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Abstract

For the growth of low-defect crack-free GaN heterostructures on large-area silicon substrates,
compositional grading of AlGaN is a widely adapted buffer technique to restrict the propagation
of lattice-mismatch induced defects and balance the thermal expansion mismatch-induced
tensile stress. So far, a consolidation of the design strategy of such step-graded buffers has been
impaired by the incomplete understanding of the effect of individual buffer design parameters
on the mechanical and microstructural properties of the epilayers. Herein, we have analyzed a
series of metal-organic chemical vapor deposition grown GaN/graded-AlGaN/AIN/Si
heterostructures through in situ curvature measurements and post-growth x-ray diffraction
(XRD). Our results reveal that in such epi structures, the GaN layer itself induces more
compressive stress than the AlGaN buffer, but the underlying AlGaN layers dictate the
magnitude of this stress. Furthermore, for a fixed AlGaN buffer thickness, the mean-stress
accumulated during the GaN growth is found to be correlated with its structural properties.
Specifically, one um thick GaN layers that acquire 1.50 GPa or higher compressive mean-stress
are seen to possess 2021 XRD w-FWHM values less than 650 arc-sec. Also, the evolution of
instantaneous stresses during the growth of the AlGaN layers is found to be a valuable indicator
for buffer optimization, and composition difference between successive layers is established as a
crucial criterion. The results also show that increasing the total buffer thickness (for a fixed
number of steps) or increasing the number of steps (for a fixed total buffer thickness) may not
always be beneficial. Irrespective of the buffer thickness, optimized high electron mobility
transistor structures show similarly low sheet-resistance (~350 €2 [J)~! and high mobility
(~2000 cm? V~!' s ~1) at room temperature.
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1. Introduction

Due to the immaturity of bulk nitride substrates, heteroep-
itaxial growth of wide bandgap nitride thin-film devices on
large-area silicon substrates has been a promising route for
enabling their scalable and cost-effective commercialization
[1-3]. To date, two major obstacles stemming from the large
lattice (~17%) and thermal expansion (~54%) mismatch
between Si (111) and wurtzite GaN (and its alloys with Al
and In) have proven to be a limitation on such integration.
The former results in numerous dislocations in the epilay-
ers, whereas the different coefficients of thermal expansion
(CTE) lead to large tensile stresses during cooling from typ-
ical growth temperatures (=1000 °C), often culminating in
cracking. To tackle these challenges, buffer layers play a
crucial role in defect-reduction and stress-management for
GaN-on-Si devices. Firstly, they partially annihilate threading
dislocations (TDs) generated at the Si substrate/AIN nucle-
ation layer (NL) interface from propagating into the func-
tional layers [4—7]. Furthermore, they also induce compress-
ive in-plane stress during the growth process to compensate
for the post-deposition thermal tensile stress. As attempts to
grow GaN directly on high-temperature (HT) AIN results in
heavily cracked epilayers [8, 9], three buffer design strategies
have been extensively explored in the last two decades. Among
these, graded AlGaN buffers avoid the time-consuming peri-
odic ramping of temperature, pressure, and precursor flows
needed for low-temperature (LT) AIN interlayers or AIN/GaN
superlattice buffers. In such AlGaN multilayers, the grada-
tion involves changing the AIN mole fraction from a higher
starting Al-composition (Al,Ga;_,N) near the AIN NL to a
lower value (Al,Ga;_,N, x < z) near the GaN. This is done
in successive steps in a step-graded buffer and in a con-
tinuous manner in a smoothly-graded buffer. In both, this
sequential decrease in the Al-composition (and the increase
in lattice constant) is intended to cause the AlGaN and GaN
layers to grow under compression during epitaxy. The prin-
ciple aim is to achieve a net strain after cooldown which is
either compressive or, if tensile, limits the strain energy in
GaN below the threshold required for crack propagation. In
this article, we focus on buffers with step-gradation and as long
as there is a relatively low mismatch between subsequent lay-
ers, these avoid the generation of new dislocations at the inter-
face between successive AlGaN steps that have been reported
[10] with the other two strategies involving GaN/AIN inter-
faces. Mechanistic properties of such step-graded AlGaN buf-
fers in GaN-based heterostructures continues [11-13] to be
a topic of great interest. In addition to the existing devices,
the emergence of transistors [14] and UV emitters [15] with

high Al-composition layers, devices utilizing the electronic
and photonic functionality [16] of the AlGaN grading itself,
and substrate-removed heterogeneously-integrated [17, 18]
devices have further strengthened the need for a deeper under-
standing of the tuning parameters of these buffers.

In particular, what has hindered the development of a gen-
eric step-graded design guideline is the simultaneous availab-
ility of several variables. These include compositions of the
grade, total thickness, number of layers, and thickness ratio
(i.e. the thickness of the individual layers for a fixed total thick-
ness) for which the individual and correlated effects are still
not clearly established. For instance, in their thickness optim-
ization study, Cheng and co-workers [9] found that only the
750 nm thick step-graded AlGaN buffer yielded a compress-
ive mean-stress whereas both thicker and thinner buffers res-
ulted in the mean-stress becoming tensile. Separately, in their
investigation, Xu et al [19] found the optimized AlGaN buf-
fer thickness to be 300 nm as both thicker and thinner buffers
produced heavily-cracked 2 pm thick GaN epilayers. These
results clearly suggest the involvement of competing strain
mechanisms with changes in buffer thickness. Confusion also
remains on what is the optimum number of steps in a buf-
fer. Examples of step-graded buffers including from two to
seven distinct layers can be found in the literature [7, 9, 20-26]
though crack-free GaN on Si using a single AlGaN layer
[27-29] as the buffer has also been reported. The other para-
meters i.e. the choice of the individual compositions and the
thickness ratio of the different layers also differ widely among
groups. However, systematic investigations focusing on the
influence of these two parameters on the effectiveness of the
buffer are even scarcer. Altogether, as a result of the uncer-
tainties involved, reports can be found where even the best-
optimized structure is not completely crack-free [24] or does
not satisfy the limits of processing compliance [23]. Hence,
instead of solely relying on the AlGaN buffer to ensure stress-
management, the practice of supplementing these with AIN
interlayers [30, 31] or AIN/GaN superlattices [32] in the same
buffer structure is also common.

As this lack of understanding cannot be addressed by
studies [4, 33] comparing different buffer design technolo-
gies, the present work scrutinizes GaN-on-Si heterostructures
with closely related step-graded AlGaN buffers to show how
stress-evolution and microstructure are influenced by indi-
vidual design parameters. Considering that absolute results are
often not transferrable from one metal-organic chemical vapor
deposition (MOCVD) reactor to another, the primary motiva-
tion of this article is to provide a generic framework that can
guide step-graded buffer design process for improved control
of stress and defects, even under the constraints of certain
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parameters being fixed. Alongside the investigations on
buffers employing LT-AIN layers [34, 35] and AIN/GaN
superlattices [6, 36], establishing the ‘control knobs’ for
graded AlGaN buffers should open up more options for
nitrides-on-Si manufacturing, enabling further proliferation of
the technology.

