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The strain and compositional fluctuations of nearly lattice-matched Al0:81In0:19N/GaN heterostruc-

tures are investigated by cross-sectional scanning tunneling microscopy and selected area electron

diffraction measurements in scanning electron transmission microscopy. The presence of strain

induces height modulations governed by different roughness components at the cleavage surfaces.

The surface height modulations are compatible with a relaxation of alternatingly compressive and

tensile strained domains, indicating compositional fluctuations. Changes of the a lattice constant

are traced to interface misfit edge dislocations. The dislocations induce steps increasing the rough-

ness within the Al0:81In0:19N layers. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4963184]

The Al1�xInxN alloy attracted increasing interest for

optoelectronic and electronic applications due to a substan-

tial refractive index contrast to GaN combined with the pos-

sibility to grow lattice-matched layers on GaN.1,2 Thus, the

formation of cracks and additional threading dislocations

may be avoided. Furthermore, the band gap of Al1�xInxN

can be tuned over an exceptionally wide range, from 0.7 eV

(InN) to 6.2 eV (AlN), by adjusting the indium (In) composi-

tion.3,4 Therefore, Al1�xInxN/GaN is the material of choice

for the realization of high reflectivity III-nitride distributed

Bragg reflectors.2,5,6

The quality of such Al1�xInxN materials depends, how-

ever, sensitively on strain and compositional fluctuations.

For example, tensile strain occurring at GaN/Al1�xInxN

interfaces was attributed to In surface segregation, causing

the formation of dislocations.7 Also the large Stokes shifts of

up to 1 eV measured on Al1�xInxN were attributed to fluctua-

tions of the In content.2,8–11 Even small In fluctuations affect

the local band gap, the photoluminescence, and carrier scat-

tering, hence changing the properties of quantum hetero-

structures or high electron mobility transistors (HEMTs).2,10

It is therefore of high importance to identify and control

strain and In composition fluctuations in Al1�xInxN.

In this letter, we determine fluctuations of the lattice

constant and the roughness of cross-sectional cleavage surfa-

ces of nearly lattice-matched Al0:81In0:19N/GaN heterostruc-

tures by scanning tunneling microscopy (STM) and selected

area electron diffraction (SAED) in scanning transmission

electron microscopy (STEM). The height modulation at the

ð10�10Þ cleavage surface is assigned, on the one hand, to

strain relaxation of alternating compressive and tensile

domains, attributed to compositional fluctuations, and on the

other hand to interface misfit edge dislocations.

We investigated a heterostructure consisting of five rep-

etitions of 31 nm thick Al0:81In0:19N layers separated by

105 nm thick GaN interlayers grown by metal organic

vapour phase epitaxy (MOVPE) at a surface temperature of

740 �C. The heterostructure is deposited on a 500 nm thick

GaN buffer layer grown on c-plane free-standing GaN and

capped by a 1lm thick GaN layer. The layer thicknesses and

the In content of 19.15% were determined by high resolution

X-ray diffraction. At this In content, the Al0:81In0:19N layers

are almost lattice-matched to GaN along the a direction.7

For cross-sectional STM measurements, the samples

were contacted by Au and cleaved in ultrahigh vacuum

(p < 10�8 Pa) to obtain clean (10�10) surfaces. The cleavage

surfaces, investigated by STM without interruption of the

vacuum, provide a cross-sectional view of the complete

heterostructure [Fig. 1(a)]. Fig. 1(c) shows a magnification,

in which one can identify from bottom to top: the GaN sub-

strate, the GaN buffer, the five pairs of Al0:81 In0:19N/GaN

layers, and the GaN cap. The Al0:81In0:19N layers appear

brighter than the surrounding GaN. In addition, broad height

modulations are present, giving rise to dark and bright stripes

extending diagonally through the complete heterostructure

[see white arrows in Fig. 1(a)]. These height modulations are

typical for strained materials relaxing at the cleavage or free

surface.12–14 At larger magnifications, additional contrast

fluctuations on a smaller length scale are discernable in the

Al0:81In0:19N layers.

