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A semipolar GaInN based light-emitting diode (LED) sample is investigated by three-dimensionally

resolved cathodoluminescence (CL) mapping. Similar to conventional depth-resolved CL spectros-

copy (DRCLS), the spatial resolution perpendicular to the sample surface is obtained by calibration

of the CL data with Monte-Carlo-simulations (MCSs) of the primary electron beam scattering.

In addition to conventional MCSs, we take into account semiconductor-specific processes like

exciton diffusion and the influence of the band gap energy. With this method, the structure of the

LED sample under investigation can be analyzed without additional sample preparation, like cleav-

ing of cross sections. The measurement yields the thickness of the p-type GaN layer, the vertical

position of the quantum wells, and a defect analysis of the underlying n-type GaN, including the

determination of the free charge carrier density. The layer arrangement reconstructed from the

DRCLS data is in good agreement with the nominal parameters defined by the growth conditions.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4976204]

I. INTRODUCTION

Scanning electron microscope cathodoluminescence

(SEM-CL) is a powerful tool to investigate semiconductor

materials.1,2 SEM-CL provides a high lateral resolution of

the recorded luminescence patterns due to the active posi-

tioning of the primary electron (PE) beam, resulting in a

well-defined position of the excitation. For GaN, a typical

lateral resolution of �50 nm can be obtained for low primary

electron energies.3 To extend the spatial resolution of the

SEM-CL spectroscopy into the third dimension, the size and

shape of the resulting excitation volume have to be known.4

This information about the excitation volume for depth-

resolved cathodoluminescence spectroscopy (DRCLS) is

obtained by Monte-Carlo-simulations (MCSs) of the PE scat-

tering in the semiconductor material. From the simulation of

the PE scattering, the locally deposited energy and hereby

the intensity of the resulting expected CL can be calculated

using established MCS tools like CASINO.5 Of course, not

only simple layers buried in the bulk material but also three

dimensional structures can be investigated by DRCLS, as

reported, e.g., by Bano et al.6 However, most simulations

neglect semiconductor-specific material properties such as

the band gap energy or the sample-specific exciton diffusion

length, which might have a major impact on the spatial reso-

lution and especially on the depth resolution.7 We use well

established models for the modeling of the PE scattering and

extend the resulting energy deposition depth profile by

taking into account both exciton diffusion and local variation

of band gap energies. Furthermore, we record SEM-CL

maps of basal plane stacking faults (BSFs) deeply hidden in

the bulk semiconductor material, resulting in a semi-3D map

of the luminescence characteristics. Finally, a detailed three-

dimensional schematic of the sample under investigation is

reconstructed from the data obtained by DRCLS measure-

ments. All values determined by DRCLS are compared to

the nominal values expected from growth conditions and

high-resolution SEM images and are found to be in good

agreement.

II. SIMULATION OF THE EXCITATION VOLUME

The depth resolution used in our study is modeled by a

self-written code for MCSs of the PE scattering. The algo-

rithm of the simulation is depicted in Fig. 1: The simulation

starts at the sample surface with a single PE at a defined

energy E0. Then, the scattering cross section rT
M is calcu-

lated. The analytical, semi-empirical approximation of the

Mott scattering cross section published by Gauvin and

Drouin8,9 reads

rT
M ¼ 5:21� 10�21 Z2

E2

4pk
a aþ 1ð Þ 1� e�b

ffiffiffi
E
p� � Eþ 511

Eþ 1022

� �2

;

(1)

where k and b are material constants. E is the actual electron

energy in keV, and Z is the atomic number. The required

individual values for Ga, In, and N can be found in Table I. a
denotes a screening factor10
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a ¼ 3:4� 10�3 Z2=3

E
: (2)

b and k can be calculated using Eqs. (3) and (4)8,9

b ¼ 26:42

Z1:42
; (3)

k ¼ 1:162þ 1:28� 10�2Z: (4)

The mean free path K of the electron in the solid can be cal-

culated from the cross section calculated in Eq. (1) by the

expression12

1

K
¼ .NArT

M

A
; (5)

where NA is Avogadro’s constant and A the mass number.