2. Experimental Details

The studied structures were grown in a vertical-flow high-
speed rotating-disc (~1000 rpm.) single wafer MOCVD
reactor (Veeco Propel™) with trimethylgallium (TMGa), tri-
methylaluminum (TMALI), and ammonia (NH3) as the precurs-
ors and hydrogen (H;) as the carrier gas. P-type Si (111) sub-
strates,]1 mm thick and 150 mm in diameter, were first heated
in H, ambient at 1100 °C to remove the native surface oxide
in-situ without any external chemical pre-treatment. This was
followed by the growth of a two-temperature AIN NL to pre-
vent the melt-back etching [37, 38] associated with Ga-Si
eutectic formation [39, 40]. The subsequent epi-growth con-
sisted of the deposition of different step-graded AlGaN buffers
and finally a 1 pm thick GaN layer, as illustrated in the schem-
atic in figure 1 (left) for a heterostructure with 3-step AlIGaN
buffer. Two different AIGaN buffer thicknesses (~1 um for
wafers A13 to D15 and ~1.7 pum for wafers A25 to D23) were
grown for this analysis. Both symmetric (i.e. the thickness of
each AlGaN layer being equal) and asymmetric designs were
studied. The composition difference between the end layers
was approximately equally distributed among the intermediate
layers and the eight structures were designed to have at least
one closely related variant where only one design parameter
was changed. The latter allowed the pinpointing of the influ-
ence of individual parameters. Note that the first numerical in
each wafer name indicates the rounded up total thickness in
pm and the second numerical denotes the number of steps.
The variations in the composition and individual thickness of
the AlGaN layers are detailed in table 1.

The AIN layers were grown in two steps. The first 10 nm
were grown at a temperature of 750 °C and the rest of
the NL at 1070 °C. The temperatures during the growth of
the AlGaN buffers, and the GaN layers were 1035 °C, and
1050 °C, respectively. The group V/III molar ratio during
the Al,Ga;_,N layer growths was 300 for compositions with
low AIN mole fractions (0.25 < x < 0.50) and 150 for high
AIN mole fractions (0.50 < x < 0.83). Such flow condi-
tions were found to minimize the parasitic gas-phase reac-
tions between TMAI and NH; and improve the incorporation
efficiency of TMALI. For the GaN growth, the V/III ratio was
increased to 1500. The secondary electron image of an as-
grown heterostructure with a 3-step AlGaN buffer is shown
in figure 1(right). Individual layers are distinguishable in the
image with an increase in their brightness with a decrease
in the Al-content. Note that, near the final interface between
Alp33Gag 7N and GaN, a gradual change in brightness in the
GaN layer is also observed. This, however, likely stems from
either a gradual change in the strain-induced piezoelectric field
within the layer or the accumulation of holes at the interface

due to the valance band offset and polarization discontinuity,
both of which can influence the secondary electron emission.

During growth, in situ process monitoring tools (RT-200™
and DRT-210™) continuously measured the curvature, tem-
perature, and reflectivity of the wafer. Interferometry-based
intensity variation of a 650 nm laser reflected from the wafer
gave the thickness of the epilayers in real-time. Simultan-
eously, the spatial displacement of the same laser beam on a
quadrant detector provided the curvature assuming a spherical
bow.

By the formulae detailed in the following section, changes
of curvature during growth were used to calculate the change
of stress-thickness with thickness to quantify the growth-
induced stresses. As an example, the real-time evolution of
wafer curvature during the growth of wafer A13 is shown in
figure 2(a). It can be seen that before the start of the AIN
growth at 1070 °C, the wafer was already concavely bowed
due to the temperature difference between the front and back
of the wafer which were in contact with the gas-phase bound-
ary layer and the susceptor, respectively [1]. This initial wafer
bowing is a reversible effect whose influence is fully removed
once the temperature difference vanishes after cool-down to
room temperature. During deposition of the AIN layer, the
curvature became more positive i.e. the wafer became more
concave. As the AIN growth takes place at a constant tem-
perature, this change of curvature is due to the stress ori-
ginating from the growth of the layer, and the sign of the
change indicates that the involved growth stress was tensile.
Before the growth of the next layer, the first AlGaN layer,
the growth temperature was reduced by 25 °C. This led to a
minute decrease in wafer curvature indicated by the red circles
in figure 2(a). This is the cumulative effect of a reduced tem-
perature gradient between the front and the back of the wafer
as well as the different expansion of the AIN and Si caused
by the change in temperature. While the earlier of these two
sources is fully reversible the later one will add to the final
bow of the wafer in the form of thermal tensile stress. How-
ever, in terms of the stress-thickness analysis, which is the
primary focus of this work, these temperature changes have
no influence as no change in layer thickness takes place dur-
ing these periods of no growth. Further analysis of the data
in figure 2(a) for individual layers shows that in contrast to
the AIN, growth of the subsequent AlGaN buffer and GaN
layer increased the curvature in the negative direction indic-
ating compressive growth-stresses, and the wafer eventually
became convex at the growth temperature. The curvature at
the end of the GaN growth was sufficiently convex to offset
the tensile thermal stress induced during cooldown, and hence,
the curvature at room temperature was also convex for all the
wafers (see figure S1 in the supplementary material). Note
that the periodic discontinuities in both datasets arise from the
extinction of the laser signal at the trough of each reflectivity
oscillation, causing sharp peaks in curvature [5, 41] and these
regions were excluded from analysis. It is worth mentioning
that AlGaN layers are susceptible to 3D roughening and bur-
ied pit formation [23, 42]. However, as shown in figure 2(b),
the nearly constant amplitude and average intensity of the
reflectivity oscillations throughout the growth confirm that the
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Figure 1. (Left) Schematic of a representative GaN-on-Si heterostructure with 3-step AlGaN buffer that has successively deceasing Al
composition (x < y < z). The 5-step buffers had two additional AlGaN layers between the AIN and GaN. (Right) Secondary electron image
of the heterostructure B13 with discernible contrast between the successive AIN, AlGaN, and GaN layers. The scalebar in the image is one

pm.

Table 1. Details of the MOCVD grown GaN/graded-AlGaN/AIN on Si heterostructures. The difference between each structure and its
closest variant is identified. All the listed mean stress (with negative sign denoting compressive stress) and wafer bow are derived from
in situ curvature values at room temperature.

Nominal thickness and composition of the

buffer layers (every wafer includes a ~1.0 um

Mean-stress

Wafer ID AINNL thick GaN layer on top of the buffer) Modification of entire epi Wafer bow
Samples with ~1.0 pum thick AlGaN buffer

Al3 150 nm 250 nm Alg g3Gag 17N/ 300 nm Aly3Gag 37N/ AIN thinner than B13 —0.16 GPa 30 pm, convex
400 nm Aly33Gag 7N

B13 250 nm 250 nm Alg g3Gag 17N/ 300 nm Al ¢3Gag 37N/ — —0.22 GPa 42 pm, convex
400 nm A10,33Ga0,67N

Cl13 250 nm 250 nm Aly78Gag 22N/ 350 nm Alys50Gag 50N/ Compositions different —0.23 GPa 44 pm, convex
450 nm Aly,5Gag 75N than B13

DI15 250 nm 200 nm Aly78Gag 22N/ 200 nm Algye5Gag 35N/ Two more steps than —0.28 GPa 54 pm, convex
200 nm Alj 50Gag 50N/200 nm Al 36Gag 4N/ C13, different
200 nm Alg25Gag 75N thicknesses