In order to identify the different contributions to the

contrast fluctuations, height profiles are measured along

the ½1�210� direction within each layer. Two examples, for

the first Al0:81In0:19N layer and the upper part of the GaN

buffer [see blue and red-white dotted lines in Fig. 1(a)], are

shown in Fig. 1(b). They exhibit root mean square (rms)

roughnesses of 0:7160:08 nm and 0:4360:07 nm, respec-

tively. The main contribution to the roughness arises from

the broad height modulations marked by white arrows in

Fig. 1(a). Additionally, smaller contrast fluctuations are

superimposed on the height modulation.

In order to separate the different roughness contribu-

tions, we performed a detailed roughness analysis of height

profiles for each layer. The profiles with a length of 14 lma)Electronic mail: p.ebert@fz-juelich.de
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were extracted at the spatial positions marked by grey dashes

on the left hand side of Fig. 1(c). Because of the large size of

the STM image, nonlinear distortions were rectified before-

hand to obtain accurate distance measurements.15 The power

spectral density (PSD) is extracted from the height profiles.16

Figure 2 exemplifies the PSD of the first Al0:81In0:19N layer.

The PSDs of all layers exhibit three regions with a roughly

exponential decay (linear in the logarithmic scale shown)

with different slopes as indicated by the colored dashed

lines. At spatial frequencies larger than 0:06 nm�1, almost

constant PSD values occur (white noise). Hence, the PSD

can be best fitted by the sum of three exponential decays

shown as grey solid line.

Each exponential decay corresponds in real space to a

Lorentzian shaped roughness component, with its specific

correlation length cL and rms roughness R2.17,18 cL is given

as the half width at half maximum of the Lorentzian func-

tion, while R is given by the maximum of the Lorentzian

function. By fitting the three exponential decays to the PSD

of every layer, we derive for the three frequency ranges the

roughness R and correlation length cL, which are shown in

Fig. 3 with the respective line colors as in Fig. 2.

The central result is that the rms roughnesses of all three

components are significantly larger within the Al0:81In0:19N

layers as compared to the surrounding GaN. The feature

labeled F1 has the largest correlation length. This component

extends also into the buffer and the cap as indicated by a

significantly higher roughness in the buffer close to the first

Al0:81In0:19N layer (buffer II position) and in the cap as com-

pared to the substrate and the buffer layers close to the

FIG. 1. (a) Cross-sectional STM overview image of the Al0:81In0:19N/GaN heterostructure measured at �4V and 100 pA. The Al0:81In0:19N layers appear

brighter than the surrounding GaN. Note the presence of long range contrast fluctuations indicated by the white arrows and additional fluctuations at smaller

scale within the Al0:81In0:19N layers. (b) Height profiles measured along the first Al0:81In0:19N layer and the GaN buffer (blue-white and red-white dotted lines

in (a), respectively). (c) Magnification of the area in the rectangle in (a). The complete epitaxial structure can be recognized from bottom to top: GaN substrate,

GaN buffer, 5� (31 nm Al0:81In0:19N/105 nm GaN), and GaN cap. The grey dashes on the left side indicate the positions along the growth direction where a

roughness analysis was performed. (d) Schematic of the heterostructure.

FIG. 2. Power spectral density vs. spatial frequency f calculated from

height profiles measured within the first Al0:81In0:19N layer. The solid

grey curve is a fit to the experimental data assuming three different

exponential decays with different intensities and correlation lengths.

The three exponential decays correspond in real space to three types of

features discussed in the text. The dashed red, green, and blue coloured

lines show the individual decays and indicate the respective spatial fre-

quency ranges.

FIG. 3. (a) Roughness R and (b) correlation length cL extracted from the

power spectral densities of the different layers shown according to the

growth sequence (horizontal axis) within the Al0:81In0:19N/GaN heterostruc-

ture. The three different components to the roughness found for each layer

are labeled F1 (red), F2 (green), and F3 (blue).
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substrate (buffer I position). The correlation lengths of compo-

nent F1 cL;F1 are 133611 nm in the Al0:81In0:19N layers and

between 100 and 250 nm in the surrounding GaN. This compo-

nent is directly visible in the STM images as broad height

modulations marked by white arrows in Fig. 1(a). They extend

slightly diagonally from the buffer II region through all

Al0:81In0:19N layers into the cap. Note, the large correlation

length with only small rms roughness measured on the sub-

strate is indicative of the typical cleavage surface of unstrained

GaN. This effect is not connected to the Al0:81In0:19N layers.