For the density of mass ., a value of 6150 kg/m3 was used

for GaN13 and 6810 kg/m3 for InN, respectively.14 The values

for InGaN were calculated by linear interpolation. The final

length of the n-th path element sn (see also Fig. 1) reads15

sn ¼ �k lnðRÞ; (6)

where R is a random number between 0 and 1. Following the

so-called continuous slowing down approximation (CSDA),

the electron is considered to loose its energy continuously

along the path between two scattering events. Zhenyu and

Yancai suggested an empiric formula based on the equations

of Joy and Luo16,17

dE

ds
¼ � .Z

JA

104

0:303 E=Jð Þ�1=2 þ 1:16 E=Jð Þ1=2 þ 0:147 E=Jð Þ
;

(7)

where E is the actual electron energy in eV, s is the length of

the path (in nm) over which the electron looses its energy

(compare Fig. 1), and J is the mean ionization potential,

which can be written as18

J ¼ 9:76Z þ 58:5Z�0:19 for Z � 13

J ¼ 11:5Z for Z � 12: (8)

For compound materials, J,Z, and A can be replaced by

�J ¼ exp
X

i

ðCiZi=Ai

� �
ln Ji=

X
i

ðCiZi=AiÞÞ

�Z ¼
X

i

ðCiZi=AiÞ=
X

i

ðCi=AiÞ

�A ¼ 1=
X

i

ðCi=AiÞ: (9)

Here, i denotes the i-th element in the compound and Ci the

corresponding atomic fraction. Subsequently, the polar scat-

tering angle H can be calculated from the partial elastic Mott

cross-section19

cos Hb�ð Þ ¼ 1� 2a�R
1þ a� � R

: (10)

R is again a random number equally distributed between

0 and 1. a� and b� are material parameters, which are func-

tions of the actual electron energy. They can be calculated

by19

log10 a�ð Þ ¼ a1 þ b1 log10 Eð Þ þ c1 log10 Eð Þ2

þ d1

exp log10 Eð Þ
� � ;

b� ¼ a2 þ b2 �
ffiffiffi
E
p

ln Eð Þ þ c2 ln Eð Þ
E

þ d2

E
: (11)

The parameters a-d are given in the tables in Ref. 19. The

azimuthal scattering angle is assumed to be homogeneously

distributed over 2p. For the simulation in compound semi-

conductor materials, we introduce another random number

that decides which element is hit by the PE in the next scat-

tering event. Here, the probability of hitting a specific atom

type is proportional to its atomic fraction. The simulation

algorithm is repeated, until the energy of the PE drops below

50 eV. This scattering simulation is repeated for 30,000

electrons. During this MCS, the energy loss of the PEs is

recorded at every position inside the excitation volume. By

integration over the x-y-plane (i.e., the planes parallel to

the sample surface), a depth profile of the deposited energy

can be calculated. Now, the relative number of created exci-

tons for each depth can be calculated using the assumption

that the creation of each exciton requires three times the

band gap energy of the actual semiconductor material.20

Subsequently, the axial diffusion (i.e., parallel to the incident

electron beam) is also taken into account by convolving the

exciton creation depth profile with a Gaussian, which decays

to 1=e over the exciton diffusion length L. The result is a

depth profile of the expected CL intensity including the

semiconductor-specific material parameters like band gap

FIG. 1. Schematics of the simulation algorithm.

TABLE I. Material parameters.11

Mass number Atomic number

Ga 69.72 31

In 114.82 49

N 14.007 7
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energy and diffusion length. The comparison of these MCSs

to the intensity of spectral features in the DRCLS spectra

allows us to determine the depth in the sample, where a spe-

cific CL signal is generated.

III. SAMPLE DESCRIPTION

The light-emitting diode (LED) sample under investi-

gation was grown on a pre-structured r-plane sapphire

substrate by metalorganic vapor phase epitaxy (MOVPE).