Samples with ~1.7 pym thick AlGaN buffer

A25 250 nm 350 nm Aly78Gag22N/ 350 nm Alg ¢5Gag3sN/ Layer thicknesses of —0.14 GPa 34 pym, convex
350 nm Alg.50Gag.s5oN/350 nm Al 36Gag 4N/ D15 equally increased
350 nm A10,25Ga0,75N

B25 250 nm 200 nm Aly78Gag 22N/ 200 nm Al e5Gag 35N/ Bottom (top) two layers —0.12 GPa 31 pm, convex
350 nm Alg.50Gags50N/500 nm Alg 36Gag 64N/ thinner (thicker) than
500 nm A10,25Ga0.75N A25

C25 250 nm 500 nm Aly78Gag 22N/ 500 nm Al e5Gag 35N/ Top (bottom) two layers —0.12 GPa 31 pm, convex
350 nm Alg.50Gag.s5oN/200 nm Al 36Gag 4N/ thicker (thinner) than
200 nm Al(),25 Ga0,75N A25

D23 250 nm 420 nm Alyg3Gag 17N/ 550 nm Algye3Gag 37N/ Layer thicknesses of —0.11 GPa 27 pm, convex

720 nm A10'33Gao.67N

B13 equally increased

process conditions ensured smooth 2D layer growth. A sim-
ilar trend of in sifu curvature and reflectivity variation during
growth was observed for all the wafers.

After growth, the wafers were inspected in an Olympus
Nomarski optical microscope and in a Bruker Dimension Icon
atomic force microscope (AFM) operated in Peakforce™ tap-
ping mode to examine the surface topography across different
length scales (see figures S2 and S3 in the supplementary
material). The compositions of the individual AlGaN buf-
fer layers were ascertained from 2025 reciprocal space maps

acquired in a PANlytical Empyrean high-resolution x-ray Dif-
fractometer (HRXRD) equipped with a two-bounce hybrid
monochromator at the source and a 3D PIXcel™ detector
operated in frame-based mode (see figure S4 in the supple-
mentary material). For the assessment of the structural quality,
rocking curves of GaN reflections (with reduced beam widths
to supress any possible broadening effects by wafer bow)
were acquired in double-axis geometry (with a divergence
slit but without any analyzer crystal). This diffractometer (a
Philips X’Pert HRXRD) was equipped with an asymmetric
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Figure 2. (a) Real-time evolution of curvature (small circles, blue) with thickness during the growth of the epilayers of wafer A13. Also
shown is the as-calculated stress-thickness (large circles, black) versus thickness profile which imitates the curvature data. The beginning of
the AIN growth (i.e. zero layer thickness) marks the zero of the stress-thickness curves. The changes in curvature (marked as red circles)
during transition from AIN to AlGaN and AlGaN to GaN growth conditions are due to the changes in growth temperature and do not
influence stress-thickness data. In these images, for visual clarity, only one representative experimental data point is shown for
approximately every 3 nm. (b) The reflectivity oscillations which are simultaneously acquired with curvature during the layer growth.

four-bounce Ge 220 monochromator and 5 x 5 mm? cross-
slits at source as well as a proportional-counter on the detector
site. w-Rocking curves for both symmetric 0002 and skew-
symmetric 2021 reflections were acquired for these measure-
ments, and their peak widths (FWHM, full-width at half max-
imum) were analyzed as a measure of reflection broadening
by defects. The efficacy of each buffer was judged from two
aspects of the GaN layer on top, namely the mean compressive
stress accumulated during the GaN layer growth and the struc-
tural quality of the GaN layer as a measure of its defect dens-
ity. For Hall-effect measurements, 1 x 1 cm? square samples
with lithographically processed Ti/Al/Ti/Au ohmic contacts
were characterized in an Ecopia hall-effect measurement sys-
tem (HMS) equipped with 0.5 T magnets.

3. Theoretical Framework

The stress analysis is based on a formalism [43—45] that con-
siders the equilibrium of forces and moments which induce a
change in the curvature of a flat bulk substrate upon the depos-
ition of a strained thin layer. For an in-plane stress whose
magnitude can vary within the layer along the out-of-plane

growth direction (z), the corresponding force-per-width is
given by

hv
F=<o>h= / fa(h)dh (1
0

where o(h) is the in-plane stress at the thickness # and width
is the layer dimension in the direction orthogonal to both
the force vector and z. Here <o> represents the thickness-
averaged stress or mean-stress of the entire layer having thick-
ness ii;. When Ay is small compared to the substrate thickness,
this force-per-width or stress-thickness product (expressed in
N/m or in GPa pm) is directly related to the induced curvature
change Ak of the film-substrate ensemble by the modified
Stoney’s equation

Eh? Ak
6(1 - fYS)

where Ej, hg, and -, are the Young’s modulus, thickness, and
Poisson’s ratio of the elastically isotropic substrate material
(silicon (111) with respective values of 160 GPa, 1000 pm,
and 0.22 [46, 47]). As per convention, positive stress (i.e.

<o>hy= 2
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tensile) induces a positive increase of the wafer curvature.
Note that the first order terms involving the thickness ratio are
ignored [48, 49] in equation (1) owing to its small value for the
present structures (<0.003) and due to the bulk modulus of the
epilayer and the substrate material being of the same order.

For a multilayer film, equation (2) can be further extended
when the total curvature is a non-weighted superposition of
the contributions from each layer i.e. Ax = Z?:o Ak;. This
approximation enables us to deduce the mean-stress of a mul-
tilayer film from the post-growth curvature. Thus, this mean-
stress is effectively related to the wafer-bow (o< K~ 1 for a sub-
strate that was flat before growth of the thin film.

For quantification of the instantaneous stress, the time
derivative of equation (1) needs to be considered instead

i ai“s(h)E o dh 3)

dF dh [ 0o(h, 1)
s [0
0
wherein the first term on the right-hand side denotes the
instantaneous stress, oy, (7),with which the incremental layer
dh is grown in time df. The second term could be any time-
dependent change in stress in the layers (with total thickness
h) on top of which this incremental layer is deposited. The
net contribution of these two terms is thus proportional to the
rate of change of curvature, i.e. G(fsff‘%)% from (1)—(3). In the
absence of time-dependent stress-relaxation of the underly-
ing layer, the second term of-course vanishes and the rate of
change of curvature directly yields ins (k). Thus, a continuous
measurement of the curvature while the film is being deposited
at a known growth rate can be used to quantify the stresses in
real-time. In such stress measurements, the resolution in prin-
ciple is limited only by the sensitivity of the curvature system.
Crack generation during the growth itself can act as a source
of stress-relaxation characterized by an abrupt change in
curvature, but no evidence of such was experienced during any
of the growth experiments listed in this study. Also, depending
on the material system and deposition conditions, film stresses
can change owing to processes occurring in the bulk. This can
be confirmed by observing the stress evolution during growth
interruptions [44]. Hence, periods of ~10 min long interrupts
were intentionally inserted during some of the growth runs,
but the curvature remained unchanged during these growth
interrupts. This confirmed that except growth-induced stress at
the growth front no other stress-generation/relaxation mech-
anisms were involved at the growth temperature. Thus, the
second term in equation (2) becomes zero for the investig-
ated structures, and all the instantaneous slope changes in
the stress-thickness versus thickness curves at a fixed tem-
perature are attributed to the deposition of the incremental
layer.

