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ABSTRACT

The mechanisms governing “compositional pulling” during the growth of AlxGa1�xN wells are investigated. Gallium-rich AlxGa1�xN
wells grown on high dislocation density AlN/sapphire templates exhibit asymmetric and diffuse composition profiles, while those
grown on low dislocation density native AlN substrates do not. Furthermore, strain in all AlxGa1�xN wells is found to be pseudo-
morphic, ruling it out as the dominating driving force. Rather, the high threading dislocation density of the AlN template is con-
sidered to play the defining role. We propose that a transient surface morphology is introduced during dislocation mediated
spiral growth, which, in conjunction with process supersaturation, determines the Ga incorporation. These findings provide
insights into compositional pulling in high Ga content AlxGa1�xN grown on AlN and provide a route to grow thicker wells with
very abrupt interfaces on native AlN substrates.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5063933

Group III-nitrides have become prevalent in optoelec-
tronic applications, including LEDs and lasers, due to their wide
bandgaps and efficiencies. As these devices move into the
ultraviolet (UV) range and high power applications, AlxGa1�xN
wells are of particular interest.1–5 To realize these applications,
devices must have abrupt interfaces and precise compositional
control, which can be challenging. Highly mismatched
AlxGa1�xN wells on AlN or GaN templates, for example, are
found to grow with intermediate and/or gradient layers of
composition that form spontaneously.6 This phenomenon has
been referred to as “compositional pulling” and can result in
peak emission shifts, emission broadening, or double emission.7

Furthermore, compositional pulling has been a major challenge
when trying to grow high quality, pseudomorphically distrib-
uted Bragg reflectors (DBRs) for AlxGa1�xN-based devices.8–10

Compositional pulling is thought to result from the rejec-
tion of Ga atoms at the growth front due to strain.6,11 The strain
is then accommodated by forming layers that reduce the total
strain energy via tension and compression within the subdivided
layers.6 Given that pulling occurs for AlxGa1�xN wells grown on
GaN or AlN templates, strain may not fully explain the observed
behavior. For example, surface morphology can also play a key

role in controlling Ga incorporation. On substrates with moder-
ate to high dislocation density, the resulting AlxGa1�xN thin film
composition depends strongly on the substrate miscut and spe-
cies supersaturation.12 Depending on these variables, the film
composition can vary by even 100%. Therefore, the influence of
process and substrate selection on compositional uniformity in
AlxGa1�xNwarrants further investigation.

In this letter, the role of substrate dislocation density in
defining the composition profiles of AlN�AlxGa1�xN superlatti-
ces is investigated. Using aberration corrected scanning trans-
mission electron microscopy (STEM), compositional pulling is
found to occur when AlxGa1�xN wells are grown on relaxed AlN
templates on sapphire, which contains a high density of disloca-
tions, but does not arise on low defect AlN single crystals.
Contrary to the strain derived mechanism, the AlxGa1�xN wells
are pseudomorphic on both substrates. For AlN templates, a
transient surface morphology resulting from the high disloca-
tion content and the Ga precursor is proposed to mediate com-
positional pulling. These findings provide insights into
compositional pulling in high Ga content AlxGa1�xN layers and
show that it can be prevented by ensuring uniform substrate
steps and step-flow growth.
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AlN substrates with a surface dislocation density of 103/
cm2 were processed from AlN boules grown by physical vapor
transport13,14 with a pre-epitaxial, acid-based AlN surface
preparation outlined in Ref. 15. AlN templates on sapphire
were prepared as described in Ref. 16 with a 109/cm2 disloca-
tion density. The AlN template lattice parameter was identical
to bulk AlN, which indicated that it was fully relaxed (see sup-
plementary material, Fig. S1). The AlxGa1�xN well superlattices
were grown on both substrate types simultaneously in the
same MOCVD chamber to limit the external variables of
growth. Four groups of 4� AlxGa1�xN/AlN barrier superlatti-
ces were grown during the process with the increasing nomi-
nal Ga composition: SL 1 Al0.9Ga0.1N/AlN, SL 2 Al0.7Ga0.3N/
AlN, SL 3 Al0.5Ga0.5N/AlN, and SL 4 Al0.3Ga0.7N/AlN. The
intended well thicknesses were 17 nm for SL1 and 8 nm for SL2,
SL3, and SL4. The AlN barriers were all 17 nm thick. Each SL
group was then separated by an �200nm thick AlN spacer, as
shown schematically in Fig. 1(a). A 50nm thick GaN cap was
grown as a last step. The total gas pressure in the reactor was
kept constant at 20Torr throughout the growth process.
Trimethylaluminum (TMA), triethylgallium (TEG), and ammo-
nia were used as Al, Ga, and N precursors, respectively. All
AlxGa1�xN layers were grown at a substrate temperature of
1100 �C in H2 diluent gas with a total reactor flow of 10 slm. V/
III ratios during AlxGa1�xN SLs were varied from 260 to 530
while maintaining a constant ammonia flow rate of 0.3 slm. To
further explore the influence of dislocation density, an addi-
tional sample was grown on a higher dislocation content AlN
template on sapphire (1010/cm2, as estimated from STEM).