First, trenches with a period of 6 lm parallel to the sap-

phire’s a-direction were prepared by reactive ion etching

using photo-resist as an etch mask. This etching creates

tilted side facets with one side facet oriented close to the

c-plane. On these c-plane like side facets, a thin AlN:O

nucleation layer was deposited. Afterwards, a GaN buffer

layer was grown at 1080 �C by MOVPE for 3.5 min. Then,

the temperature was slowly ramped down to 1000 �C and

a submonolayer of SiNx was deposited for defect reduc-

tion.21 The GaN stripes emerging from the trenches finally

coalesce to a closed ð11�22Þ surface. After coalescence, the

growth temperature was set to 970 �C. Subsequently, 2 lm

of silicon-doped GaN were grown with a charge carrier

concentration of approximately 1� 1019 cm�3. On top of

the n-type GaN, 5 InGaN quantum wells (QWs) were grown

with a thickness of 2.2 nm and a nominal indium content

of about 30%. The nominally undoped intermediate GaN

barriers have a thickness of 6.5 nm. The QWs were capped

with a 40 nm thick layer of undoped GaN, followed by

100 nm magnesium-doped p-type GaN with a free charge

carrier concentration of about p ¼ 4� 1017 cm�3. Finally, a

10 nm thick heavily p-doped GaN:Mg layer was deposited

to improve ohmic contacts.

IV. EXPERIMENTAL

All CL measurements were carried out in a hot field

emitter type scanning electron microscope (SEM) Zeiss LEO

DSM 982. A liquid helium-cooled cryostat allows sample

temperatures between 7 K and 475 K. The SEM is equipped

with an UV-enhanced glass fiber, which collects about 15%

of the luminescence light emitted by the samples. The advan-

tages of this method are a low working distance (less than

5 mm), a fully functional inlens detector system, and the pos-

sibility of measurements with very low primary energies

down to 500 eV. Spectra are recorded by an open-electrode

charge coupled device (CCD) with a quantum efficiency of

about 0.3 in the relevant spectral region, attached to a 90 cm

focal length monochromator. In the configuration used for

the measurements presented here, a 300 mm�1 grating blazed

for 500 nm was used. The spectral resolution was set to

11 meV at 3.5 eV emission energy. A pivoted mirror can

redirect the luminescence light to a smaller 25 cm focal

length monochromator equipped with a photomultiplier

tube in order to record wavelength-selective CL maps. The

resolution of the latter monochromator was set to 29 meV at

3.5 eV, with a 1200 mm�1 grating blazed for 500 nm, as

well. The CL measurements were carried out at approxi-

mately 8 K, the PE energy was varied in 1 keV steps between

2 and 12 keV, with a sample current between 40 (at 2 keV)

and 70 pA (at 12 keV). The resulting not constant excitation

power also enters the simulation parameters. For reference

purposes, a cross section was prepared by focused ion beam

(FIB). For the FIB preparation and high-resolution SEM

(HRSEM) investigation, a Zeiss NVision 40 Ar was used.

V. RESULTS

Fig. 2 shows low temperature CL spectra recorded at

various PE energies on the surface of the sample described

above. The luminescence bands of the QW (2.2–2.8 eV),

p-GaN (2.8–3.35 eV), and n-GaN (3.35–3.55 eV) were inte-

grated individually. The corresponding Fig. 3 contains these

integrated luminescence intensities as a function of the maxi-

mum excitation depth determined by the MCS. Each point

represents the integrated luminescence intensity of one of

the three features at a specific electron beam energy. For low

energies, the spectrum in Fig. 2 is dominated by the features

FIG. 2. CL spectra at various PE energies. The donor-bound excitonic and

stacking fault related emission bands (>3.4 eV) appear for PE energies

above 6 keV.

FIG. 3. Measured CL luminescence intensity profile as a function of the

depth. The depth values were calculated from the MCS for each PE energy.

The vertical lines denote the nominal layer borders as expected from the

growth parameters.
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between 2.80 and 3.35 eV, which can be assigned to p-type

GaN, e.g., donor-acceptor-pair-transitions and their phonon

replicas.22–24 At a calculated penetration depth of 150 nm,

the slope of the p-GaN luminescence intensity profile (red

solid line) in Fig. 3 decays and finally saturates, because no

additional p-GaN is excited with increasing PE energy any-

more. This result agrees perfectly with the nominal value.

