction itself is explained by a maximum of the local poten-

tial in the core of the IDB, which is accompanied by two local

minima in the N-/Ga-polar region as calculated by Fiorentini.

A strong evidence for such a strong local potential that can

disturb the free movement of carriers is the integral intensity

of the luminescence, which exhibited an asymmetric line

shape. The drop of the emission area width for slightly

increased temperatures is explained by a thermalization of

carriers that are effectively collected by defects near the IDB

and may migrate toward the polar junction. It is shown that a

further increase of the temperature leads to the activation of

carriers from the IDB, leading to an apparent broadening at

elevated temperatures. Finally, the strong and pronounced

emission of the IDB at high temperatures reveals the opportu-

nities of LPJs for high efficient light emitting devices.
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