For this study, the stress-thickness versus thickness data
was first calculated from the real-time changes in the wafer
curvature during epi-growth [50]. Then, the as-calculated
stress-thickness profile of each buffer layer was fitted with
piecewise linear functions for which the number of inter-
vals (two or three, depending upon the layer thickness) were
decided by the algorithm (Origin™ version 2020) for best

least-square fits. The slopes for the first and last segments
of each AlGaN layer were considered as the initial and final
instantaneous stress for the buffer layers. Note that for the
Al g3Gag 17N layers of the 1 um buffers and for all the AIN
NLs, attempts to fit the experimental data in a similar man-
ner resulted in ‘overfitting’ i.e. the model had more para-
meters (segments in this case) than can be justified by data.
Hence, these layers were fitted with straight lines (i.e. with
fixed slope). Based on the data from all wafers, on average,
(560 &= 147) and (755 £ 57) number of data points were fitted
per 100 nm for the AlGaN layers and the AIN NLs, respect-
ively. The maximum fitting error for the slopes was £0.02 GPa
and usually an order less. However, the same layer in different
structures (i.e. grown on the same underlying template) yiel-
ded a difference in slope of 0.1 GPa and this run-to-run vari-
ation is considered as the uncertainty in calculated instantan-
eous stress.

Apart from the mean-stress for the entire epi-stacks and
instantaneous-stress for incremental thicknesses, a third stress
related metric was also considered for the present analysis,
namely the mean-stress (o;) generated during the growth of
the i-th layer. It is defined as

. EJ’Z?AK,’

— D OR 4
61 — ) @

h;
oih; = / o(h)dh
0

where h; is the thickness of the i-th layer which induces a
total curvature change of Ax; during the growth of the layer.
Extraction of &; of a layer does not involve any fitting since
only the initial and final values of stress-thickness during a
layer growth are relevant. The uncertainty in the calculated
mean-stress was considered to be due to the variation of thick-
ness across the wafers measured from reflectivity traces meas-
ured at the center and outer edge of each wafer. This thick-
ness variation was largest for the GaN layers (~3%) which
were also the thickest, resulting in a maximum uncertainty
of 0.05 GPa for GaN. Though for AIN and AlGaN layers
the variations were lower, a similar 3% difference is con-
sidered as uncertainty for these layers and the resulting abso-
lute uncertainties in the mean-stress are considered as error
bars for each layer. The variation in the extracted mean-stress
derived from repeated growth runs were lower. Note that 7; can
be considered as the growth-temperature equivalent to room-
temperature stress values usually deduced from Raman meas-
ured peak-shifts or XRD measured lattice-constants which
also probe and average across the entire layer.

4. Results

4.1. Stresses in epitaxial heterostructures

For the present analysis, three stress terms were quantified
namely real-time instantaneous-stress (;,s), mean-stress of
each layer (7;), and mean-stress of the entire heterostructure
(7). These relate to incremental change of curvature, change
of curvature due to each layer, and change of curvature due
to the entire epi-stack of the wafer, respectively. Note that the
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former two are calculated at the growth temperature whereas
the latter is calculated at room temperature i.e. after cool-
down. Among these, ¢ and wafer-bow at room temperature
for each wafer is listed in table 1 and these include contri-
bution from both growth-induced stresses and thermal expan-
sion coefficient mismatch related stresses. The <50 um bow
of the wafers ensure their eligibility for full-wafer lithography
in automated tools and validate the technological relevance
of the study. The fact that similarly low and compressive &
were achieved for different compositions and thicknesses of
the buffer layers is in contrast with previous reports that sug-
gested only a narrow thickness window exists for realizing
compressively stressed GaN-on-Si with step-graded buffers.
Nonetheless, to gain insight about the involved mechanisms,
we need to focus on ;,; and 7; derived from the real-time evol-
ution of stress-thickness (i.e. product of stress and thickness,
in GPa pm) during growth.

4.2. AIN nucleation layer

The curves for the 1.0 um buffers are plotted in figure 3. In
all the studied structures, the AIN NL showed a constant pos-
itive increase of stress-thickness during growth, confirming
tensile stress throughout. Hence, for AIN, the resulting stress-
thickness vs thickness curves were straight lines with a fixed
slope (i.e. jns and o; were the same) having an average mean-
stress of (1.5 =+ 0.1) GPa across all wafers. Large tensile stress
in AIN is known to be a pre-requisite for improved quality
of the subsequent layers [51] and its reproducibility allows a
comparison of the characteristics of different buffers on the
same starting platform with confidence.

4.3. AlGaN buffers with 1.0 um thickness

For the AlGaN layers, the changes of slope between consecut-
ive layers are noticeable. Additionally, in contrast to the NL,
the slope during the growth of the individual layers is not
constant but changes as the layer grows thicker. From these
stress-thickness versus thickness plots, the extracted values of
instantaneous stresses at the beginning and the end of each
layer are annotated in figure 3. Qualitatively, it can be seen that
(a) the i, values at each interface change abruptly, and (b) all
the layers start with a high compressive stress that reduces as
the thickness increases (hence the slope becomes shallower).
The only exception to the latter was the Alyg3Gag 17N layer
in both sample A13 and sample B13. Almost zero instantan-
eous stress throughout for this layer indicates complete relax-
ation from the beginning. However, the samples C13 and D15
with a composition of x ~0.78 in the first AlIGaN layer and
grown on an identical AIN template as the sample B13, imme-
diately starts to grow with compressive i, of ~—0.5 GPa.
This can be explained considering that relaxed Aljg3Gag 17N
and Alp78Gag N possess ~0.41% and ~0.54% lattice mis-
match with relaxed AIN. Thus, a maximum of ~—2.1 GPa and
~—2.7 GPa compressive stress, respectively, would be avail-
able for their pseudomorphic growth on relaxed AIN. How-
ever, for AIN grown with a tensile stress of +1.5 GPa, the
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Figure 3. Evolution of real-time stress-thickness during the growth
of the NL and AlGaN layers for the structures with 1 pm buffers.
The vertical lines delineate different AlGaN layers and their specific
AIN mole-fractions (x) are annotated. Open symbols represent
experimental data, and the orange solid lines represent segmented
line-fits to the experimental data. The extracted values of
instantaneous stress at the beginning and end of each layer are
marked. In case of overlap of a discontinuity in the data (arising
from the extinction of the laser signal) with the beginning (or end)
of a layer, the instantaneous slope right after (or before) such
features is calculated instead and marked with an asterisk (**”).
Similar to figure 2, the number of shown experimental data points
has been reduced for visual clarity.

lattice mismatch reduces to ~0.12% and ~0.25%, respect-
ively and hence, the effective source of compressive stress
becomes much lower than the theoretical maximum. We note
that Yamaoka et al [32] had also observed negligible change in
the curvature during the growth of the Aly75Gag,sN layer of
their 3-step AlGaN buffer. However, the low signal-to-noise
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Figure 4. The magnitudes of the compressive mean-stress of the
individual AlGaN and GaN layers for the four structures with 1 pm
AlGaN buffers. Note that the values are not normalized for their
thickness and the error bars are standard deviations that arise from
the thickness variation (a maximum of 3%) across the 6-inch wafer.
The lower and upper horizontal lines represent the estimated tensile
thermal stress for AIN and GaN, respectively, for expansion
co-efficient difference with silicon due to cooldown from growth
temperatures, taken from ref. 8. The values for individual AlGaN
layers are expected to lie in between.

ratio of their in situ data during their AIN growth precludes
us from commenting on the associated stresses, though a sim-
ilar mechanism is likely to be involved. In a similar vein, con-
tinuously graded AlGaN buffers have also shown this char-
acteristic where induction of compressive stress does not start
before the composition becomes lower than a certain AIN mole
fraction [4, 52]. It is reasonable to expect that in addition to the
final stress-state of the AIN layer, the rate of stress relaxation
in the AlGaN layer itself will determine the exact composition
for transition to compressive stress.