Fig. 4 shows the HRSEM image of the FIB-prepared cross

section. The bright contrast on the top are metal layers,

which were deposited to protect the surface during the mill-

ing process. The image was taken by an inlens detector and

the QWs are visible as horizontal lines. The horizontal

arrows point to the first and last QWs, which are displayed

as weak contrasts. The distance from the surface to the first

QW was found to be 120 nm and the distance to the lowest

QW was 172 nm. Hence, the QW stack seems to be located

30 nm higher than expected from the growth conditions.

Additionally, the lower interface of the pGaN can be identi-

fied by the point where the luminescence of the next layer,

i.e., the QW, set in. We find that for 2 keV the QW-related

emission between 2.2 and 2.8 eV sets in. Some exemplary

profiles of the expected CL intensity for various primary

energies calculated with the MCS model described in

Section II assuming an axial diffusion length for the excitons

of 70 nm in semipolar p-type GaN25 are shown in Fig. 5.

From the profile for 2 keV primary energy (solid blue line),

the maximum depth, which can be reached by the diffusing

excitons created by the 2 keV PE beam, can be determined.

This profile reaches a maximal depth of approximately

120 nm when including exciton diffusion, while for depths

above 120 nm the calculated CL intensity is zero. That

means the DRCLS yields a depth of 120 nm below the sam-

ple surface for the upper border of the QW stack, because

the luminescence of the QW set in at 2 keV PE energy and

the corresponding penetration depth of 120 nm, which agrees

perfectly with the value determined by HRSEM. This value

can also be seen in the profile of the QW luminescence inten-

sity (dashed and dotted blue line) in Fig. 3, where the QW

luminescence sets in. Actually, this penetration depth equals

the depth of the QW stack below surface of our LED type

sample, which corresponds within experimental error to the

nominal overall thickness of 150 nm of the top p-doped

layers above the QWs and agrees with the value calculated

from the saturating p-GaN signal. The QW luminescence

itself has a broad low energy shoulder, which might be a

result of potential fluctuations in the QW.26 Hence, the QW

luminescence band in the spectrum was fitted by two

Gaussian functions (not shown here). Both the full width at

half maximum (FWHM) and the center of the two Gaussians

are more or less constant for all spectra. The main peak has a

FWHM of 120 meV and the shoulder of 270 meV. The two

Gaussians are centered around 2.59 and 2.53 eV, respec-

tively. Assuming the 2.2 nm from Section III, the corre-

sponding In content27 is 35%, which is a little bit larger than

expected.

Starting from 6 keV, the emission of the near band edge

(NBE) luminescence features (i.e., donor-bound excitons

(DBEs) at about 3.48 eV and basal plane stacking faults)

contributes to the spectrum between 3.35 and 3.5 eV, which

can be assigned to the underlying higher quality n-type GaN.

These bandgap-near luminescence features emit at higher

energies than the QWs above. Therefore, the exciton diffu-

sion can be neglected in the CL signal depth profile, because

the QWs act as efficient capture and recombination centers

for the excitons created initially in the top p-GaN layer.28,29

The corresponding expected CL signal depth profile calcu-

lated now without diffusion reaches 185 nm (see also the

slope of the green dashed luminescence intensity profile in

Fig. 3) at 6 keV, i.e., the DRCLS states, that the n-GaN is

located 185 nm below the surface. Actually, the n-GaN

underneath the QWs is located nominally at a depth of

194 nm, which again equals the DRCLS results within exper-

imental errorbars. HRSEM yields a value of 172 nm.

The donor-bound exciton emission of the n-GaN is

located at 3.48 eV, i.e., slightly blue-shifted relative to the

nominal 3.47 eV of donor-bound excitons in unstrained

GaN.30 Here, this emission band has a low-energy shoulder

at 3.46 eV and a tail down to 3.35 eV. The contributions

between 3.41 and 3.46 eV can be assigned to basal plane

stacking faults (BSF) of type I1 in n-type GaN with varying

free charge carrier concentrations in the surrounding mate-

rial.31 Nominally, a BSF of I1 type should emit at 3.41 eV

in the unstrained and (nominally) undoped material (see

Ref. 32). However in the present case, the BSF-related emis-

sion band has also contributions blue-shifted up to 3.46 eV,

FIG. 4. HRSEM image on the FIB-prepared cross section. At the surface of

the sample, metal was deposited to protect the surface during preparation.