Samples for electron microscopy were prepared by the Si-
stacking method17 with conventional wedge polishing.18 Low
energy ion milling with a Fischione 1050 TEM mill was used for
final thinning. For STEM imaging and spectroscopy, a probe-
corrected FEI Titan G2 60–300kV S/TEM operated at 200kV
was used. The probe forming convergence semi-angle was 14
mrad, and the annular dark-field inner semi-angle was 77 mrad.
Images were acquired with the revolving STEM (RevSTEM)
method tominimizemeasurement error due to sample drift.19–22

For each RevSTEM series, 20 frames were collected with a dwell
time of 0.5 ls and a 90� rotation between each frame. Bruker
Espirit was used for energy dispersive X-ray spectroscopy (EDS)
with a FEI Super-X detector, and drift correction was applied
between each frame. The Ga–K and Al–K characteristic X-rays
were used for elemental quantification.

HAADF STEM image intensities increase with the increas-
ing Ga content and thus provide a direct, qualitative assessment
of composition across each superlattice. As shown in Fig. 1(b),
the AlxGa1�xN wells exhibit a vastly different Ga distribution and
thicknesses depending on the substrate and the target composi-
tion. On the AlN template, SLs 1 and 2 have abrupt interfaces
throughout, but the intensity profile becomesmore complicated
as the target Ga content increases (SLs 3 and 4). Starting at SL 3
[Fig. 1(b), left], distinct layers are observed within each AlxGa1�xN
well which vary in thickness. By increasing the Ga content fur-
ther, SL4, the thickness of the intermediate layers increases to
10–20nm. In stark contrast, the well/barrier interfaces on the
AlN single crystal substrate are all abrupt.

As the thin films grown here contained multiple SLs, each
with different Al/Ga contents, X-ray diffraction could not be
used for reliable composition quantification (see supplementary
material Fig. S2). Using EDS, the average peak compositions for
SLs 1–4 are determined to be 91, 70, 45, and 27at. % Al, respec-
tively, and are found to be in very good agreement with the tar-
get compositions. Similarly, on the AlN single crystal, the
average peak compositions for SLs 1–4 are found to be 92, 76, 55,
and 42at. % Al, which are higher than on sapphire. Furthermore,
these results indicate that the composition of SL3 on the AlN
template is most comparable to SL4 grown on the native AlN
substrate.

The thin film growth rates also depend strongly on the sub-
strate selection and the target Ga content. As shown in Table I,
the layers grown on the native AlN substrate were all

FIG. 1. (a) Schematic of the first superlattice grown on either an AlN template or
native AlN. (b) HAADF-STEM of the AlGaN superlattices grown on an AlN template
on sapphire (left) and an AlN native substrate (right). Brighter intensity indicates the
higher Ga content. The images have been aligned to the start of each SL to empha-
size the difference in the growth rate. Compositional pulling occurs only for SLs 3
and 4 for the AlN template on sapphire. Note that the size of the scale bars is differ-
ent to account for the difference in growth rates.
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considerably thicker than those on the AlN template. The
observed difference in the AlN growth rates is an extrinsic effect
due to non-uniformities in this particular growth run, namely,
differences in the sample size and lack of sample rotation. This is
evidenced by the initially constant thickness ratio—1.5360.01
(native/template)—for the spacers and SLs 1/2 on both sub-
strates, i.e., when pulling does not occur. The growth rate, how-
ever, accelerates by �20% for the template when pronounced
pulling occurs (AlN templates SL 3 and SL 4). This behavior indi-
cates that there is an altered growth mode within the high Ga
content wells and suggests a key role in substrate selection for
controlling the evolution of Ga incorporation.

To examine the differences in strain states between films
on the two substrates, accurate and precise lattice parameters
are directly measured in real-space using RevSTEM.19 The out-
of-plane lattice parameters of the Al0.5Ga0.5N well, which exhib-
its significant pulling, are shown in Fig. 2. The major difference is
that the well grown on the AlN template exhibits a diffuse,
decreasing lattice parameter into the barrier, and corresponds
to the intermediate layer seen in HAADF STEM intensity. In con-
trast, the out-of-plane parameter for the equivalent composi-
tion on the native AlN substrates returns immediately to that for
the AlN barrier (498pm). Furthermore, the projection-
corrected, in-plane lattice parameter is 311 pm in both cases and
is in excellent agreement with bulk AlN (311.2pm). Films grown
on both the template and the native substrate thus remain pseu-
domorphic, which is further supported by reciprocal space
maps provided in supplementary material Fig. S3.