In addition, two other features are also apparent from the
data in figure 3. First, a comparison between sample B13 and
sample A13 shows that even a mere 100 nm increase in AIN
NL thickness results in a significantly higher initial ;s for
most layers on top (e.g. —2.0 GPa compared to —1.5 GPa
for Alpe3Gag37N, and —2.4 GPa compared to —2.0 GPa for
Alp33Gag ¢7N). Second, both sample D15 and sample C13 had
identical starting and end compositions of the buffer, how-
ever, the initial j,s at the beginning of each of the AlGaN/Al-
GaN interfaces of the 5-step buffer of sample D15 are found to
be smaller compared to the 3-step buffer of sample C13. The
GaN layers grown under identical conditions on top of all these
buffers were compressive throughout their growth (see figures
S5 and S7 in the supplementary material) albeit the cumulat-
ive magnitude of the stresses was buffer-specific as discussed
below. In figure 4, the magnitudes of compressive mean-stress
(7) at the growth temperature for each AlGaN and GaN layer
of the heterostructures discussed so far are plotted. Note that
the calculated mean-stress of the Aljg3Gag 17N layer of A13

was very small and tensile (6; = +0.03). Considering the
error bars, it is not included in this plot. A direct comparison
between the samples A13 and B13, which differ only in the
thickness of the AIN NL, clearly shows that each AlGaN layer
of the latter induced more compressive stress. Understandably,
the integrated mean stress (0;) of each layer is dictated by the
starting value of ;s together with its rate of decay with thick-
ness. As the thickness increases the initial stress decays fur-
ther, which effectively lowers the integrated o; for a thicker
layer even if the starting js and relaxation rate are the same.
Hence, given the identical thicknesses of the AlGaN layers in
both samples (A13 and B13), the higher 7; can be attributed to
the higher starting stresses for the latter as observed in figure 3.
Notably, at room temperature, a layer will have contributed
with a net compressive stress only if o; at growth temperat-
ure is compressive and larger in magnitude than the tensile
thermal stress that will be generated by cooling down from
growth temperature (for comparison the thermal stress mag-
nitudes for AIN and GaN are represented as horizontal dashed
lines in the figure). Hence, it can be readily identified that the
first AIGaN layer of each structure (o; from +0.03 GPa for
A13 to —0.57 GPa for D15) falls short to fulfil this criterion.
Also, as a general trend, the further a layer is away from the
AIN NL, it is seen to have a higher 7; even if the layer has
a larger thickness. Hence it is important to notice, that in all
the structures in figure 4, the GaN layer which is two to five
times thicker than the individual AlGaN buffer layers, in gen-
eral grows with the most amount of compressive stress with
o; being —1.28 GPa, —1.50 GPa, —1.35 GPa, and —1.31 GPa
for A13, B13, C13, and D15, respectively. As discussed later,
this mean-stress at growth temperature can be an important
indicator to compare the ‘effective’ contribution of the same
layer in different structures, and the reason behind the different
outcomes can be investigated and optimized. It thus becomes
evident that even in similarly thick step-graded AlGaN buffers,
the design of the layers can tune the degree of compression in
the GaN layer grown on top. In devices, this GaN layer would
be the nitride layer involved in carrier transport, injection,
and recombination depending upon the functionality. There-
fore, it is necessary to scrutinize whether apart from strain, the
morphological and structural properties of GaN are affected
as well. However, though Nomarski microscopy images and
AFM scans did not reveal any difference in topography, a sys-
tematic difference was indeed observed in the structural qual-
ities through HRXRD analysis. This is evident from figure 5,
which shows that the post-growth w-FWHM values of the
skew-symmetric 2021 XRD reflection is anticorrelated with
the real-time mean-stress of the GaN epi-layer i.e. structures
generating larger compressive stress have smaller FWHMs.
More specifically, the GaN in samples B13 and A13 had the
lowest and the highest FWHM of 639 arc-sec and 780 arc-sec,
respectively, whereas the samples C13 and D15 had intermedi-
ate values of 692 arc-sec and 706 arc-sec. Notably, for epilay-
ers with high dislocation density (>5 X 108 cm—2), broad-
ening of off-axis 2021 rocking curves is dominated by the
in-plane twist related to local lattice distortions caused by TDs
with edge-component (i.e. pure-edge and mixed type disloca-
tions) [53]. In the literature, for estimation of edge dislocation
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Figure 5. The magnitude of the mean compressive stress for the
identically grown GaN layers on each buffer show a clear
relationship with the HRXRD 20-21 peak broadening of the same.
The horizontal error bars of the reflection peaks denote the
measurement resolution dictated by the breadth of the direct beam.

density from the w-FWHM () of this reflection (which has a
high 75° inclination angle x between reflection plane and c-
plane surface), models have been developed considering either
arandom dislocation distribution or a mosaic structure that has
dislocations only at grain boundaries. For GaN-on-Si epilay-
ers with intrinsically high dislocation densities, studies have
confirmed that the random distribution is the more appropri-
ate approximation [54]. As per this model, the w-FWHM is
related with the density of randomly distributed dislocations
with edge-component by

52
D, =
4.35D2

&)

where b, is the associated burgers vector length. This formula
predicts 2.2 x 10° cm™2-3.2 x10° cm™? dislocations with
edge-component (i.e. pure-edge and mixed) in the top GaN
layer for the four structures in this series with their densit-
ies decreasing with increasing mean-stress. These values are
well within the ranges of cross-sectional transmission electron
microscopy (TEM) observed [4-7, 55] dislocation densities
for GaN-on-Si. It is worth mentioning that the exact numbers
may still differ from the latter if some of these dislocations
are localized in arrays or at grain boundaries [54]. Nonethe-
less, the trend among the structures studied in this work is
indeed expected to be meaningful. Apart from the 2021 XRD
reflection, the w-FWHM of the 0002 reflections were also ana-
lyzed which can provide a measure of lattice-tilts and relates
to the density of dislocations with screw-character (i.e. pure-
screw and mixed type dislocations). However, within the small
spread of observed values (596 arc-sec to 642 arc-sec) no obvi-
ous relation could be established with the mean stress of the
GaN layer (see figure S6 in the supplementary material). This
suggests that pure-screw and mixed dislocations do not vary