The QWs are visible as a weak contrast in the inlens-detector image as hori-

zontal lines (see arrows).

FIG. 5. CL intensity depth profile in GaN calculated by MCS assuming an

axial diffusion length of 70 nm for various energies.
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while the shift of the donor bound exciton-related band is

much smaller, i.e., the energy spacing between the BSF and

the DBE is reduced. This can be explained by a high free

charge carrier concentration around the BSF, what appears

plausible in the present case with the BSF located in the

higher doped n-type material.31 The DBE and BSF lumines-

cence from the n-GaN will be absorbed by the upper layers

with lower transition energies (i.e., mainly the p-GaN), but

the residual luminescence intensity is still above 22% of the

initial value.33,34 However, for the depth determination of

the signal origin, only the penetration depth of the excitation

volume for the PE with which the luminescence sets in is rel-

evant. The absolute luminescence intensity can be neglected,

as long as it exceeds the lower detection limit.

To achieve lateral resolution and to support the assign-

ments of the different luminescence contributions in the

global spectrum recorded on the surface, Fig. 6 shows the

spatial distributions of different features as false-color-coded

CL maps. These luminescence maps were recorded at 8 keV

primary energy for a good signal to noise ratio. Fig. 7 shows

the same CL recorded at 2 keV. The maps recorded at other

energies are not shown here. The assignment of the different

luminescence features to their corresponding depth was done

by the interpretation of the data in Figs. 2 and 3, as described

above. Fig. 6(a) is a SEM reference image taken at the sam-

ple surface from the area under investigation. The parasiti-

cally grown particle in the lower left corner was used for

position reference purposes only. Fig. 6(b) shows the distri-

bution of the luminescence of the top p-GaN layer including

the luminescence energy range from 2.8 to 3.4 eV. Except

for some minor fluctuations of the emission energy mainly

in the lower third of the image, the luminescence is quite

homogeneously distributed, and there is no contribution of

stacking faults. The most remarkable feature is caused by the

“chevron,” which is also visible on the right side of the SEM

image (marked by the vertical white arrows). This “chevron”

can be observed as a dark contrast in all CL maps correlating

with different depths of the sample. It is likely caused by

imperfect coalescence of neighboring stripes during the

growth procedure of the semipolar sample, causing some

kind of step in the coalesced layers.35 Fig. 6(c) comprises

the signal generated mainly in the range between 120 and

180 nm below the surface with photon energies ranging

from 2.4 to 2.8 eV. Thus, this map can be assigned to the

QWs below the p-GaN, because these luminescence features

are not visible for 1 keV PE energy but set in at 2 keV as

described above. The QW luminescence shows some dark

almost horizontal contrast lines with a spacing of about

6 lm. Obviously, the QW emission brightness reproduces

the periodicity of the growth mask. The dark contrasts are

caused by bundles of dislocations penetrating the whole sam-

ple, including the GaN buffer material, the n-GaN layer, the

QWs, and the p-GaN.36 The borderline of the chevron has a

red contrast, which means that most likely more indium is

incorporated in the vicinity of structural defects.

Fig. 6(d) finally shows the luminescence distribution of

the NBE emission range mainly being emitted from the n-type

GaN layer below the QWs. The luminescence is quite homo-

geneously distributed, only interrupted by the dark contrasts of

the dislocations already seen in the QW-related CL map in

Fig. 6(c) and the borderline of the chevron in Fig. 6(b). To

show the correlation of the CL emission from the deeper layer

with I1 type stacking faults, the BSF emission was superim-

posed manually using a light green color for the latter (color of

this part not correlated with the color bar on the right). These

BSFs (marked also by the orange horizontal arrows) can be

found exclusively in the vicinity of the dark stripes and repro-

duce the periodicity of the patterned substrate, as well. Thus,

FIG. 6. DRCLS maps. (a) SEM reference image from the surface. The para-

sitically grown particle in the lower left corner was used for reference pur-

poses; (b) CL map with emission pattern from p-GaN; (c) CL map of the

QW-related luminescence; (d) CL map of the NBE emitted from the under-

lying n-GaN. The light green contrast marks the BSFs, i.e., the lumines-

cence between 3.41 and 3.46 eV (for better contrast, not related to the right

color bar).