The other two components labeled F2 and F3 are again

more intense on the Al0:81In0:19N layers. The average corre-

lation lengths of the Al0:81In0:19N layers are cL;F2 ¼ 39:2

6 3:2 nm and cL;F3 ¼ 1061:1 nm, respectively. They can be

discerned in the STM images as the small contrast features

in each Al0:81In0:19N layer.

In order to obtain a deeper insight into the origin of the

different roughness components, we prepared cross-sectional

STEM specimens by ion beam milling. A final cleaning was

performed with low energy Ar þ ion bombardment (0.5 eV)

at liquid N2 temperature using a Fischione Nanomill system.

Structural investigations were performed using a FEI Titan

STEM equipped with a spherical aberration corrector at the

condenser plane. We probed the spatial distribution of the

lattice constants using selected area electron diffraction with

a beam diameter of 10 nm. Figure 4(b) illustrates an electron

diffraction pattern of Al0:81In0:19N, which shows the typical

reflections of the wurtzite structure along the ½10�10� zone
axis. The peak separations along the reciprocal space direc-

tions [0002] and ½1�210�, Dc and Da, yield the inverse of

the c and a lattice constants, respectively. Figure 4(a)

presents the spatial distribution of the obtained local c and a

lattice constants in an area covering the GaN buffer

(bottom), the first Al0:81In0:19N layer, and the following GaN

interlayer (top). Although the Al0:81In0:19N layers are nomi-

nally lattice-matched in the a direction to GaN, Fig. 4(a)

shows a clear contrast, i.e., differences in lattice constants.

The a and c lattice constants of the Al0:81In0:19N layer devi-

ate from those of GaN by þ2 pm and �4 pm, respectively.

Furthermore, extended diagonally oriented stripes can

be observed in the c lattice constant while a shorter spatial

modulation of the a lattice constant is discernable, both partic-

ularly well in the GaN layers and in the respective autocorre-

lation functions (G(l)/G(0))16 [Fig. 4(c)]. The wavelengths 2w

of these modulations were extracted by fitting sine waves to

G(l)/G(0). Since the roughness analysis of the STM measure-

ments was performed on the basis of Lorentzian functions, we

converted w into the half width at half maximum of the

Lorentzian function. This is done by equalizing the separation

of adjacent points of inflection of the sine w with that of the

Lorentzian function. Hence, the correlation length of the

Lorentzian is given as cL ¼
ffiffi

3
p

2
w and we obtained cL values

of 147613 nm and 4964 nm for the c and a lattice constants,

respectively. These values and the shape of the modulations

suggest that the F1 and F2 roughness components can be asso-

ciated with fluctuations of the c and a lattice constants,

respectively.

First, we turn to the roughness component F1 appearing

as broad height modulations in the STM images. In analogy

to strained InGaAsP/InGaP superlattices,13 the broad height

modulations are assigned to strain relaxation. The surface of

a homogeneously strained sample would relax in the shape

of one large convex curvature in contradiction to our obser-

vations. Alternating domains of compressive and tensile

strain, however, exhibit a wavy inward and outward relaxa-

tion as observed here. This is corroborated by calculations

of the lattice relaxation at the cleavage surface using

Autodesk Simulation Mechanical 2016. We modeled a 2:4

� 2:4� 10 lm3 GaN sample with five 30 nm thick layers of

Al1�xInxN separated by 100 nm thick GaN layers. The

Al1�xInxN layers consisted of cuboid domains of 300� 300

� 30 nm3 with alternatingly less and more In than the lattice-

matched content. This leads to alternating tensile and com-

pressed domains, respectively. The size of the domains was

chosen in accordance with the smallest distance of 600 nm

between adjacent modulation minima [see Fig. 1(a)]. The

cleavage surface was set to relax freely.

In order to calculate the strain due to In fluctuations,

stress tensors of Al0:816DxIn0:197DxN, with 0 < Dx < 0:19,

are assigned to alternating cuboid domains and calculated

using Hooke’s law. The out of plane component of the

resulting strain for Dx ¼ 0:05 is illustrated in Fig. 5(a). Blue

(red) indicates areas where the sample surface relaxes inward

(outward), corresponding to the tensile (compressed)

domains. The resulting peak to valley amplitudes and rms

roughnesses R of the relaxed surface are shown in Fig. 5(b).