04 05
£ 14 g ey b 10 A25
. & = s 0.2
S ook x=1 K 0.78 e gl 16
2 x=0.65 g, 05
P 7Ry 1.3
& | %=0.50 %
% -0.4 %T%g_)s
£ 036 !
1]
; 038 - W 0.9
»n x=0.25 Gy
1 L L | . L
0 0.3 0.6 09 1.2 15 1.8
06 Buffer thickness / pm
04 #K 03
€ +1.4 R m|2-1.5 B25
E f x=078 &y -0.7 21
& oo oes T
@ ‘%‘\ -1.2
a x=0.50 %
£ 04 C% X
3 © w2 42
£ x=0.36 B b
w
2 F 8
8 0.8 Q‘Q?O
2 =025 Ew 07
1 1 1 1 1 1 0
0.0 0.3 0.6 09 1.2 15 1.8
04 Buffer thickness / pm
4 - 05
% Mj@@#% TR0 oz o 08 €25
£ ool =078 D e G2 13
] _ S
= x=0.65 06
8 sy 12
E.04t w050 09
5 g 1.9
2 x=0.36 %
@ 12
] L
go8 w0z
»
. L L . . L
] 0.3 0.6 0.9 12 15 18
Buffer thickness / pm
04r 01 +02
c 15 ‘f;:lkm K m.'tﬂcri A D23
* f x=0.83 %ﬁ S
] § i o
g 00 =1 s UQA}\\O_Z'S
b *=0.63 R
g .
£ 04 - @@
2 “ 05
£ - b
.é %=0.33 Ry @D
208
=
»
1 L L L L L
0 03 0.8 1.5 1.8

0.9 1.2
Buffer thickness / pm

Figure 6. Evolution of real-time stress-thickness during the growth
of the NL and AlGaN layers for the structures with 1.7 pm buffers.
Open circles are experimental data points, and the solid curves are
line segments fitted to the data. All the notions of figure 1 are
similarly applicable. Note the difference among the stress-thickness
values at the end of the final AlGaN layer which indicates different
amount of accumulated compressive stress by the buffer itself. In
these images, one representative experimental data point is shown
for approximately every 5 nm.

appreciably among the structures and implies that GaN lay-
ers with a lower density of edge-type dislocations grow with
higher mean stresses.

4.4. AlGaN buffers with 1.7 um thickness

Next, the same sequence of characterizations was applied to
analyze the structures with 1.7 pm buffers that had different
thickness ratios among the AlGaN layers. The stress-thickness
versus thickness plots for this series are displayed in figure 6.
Similar to the structures with 1 pm buffers, the real-time decay
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of the initial compressive stress of the AlGaN layers is promin-
ent. Moreover, for layers grown on the same underlying buffer,
adirect comparison can be made on the reduction of stress with
increasing thickness. For instance, for the 5-step buffer of the
samples B25, A25, and C25 initial —0.5 GPa——0.6 GPa stress
for the Aly78Gag 2, N layer relaxes to —0.3 GPa, —0.1 GPa, and
finally to 0.0 GPa in the upper part of the layer as the layer
is grown to 200 nm, 350 nm, and 500 nm thickness, respect-
ively. Correlated with the decreasing final stress of this very
first AlGaN layer, the initial j,5 of the following Alg ¢5Gag 35N
layer becomes —1.5 GPa, —1.0 GPa, and —0.8 GPa for B25,
A25, and C25, respectively. This proportionate ‘transfer’ of
instantaneous stress between successive layers can also be
observed for other layers of these 5-step buffers. In addition,
it is observed that the Al g3Gag 17N layer of D23 started with
a meager compressive stress of —0.1 GPa but had a final
of +0.2 GPa after growing to 420 nm thickness. This is evid-
ence that a layer not only relaxes the initial compressive stress,
but eventually can transition to the tensile regime during the
growth itself.

The mean-stresses for these 1.7 um buffers and the corres-
ponding GaN layers are shown in figure 7. Clearly, even with
equal thickness and nearly equal difference in AIN mole frac-
tion (11% to 15%), each successive AlGaN layer of the sample
A25 acquires more mean-stress than the previous layer. This
can be attributed to the progressively increasing initial and/or
final instantaneous compressive stress in each successive layer
(refer to the stress-thickness data of figure 6). Moreover, a
comparison of this structure with the other two 5-step 1.7 ym
buffers reveals the influence of thickness ratio on stress accu-
mulation. The first two AlGaN layers of sample B25 and the
last two buffer layers of sample C25 likely benefit from their
lower thicknesses and accumulates more compressive o; than
the layers with same composition in the structure A25. By
a similar argument, for these two asymmetric buffers, layers
which were grown thicker than their A25 counterpart have
less compressive stress on average. Notably, the reproducibil-
ity of these observations has been confirmed by repeating the
growth of the A1GaN/AIN buffers (i.e. without the GaN layer)
on separate growth runs. Also, in this series in figure 7, the
sample D23 had the same total thickness but only three AlIGaN
layers. Hence, compared to the 5-step buffers, the individual
AlGaN layer thicknesses of D23 had to be increased to achieve
the total buffer thickness. This effectively resulted in a smal-
ler mean-stress from the viewpoint of the individual layers as
well as the complete AlGaN buffer stack. Yet, on this ‘relaxed’
buffer, the mean compressive stress of the 1 pum thick GaN
on top was quite large at —1.63 GPa. In-fact, considering the
error margins, this is equivalent to the —1.67 GPa mean-stress
for the GaN layer of the sample C25 which was the highest
noted in this investigation. It is worth mentioning that sim-
ilar to the 1 pm thick structures in the previous section where
the symmetric buffer of the sample D15 resulted in the least
compressive GaN of that series, for this thicker series also the
compressive stress was the lowest for the GaN layer on top of
the symmetric 5-step buffer (as in A25) with a mean stress of
justo; = —1.33 GPa.
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Figure 7. The magnitudes of the compressive mean-stress of the
AlGaN and GaN layers for the four 1.7 pm buffers. Similar to
figure 4, the estimated thermal stresses (tensile) for AIN and GaN
due to cooldown are marked as the lower and the upper horizontal
lines.

As with the 1 ym buffers, Nomarski images and AFM scans
do not reveal any noticeable variation in surface topography
(see figures S1 and S2 in the supplementary material) for this
series, but the mean-stress of the GaN layer indeed show a sim-
ilar dependence on the XRD w-FWHM of the 2021 reflection
peaks. As plotted in figure 8, the structures with the highest
mean-stresses for GaN, C25 and D23 also have the lowest
broadening among all the investigated buffers with values of
621 arc-sec and 623 arc-sec, respectively. In contrast, the GaN
layer of the sample A25 that has the least compressive mean-
stress possesses a large FWHM of 893 arc-sec. From the same
relationship between w-FWHM of 2021 reflection and dislo-
cations with edge-character discussed in section C, densities
from 2.0 x10° cm~2 to 4.2 x10° cm~? are estimated for the
GaN layers in this series.

It is important to note that this influence of the underly-
ing buffer layers persisted for GaN layers thicker than 1 pm.
For a separate study, we have grown uncracked thicker GaN
layers on AlGaN buffer designs as of samples B25 and D23.
Whereas the w-FWHM of 2021 reflection was 695 arc-sec for
1.0 um GaN on the buffer of B25, it reduced to 577 arc-sec
and 471 arc-sec for 2.0 ym and 3.0 pm thick GaN layers on the
same buffer, respectively. In comparison, a 2.5 pm GaN layer
grown under the same conditions on the buffer of sample D23
had an w-FWHM value of 419 arc-sec. It is important to note
that in addition to TDs, interfacial misfit dislocations further
broaden w-FWHMs and this contribution is higher for thinner
layers. Still, the smaller w-FWHM of the 2.5 pm GaN on buf-
fer of D23 compared to the 3.0 pm thick GaN on the buffer of
B25 confirms the superiority of the former. This also emphas-
izes the merit of buffer optimization in contrast to efforts to
improve the defect-density by growing larger and larger thick-
nesses of the functional layers.
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Figure 8. The GaN layer on the 1.7 pm thick buffers also exhibited
the relationship among the mean compressive stress during layer
growth and the broadening of the reflection, similar to the GaN
layers on 1 pm thick step-graded buffers.