FIG. 7. Reference DRCLS maps, recorded at 2 keV. (a) Reference image;

(b) p-GaN layer, the lateral distribution of the luminescence is clearly visi-

ble; (c) weak contribution of the QW luminescence; (d) NBE luminescence,

nearly no luminescence detected.
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the BSFs either penetrate from the early stage growth to the

surface or they are created during coalescence. The orientation

of these elongated luminescence patterns parallel to the pro-

jection of the c-plane supports the assignment to BSFs. By

comparing the BSF emission energy to numeric simulations,31

the free charge carrier concentration can be estimated to be

n ¼ 4� 1018 cm�3, which is slightly lower than the expected

nominal n ¼ 1� 1019 cm�3. Fig. 7 shows the same series of

CL maps recorded at 2 keV PE energy. The white arrows mark

the borders of the large defect, as in Fig. 6. The luminescence

distribution of the p-GaN related signal from the upper sample

layers is clearly visible in Fig. 7(b). The QW-related lumines-

cence of the CL map in Fig. 7(c) is very weak, as expected

from the spectra series. At least Fig. 7(d) shows the distribu-

tion of the NBE luminescence. The inclined orange arrows

point to the spots, where the BSFs were found at higher PE

energies. This luminescence is very weak; the signal mainly

consists of noise and a clear localization cannot be found. The

comparison of Figs. 7 and 6 supports the depth assignments,

which were discussed above.

Fig. 8 and Table II show the layer arrangement of the

LED sample under investigation as reconstructed from the

DRCLS measurements discussed above, summarizing the

different findings. The values expected from growth condi-

tions and determined by HRSEM are listed in the table, as

well. From DRCLS, the upper p-doped GaN (yellow) was

found to be 120–150 nm thick. In a depth of 185 nm, the n-

doped GaN layer (light blue) starts, and the QWs (green) are

located in between. Dislocations (symbolized by dashed

black lines) penetrate through all layers of the LED sample

up to the surface. Some spots of imperfect coalescence

(orange stripes in the bulk n-GaN and QW, “chevron”

marked by white arrows in Fig. 6) are also continued in the

upper layers, visible as a chevron (orange) on the surface.

Inside the n-GaN, BSFs of I1 type were found (inclined red

lines in Fig. 8), allowing to determine the free charge carrier

concentration to be n ¼ 4� 1018 cm�3 from their blue shift.

The BSF signal roughly reproduces the spatial 6 lm period-

icity of the substrate structure. The BSFs might be partially

blocked at the interface to the QWs, which can be seen by

comparison of Figs. 6(c) and 6(d). Here, the position of the

BSFs and the modulation of the QW luminescence pattern

do not correlate. The BSFs do not have any impact on the

QW luminescence characteristics here.

VI. CONCLUSION

We demonstrated detailed DRCLS investigations on a

LED sample grown on semipolar GaN. By simulating the

depth distribution of the energy deposition density induced

by the primary electrons and also taking into account diffu-

sion of the free excitons generated, the position (i.e., the

depth below the surface) of the individual luminescent layers

could be determined with high accuracy. Additionally to typ-

ical DRCLS measurements, where only the depth of the dif-

ferent features is determined from a series of integral

spectra, our measurement allows us to create semi three-

dimensionally resolved CL maps. Thus, we could clearly

locate the depth and the lateral distribution of the BSFs in

the bulk material below the QWs. Furthermore, is was possi-

ble to estimate the free charge carrier concentration of the n-

type GaN layer. All findings are summarized in the recon-

structed model in Fig. 8, demonstrating the amount of data,

which can be obtained by DRCLS. All values determined by

DRCLS are in good agreement with the nominal properties

expected from the growth conditions and determined by

HRSEM.
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