The strain energy U can be estimated by using
U ¼ 1=ðs11 þ s12Þðða� a0Þ=a0Þ2, where s11 and s12 are the elastic
compliances in the c-plane and a and a0 are the lattice parame-
ters of the strained and relaxed layers, respectively.23 For the
highest Ga composition well, Al0.3Ga0.7N, which is biaxially
strained to AlN, the strain energy is 0.13 kcal/mol. This is rather
small compared to that of surface gas reactions that are on the
order of 10kcal/mol.24–27 Therefore, the strain energy can be
regarded as insufficient to dominate the observed growth
behavior as both samples exhibit similar strain states, but very
different Ga compositional profiles.

Beyond strain, threading dislocations may play an important
role in defining compositional pulling. Their densities are dra-
matically different for the two substrates: �109–1010/cm2 for AlN
templates on sapphire and �103/cm2 for native AlN substrates.
To gauge the influence of dislocation density on compositional

pulling, a SL stack was grown on the AlN template with a higher
surface dislocation density of �1010/cm2, presented in Figs. 3(a)
and 3(b). The extent of the transition layers is now exaggerated
and enables a full accounting of the Ga compositional profile fea-
tures. Notably, an intermediate step in the HAADF STEM inten-
sity, and thus Ga composition, occurs at the AlN spacer ! well
transition. While this initial transition also occurs at the barrier
! well interfaces, it is the thickest at the first well. In contrast,
the well! barrier transition thickness increases for each well in
the sequence. After growth of the final SL well, the transition
region exhibits a much broader decay of Ga into the spacer. In
contrast, the wells grown on native AlN show abrupt transitions
across the entire SL, as shown in Figs. 3(a) and 3(c).

From Figs. 1–3 and Table I, the pulling behavior is summa-
rized as follows: (1) regardless of the substrate selection, the
wells are pseudomorphic to AlN, (2) compositional pulling in
AlxGa1�xN wells on AlN templates increases with the Ga target
concentration, (3) compositional pulling is not observed in any
of the AlxGa1�xN wells grown on native AlN substrates, (4) the
spacer! well transition layer is thicker than that of the barriers
! wells (AlN template only), and (5) a broad Ga concentration
decay occurs at well ! spacer transition (AlN template only).
Importantly, these features cannot be adequately described by
the surface segregation Muraki model28 that is governed by a
strain energy barrier needed for Ga incorporation. In that
model, the composition profile follows a simple power law
behavior, and it cannot describe the knee-like compositional
pulling in the AlxGa1�xN layers reported here. Rather, the behav-
ior can bemodeled using a double sigmoid function

TABLE I. Superlattice and spacer layer thicknesses for films grown on the AlN tem-
plate and native AlN substrates. The thickness ratio is defined as native/template.

Template (nm) Native (nm) Ratio

SL 1 82 125 1.52
Spacer 1 160 246 1.54
SL 2 66 100 1.52
Spacer 2 160 244 1.52
SL 3 80 96 1.2
Spacer 3 161 247 1.53
SL 4 74 88 1.19

FIG. 2. Lattice parameter measurements across individual wells in QW3 and QW4
for the AlN template (squares) and native (circles) substrates.
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xn ¼

xn ¼ x0 exp � n
c0

� ��W0

( )" #
þ x1 1� exp � n

c1

� �W1

( )" #
ð0 < n < N1;wellÞ

xn ¼ x2 1� exp � n�N
c2 �N

� ��W2

( )" #
þ x3 exp � n�N

c3 �N

� �W3

( )" #
ðn > N;barrierÞ;

(1)

8>>>>>><
>>>>>>:

where xi is the maximum composition in each stage, Wi is the
“transition rate” in each stage, and ci is the center of each transi-
tion. The model provides a near perfect fit across an entire SL
exhibiting compositional pulling, as shown in Fig. 3(b). Fit param-
eters are provided in supplementary material, Table S1. The key
feature is that the compositional profile requires a two-step
process, i.e., a transient, to explain the observed Ga distribution.