4.5. Carrier statistics of high electron mobility transistor
(HEMT) heterostructures with AlGaN barrier

Finally, carrier transport measurements were performed on
additional HEMT heterostructures. These had a ~19 nm
Alp,GapgN barrier and a ~1 nm AIN exclusion layer grown
on top of the GaN templates in the same run. Previously,
Yamaoka et al have reported an increase in mobility (and
decrease in sheet-resistance) with increase in buffer thickness
up to 4 um for GaN-on-Si heterostructures which the authors
have credited to improved crystal quality [32]. In our study,
to probe GaN layers with similar microstructure (i.e. pre-
sumably with comparable density of defects such as dislo-
cations, which are well known scattering centers) but differ-
ent buffer thicknesses underneath, the 1.0 um buffer of C13
and the 1.7 pm buffer of B25 were selected for this experi-
ment based on the nearly identical 2021 w-FWHM values of
GaN grown on these buffers. For Hall-effect characterization,
samples were prepared from four different locations of each
HEMT wafer, and the evaluated room-temperature (RT) car-
rier densities and mobilities are plotted in figure 9. As shown,
the measured carrier density for the samples varied from
~0.8 x10"3 cm™2 to 1.0 x 10'3 cm~2. These high-densities
remained unchanged even at liquid N, temperatures (77 K)
along with a negative Hall-coefficient throughout (not shown).
This proved that the probed charge layers were indeed the
two-dimensional electron gases (2DEG) formed at the barrier/
channel interface. These high electron densities were accom-
panied by RT Hall mobilities that varied across the wafer from
1895 cm? V=1 S71 t0 2061 cm? V! S~! for the 1.0 m buf-
fer and from 1909 cm? V! S~! t0 2044 cm?® V~! S~ for the
1.7 pm buffer. Even for wafers with low-bow, such small scat-
ter of values across the large-area wafers are expected [29,
56]. It is worth mentioning that studies have shown that the
strain state of the GaN layer can induce a relaxation of the
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Figure 9. Measured room-temperature sheet-carrier densities and
Hall mobilities for samples from the AIGaN/GaN HEMT structure
with the 1 pm buffer of C13 (symbol: spheres) and the 1.7 pm
buffer of B25 (symbol: open circles). The solid lines represent
iso-contours of sheet-resistances from 300 Q =" to 400 Q O~
with different carrier densities and mobilities. Given the van der
Pauw sample geometry, the upper bound of uncertainty in the
calculated Hall-mobilities are expected to be less than 10%.

AlGaN barrier and in turn adversely affect the 2DEG [57,
58]. However, the equally good transport properties and low
RT sheet-resistances (~350 © O)~' of the studied HEMT
structures neither indicate the presence of such an effect for
this barrier composition nor show any tangible influence of
the buffer thickness for the structurally optimized GaN layer
on top.

5. Discussion

To maximize device yield for GaN-on-Si, in addition to crack
prevention, the wafer bow must be small to satisfy the pro-
cessing compliance (<50 pm). This can be ensured by
keeping the net mean-stress (i.e. after contribution of resid-
ual stresses from all the layers) at room-temperature suffi-
ciently low. It is evident that the compressive stress dur-
ing growth is the only ‘handle’ that can be engineered to
achieve the above objectives as optimum growth temperat-
ures (~1000 °C) which cause the post-growth tensile stress
due to the thermal expansion differences, are typically fixed.
For any two consecutive AlGaN layers, the difference in com-
position (set by design) as well as the final stress-state of the
lower layer fixes the maximum possible starting-stress in the
upper layer. However, the decay mechanism of this initial
value certainly warrants further consideration. Previous exper-
imental studies [59-65] have established that in coalesced
wurtzite III-nitride layers, relaxation of compressive strain is
predominantly governed by inclination of edge-dislocations
away from the [0001] direction which effectively projects a
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misfit-segment on the basal plane (e.g. by bending a pure a-
type TD with b, = +1 [1120] towards the +[1100] direc-
tions). The activation energy for the involved climb kinetics
has been formulated [66, 67] to be directly proportional to
the magnitude of compressive stress of the incremental layer
(i.e. to the instantaneous stress). Thus effectively, larger com-
pressive stresses strive to bend the dislocations more [59, 64].
As larger inclination angles have a larger misfit projection and
hence lead to greater relaxation, this mechanism may seem
contrary to the objective of growing the layers in a compressive
growth regime. However, such a bending process greatly facil-
itates edge dislocations with opposite burgers vectors to come
closer, react, and potentially annihilate each other. This cre-
ates a unique opportunity to utilize (and partially consume) the
compressive stress of the buffer itself for reduction of the dens-
ity of dislocations generated in the NL. As lattice-mismatch
stresses are typically larger than the thermal stress, it thus
seems plausible to trade-off some compressive stress without
compromising the ability to yield flat wafers.

The theoretical models [60-64, 68] for dislocation inclin-
ation in IIl-nitrides predict that strain relaxation in a layer
is directly proportional to the TD density. Understandably,
between two structures grown on the same underlying AIGaN
composition (with comparable final strain-state) GaN would
retain more compressive stress in the one with fewer dis-
locations. This explains the observed trends between mean-
stresses and 2021 FWHMs for the GaN layers investigated.
Also, it becomes apparent that different AlGaN buffer designs
(thickness and composition steps) have different efficiency in
blocking the propagation of TDs as the identical growth condi-
tion and thickness of the GaN layers cannot be held respons-
ible for their variation in the defect structure. The decay of
instantaneous stress (i.e. relaxation) as indicated by the chan-
ging slope of the stress-thickness versus thickness curves for
all the layers in the buffers provide evidence that bending of
dislocations occurs during growth. In terms of the mechanism,
TEM investigations [7, 64] have previously shown that abrupt
compositional changes in AlGaN layers induce immediate
change in the dislocation line direction. In view of those exper-
imental findings, the interfaces between the studied AlGaN
buffer layers with different compositions (and including the
one between the final buffer layer and the GaN) are expec-
ted to force dislocation inclination and interaction. This is fur-
ther supported by the fact that the recorded stresses were the
highest at the beginning of each layer which would facilitate
such kinetics as per the theoretical models stated earlier. It
is worth noting that the magnitudes of the observed starting
stresses were always smaller than theoretically anticipated for
pseudomorphic growth (for the different compositions stud-
ied, the predicted values of starting stresses at growth temper-
ature range from —4.9 GPa to —1.7 GPa for respective inter-
faces considering a fully relaxed underlayer and would be even
larger for a strained underlayer by the magnitude of compress-
ive stress in the same). Thus, some relaxation at a few nm
thicknesses due to the introduction of misfit dislocations [69]
is probable as well. However, this is outside the detection limit
of the curvature measurement system used in this study. It is

worth mentioning that some contributions from other mech-
anisms including dislocation glide and/or lateral motion could
also be involved, and a separate cross-sectional TEM study of
buffer layers is planned in future to investigate this.