They increase linearly with increasing compositional fluctua-

tion, reaching for reasonably expectable In fluctuation val-

ues19 of Dx ¼ 0:05 roughnesses of 0.24 nm. This R value is,

however, too low to explain the observed roughnesses of

R ¼ 0:566 0:05 nm. This suggests additional effects. First,

calculations of the tunnel current show that electronic effects

of the different In compositions result in height changes one

FIG. 4. (a) Spatial distribution of the a (lower frame) and c (upper frame)

lattice constants of the first Al0:81In0:19N layer and the surrounding GaN

determined from selected area electron diffraction patterns measured by

STEM in cross-sectional geometry. The Al0:81In0:19N layer exhibits a clear

contrast with a lower c and higher a lattice constant with respect to GaN.

In addition, a spatial modulation of both lattice constants is visible. (b)

Example of an electron diffraction pattern along the ½10�10� zone axis

acquired on the first Al0:81In0:19N layer (electron beam diameter 10 nm). (c)

Normalized autocorrelation functions G(l)/G(0) of the spatial distribution of

the a (red) and c (black, offset by þ1) lattice constants along the ½1�210�
direction within the GaN buffer.
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order of magnitude smaller and can thus be neglected.20

Second, it was proposed that the compressed and tensile

domains would contain more and less atomic layers than in

average, respectively.21 Such additional layers can be intro-

duced by, e.g., threading dislocations, whose density was

reported to be �4�107cm�2 in similarly grown samples,7 in

line with the spatial frequency of dark/bright stripes of the

broad height modulation. In addition, compositional fluctua-

tions were related to threading dislocations.19 Figure 5(c)

illustrates the resulting amplitudes and roughnesses of the

relaxed surface versus the thickness variation. This effect

leads to height modulations in agreement with the experi-

mentally observed roughness component F1. This suggests

that the contrast of the F1 component is primarily given by

strain relaxation of alternating domains of compositional

fluctuations combined with thickness variations. Note, the

calculated strain relaxation extends into the surrounding

GaN layers, although they have no compositional fluctua-

tions. This is in agreement with the observation.

At this stage, we turn to the roughness component F2.

The SAED measurements shown in Fig. 4(a) illustrate that

the a lattice constant is 0.59% larger in the Al0:81In0:19N

layer than in GaN. Such a misfit strain is typically relieved

by an interface dislocation network, with an average separa-

tion of edge dislocations with an a-type Burgers vector of

�54 nm. This value agrees well with the correlation length

of the F2 component. Furthermore dislocations with the a-

type Burgers vector will primarily affect the a lattice con-

stant. Hence, we attribute the roughness component F2 to the

presence of interface edge dislocations.

The presence of interface edge dislocations is corrobo-

rated by the increasing appearance of monoatomic steps

within consecutive Al0:81In0:19N layers in analogy to inter-

face edge dislocations at the InN/GaN interface.22 The steps

lead to an increased roughness within the Al0:81In0:19N layers

as compared to the surrounding GaN. Therefore, the rough-

ness component F3 with �10 nm correlation length can be

associated with the atomic steps seen on the surface.

In conclusion, strain and compositional fluctuations of

nominally lattice matched Al0:81In0:19N/GaN heterostruc-

tures affect the roughness and height modulations at cross-

sectional cleavage surfaces and induce local changes of the

lattice constants. The strain relaxes at the cleavage surface

inducing height modulations, which can be assigned to three

roughness components. First, alternatingly compressive and

tensile strained domains are found, indicating compositional

fluctuations. Second, changes of the a lattice constant are

traced to interface misfit edge dislocations, which strain pri-

marily the a lattice constant and induce surface steps. The

latter gives rise to the third component of roughness within

the Al0:81In0:19N layers.
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FIG. 5. (a) Color-coded image of the calculated relaxation at the ð10�10Þ
cleavage surface for five Al1�xInxN/GaN(0001) pairs embedded in GaN,

where each Al1�xInxN consists of alternating cuboids with an In content of

14% and 24%. (b) Peak to valley amplitude and roughness of Al0:816Dx
In0:197DxN as a function of the compositional deviation Dx from the nominal

In content of 19%. (c) Same, but now for Al 0:8160:05 In 0:1970:05 N with in

addition different increased or reduced numbers of atomic layers in the com-

pressed and tensile domains, respectively.
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