Based on the observed behavior of compositional pulling
and the lack of a difference in the strain state, alternative mecha-
nisms beyond should be considered. In particular, dislocations
can mediate growth through a wide variety of surface morpholo-
gies as a function of supersaturation.12,15 The high dislocation
content of the AlN templates, for example, leads to spiral growth
mediated by screw dislocations.29 On the native AlN, the
AlxGa1�xN film surface exhibits step flow growth. According to
BCF theory of spiral growth,29 supersaturation, r, is inversely
proportional to 1/ln(1 þ r), where k0 is the growth spiral terrace
width. Upon introducing the Ga precursor, and thus Ga supersat-
uration, the spiral velocity increases. The concomitant decrease
in the terrace width then changes the Ga incorporation, xGa,

proportional to A/(A þ Bk0), where A/B are constants deter-
mined by the precursor flow.12 This relationship indicates that a
decrease in the terrace width leads to a subsequent increase in
Ga incorporation,30 where a transient change in surface mor-
phology results in a transient degree of Ga incorporation. The
dislocation content paired with Ga supersaturation can thus play
a dominant role in controlling Ga composition.

To support this hypothesis, Fig. 4 shows the evolution of the
film surface immediately before and after growth of a single
Al0.6Ga0.4N well on an AlN template. The surface morphology
changes significantly during the 10nm layer growth. By visual
inspection, the terrace width is found to be significantly
decreased, leading to an increase in the Ga incorporation rate
during this growth. For the well structures, this change in surface
morphology would therefore lead to the two-stage transient
spacer/barrier ! well transitions (Fig. 3). For the well ! barrier
transition, the surface morphology again changes as it becomes
simply determined by the Al supersaturation and accumulated
Ga at the growth front (Ga precursor gas turned off). This then
leads to the observed knee-shaped well! barrier transition. The
evolving surface morphology also explains the asymmetric com-
position profile across the stack. By the start of each well within
the SL, the surface does not return entirely to that at the start of
the SL growth. If, however, sufficient AlN growth occurs before
the start of the next well, such as at the well ! spacer, a
smoother decay in Ga incorporation is seen as the surface
returns to the Al supersaturation determinedmorphology.

These findings indicate that the AlGaN surface morphology
is predominately influenced by the low, commonly used, Ga
supersaturation, in contrast to observations that changing Al
supersaturation under typical growth conditions does not.30,31

For screw dislocation mediated spiral growth on the AlN tem-
plate, step density can be adjusted via Ga supersaturation where
higher step density incorporates more Ga. For the low disloca-
tion density native AlN, miscut controls the step density, and
bilayer growth morphology is maintained throughout the growth

FIG. 4. Atomic force microscopy images of an (a) AlN template surface before growth
of superlattices. (b) Surface of the same sample after a 10 nm growth of Al0.6Ga0.4N.

FIG. 3. (a) HAADF-STEM images of a superlattice grown on an AlN template with
a high density of dislocations and on the native AlN substrate as indicated. (b)
Integrated line profiles from (a) and the accompanying fit of the two-stage growth
model described by Eq. (1) to the AlN template data.
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process regardless of Ga supersaturation.15 Thus, strong composi-
tional pulling does not occur when growing on native AlN sub-
strates, even though the strain state of the wells is the same.

While high performance devices have been grown on AlN
templates, those prior studies focused on quantum wells that are
only a few nanometers thick where the growth surface would
remain within the first transient and cannot be clearly
observed.2,5,32,33 Composition gradients have, however, also been
identifiedwithin AlxGa1�xNquantumwells and thicker films, leading
to alternative MOCVD growth approaches such as pulsed atomic-
layer epitaxy andmigration enhancedMOCVD to prevent such gra-
dients.34,35 The wells grown here are on the order of 10–30nm
including pulling, which depends on the target Ga composition.
Furthermore, pulling only occurs when Ga content is high. Thus,
these results present an extreme in compositional pulling for such
superlattices. Although not necessarily applicable to quantumwells
in the active regions of UV lasers or light emitting diodes, superlat-
tices like these are used for epitaxial distributed Bragg reflectors as
typically used in vertical optically confined cavities.36

Based on the evidence, we conclude that compositional
pulling cannot be explained by strain alone, but rather by a tran-
sient growth surface morphology governed byAl/Ga supersatu-
rations and threading dislocation density. This occurs due to the
spiral dominated growth on the AlN templates on sapphire that
leads to a changing amount of Ga incorporation. In contrast, for
the AlN substrate, the surface morphology does not change dur-
ing growth due to its low dislocation density and bilayer growth
mode. As a next step, these results point to the dynamic control
of growth supersaturation to prevent compositional pulling on
high dislocation density substrates. Given the large differences
in compositional profiles, photoluminescence studies on single
composition AlxGa1�xN well superlattices grown on native AlN
substrates can provide further insights into the impact of com-
positional pulling on optical properties.

See supplementary material for X-ray diffraction data for
the AlN template sample and composition profile fit parameters.
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