Given the role of composition changes in these buffers, the
effect of the number of steps warrants a discussion. When
the initial and final compositions are fixed, increasing the
number of steps results in thinner individual AlGaN layers
for the same total thickness. This may seem beneficial as it
restricts the layers from undergoing large relaxation. However,
an increased number of steps also reduces the compositional
differences between successive layers and in-turn the available
starting stresses. Owing to these competing factors, it can be
observed that dividing the same end-compositions into 5-steps
(as in sample D15) compared to 3-steps (as in the structure
C13) does not provide any additional improvement in terms
of mean-stress or XRD FWHM for the final GaN layer. Fur-
thermore, when the same 5-step buffer was proportionately
increased to achieve a cumulative thickness of 1.7 um for
sample A25, the individual layers which now became thicker,
suffered more relaxation in addition to the already low ini-
tial stresses. Thus, a comparison of the rocking curve and
mean-stress data of their GaN layer indicates that any advant-
age which may have been provided by the added thickness
to enhance opportunity for dislocation interaction, was neg-
ated. Interestingly, even for 5-step buffers, tuning the thick-
ness ratios can overcome the shortcomings of the symmet-
ric design. For example, keeping the total thickness the same,
whilst thinning the first two AlGaN layers ensured their higher
mean-stresses and in-turn larger initial compressive stresses
at the associated two interfaces for the buffer of sample B25.
On the other hand, making the final two AlGaN layers thinner
had produced a similar effect for the corresponding layers and
interfaces of the C25 heterostructure. As a result, in terms of
both defect-structure and cumulative compressive stress, the
GaN layer on either of these buffers was superior to that of
sample A25. Moreover, between these two asymmetric buf-
fers, it was observed that a higher proportion of AlIGaN layers
with high Al content resulted in a GaN layer on top with even
better microstructure. Note that this design is directly oppos-
ite to the usual structure consisting thinner high Al composi-
tion layers and thicker low Al composition layers which have
been typically followed to date (as evidenced by the references
in this article). It is plausible that the structure with thicker
high Al composition layers forces more dislocations to inter-
act early in the buffer when their density is high, increasing the
probability of dislocations with opposite burgers vector react-
ing and annihilating each other. Although we have not found
other instances of this asymmetric design for step-graded buf-
fers in the literature, interestingly Yang et al [70] have shown
that among several continuously AlGaN graded buffers, those
with thicker high Al-composition regions and thinner low Al-
composition regions showed a lower w-FWHM of the 1012
XRD reflection and larger compressive stress in Raman meas-
urement, agreeing well with our data. Nonetheless, further
investigation is needed to confirm whether this is applicable
to compositions other than those implemented in this article.
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Based on these collective findings, it can be established that
the buffer thickness is not an independent criterion for epilayer
optimization and unreasonably thick buffers are not required
to achieve device quality GaN layers. Along with reduced
material consumption, thinner buffers may also improve heat
extraction from devices with a reduction in the thickness
of the Al,Ga;_,N alloys which have an order less thermal
conductivity [71, 72] (for 90 > x > 10) compared to their bin-
ary constituents. As our work shows, it now becomes evident
why even a single and thin AlGaN buffer [27-29] can real-
ize crack-free GalN heterostructures by providing enough com-
positional difference at the two interfaces. Still, at times, a cer-
tain buffer thickness needs to be achieved from operational
perspective (such as to sustain a certain breakdown voltage).
From a structural perspective, for step-graded buffers, it is sug-
gested to distribute the intended total buffer thickness in min-
imum number of steps with sharp difference in compositions
and only increase the number of steps in-case the integrated
mean-stress of the layer becomes so low that the wafer bow is
out of compliance.

Though the different buffers may act to reduce the dislo-
cation densities with different efficiencies, it is understand-
able that any reduction in their numbers at the source itself
(i.e. in the AIN layer which usually have a dislocation dens-
ity >10'" cm~?) would amplify the efficiency of the same
buffer. Notably, in the NL layer, the dislocation density is
extremely high and an increase in thickness may aid in their
random interaction even in the tensile regime. In this invest-
igation, HRXRD characterization of a sample consisting of
only a 150 nm thick AIN NL showed w-FWHM values of 1170
arc-secs and 2730 arc-secs for the 0002 and 2021 XRD reflec-
tion of AIN, respectively. For a 250 nm thick NL, these values
reduced to 895 arc-sec and 2268 arc-sec. As mentioned previ-
ously, HRXRD of the thicker AIN layer would have a smal-
ler contribution from the defects at the AIN/Si interface. Non-
etheless, such large reductions in w-FWHM indeed indicate
a reduction in dislocation density with increased thickness of
the AIN NL. This is believed to be the cause behind the differ-
ence in performance between the samples A13 and B13. There
is a caveat: a large increase in thickness of the AIN will pro-
portionately increase the contribution of tensile stress along
with possibilities of cracking the AIN during growth. Instead,
though not attempted in this study, improving the structural
quality of the NL through optimization of growth conditions
should offer a better route to increase the buffer efficiency fur-
ther. In addition, changing the growth parameters of the GaN
layer may also alter the rate of relaxation of the starting com-
pressive stress by influencing the growth kinetics and dislo-
cation bending. For instance, GaN grown by molecular beam
epitaxy (MBE) on silicon experiences a smaller tensile thermal
stress owing to the lower growth temperatures compared to
MOCVD and does not require the growth of an AlGaN buf-
fer. Nonetheless, a dependence between crystal quality and
relaxation rate of the lattice-mismatch stress originating from
the underlying AIN has been observed [73] which suggests
that the mechanisms involved may be universal. In such struc-
tures, modifying the growth temperature, nitrogen source,

and V/III molar ratio have proven to be useful for strain
engineering [73-75]. Analogous MOCVD growth paramet-
ers could aid in tuning the stresses in the GaN layer provided
that the electrical or optical properties are not adversely
affected.

6. Conclusion

In conclusion, in situ wafer curvature measurements during
MOCVD deposition and post-growth HRXRD measurements
have provided valuable insight for non-destructive analysis
and design of step-graded AlGaN buffers on silicon sub-
strates. As the initial lattice-mismatch stresses generated at
the AIN/AlGaN, AlGaN/AlGaN, and AlGaN/GaN heteroint-
erfaces were found to control the accumulated mean-stresses
in the buffers and GaN layers, the compositions (and effect-
ively their compositional differences) of the individual AlGaN
layers are suggested to be the most crucial parameter in buf-
fer design. In addition, for the probe GaN layers, an anti-
correlation was observed between the mean-stress of the layer
and broadening of the HRXRD peaks sensitive to the edge-
type dislocation density. This shows that the well-known
dislocation inclination mechanism that relaxes compressive
stress can be strategically used to force their annihilation and
improve the microstructural quality while still preserving the
amount of compressive stress required for crack evasion and
bow control. It was also confirmed that for step-graded buf-
fers, neither a proportional increase of the buffer thickness
nor the number of steps guarantees a tangible improvement
of the functional layers. However, our results also suggest that
if changing the total thickness, the number of steps, or the indi-
vidual compositions is not wanted, tuning the thickness ratio
to increase the proportion of high Al content AlGaN layers
may lead to better functional layers.
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