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ARTICLE INFO ABSTRACT

Handling Editor: Prof. L.G. Hultman This study presents the strain-free bandgap energy derived from the pseudomorphic Al,Gaj.,N layer, obtained
through theoretical calculations and experiments. The Al,Ga;.,N films with various Al compositions (0 < x < 0.2)
were coherently grown on GaN/sapphire templates by metal-organic chemical vapor deposition, keeping their
thicknesses smaller than their critical thicknesses. The c-lattice constants of GaN layers onto which the Al,Ga;.,N
layers were coherently grown were calculated considering the strain effects both from sapphire substrate and
Al,Ga; N epilayer, and confirmed by measuring absolute c-lattice constants using two different diffraction
planes (0002) and (0004) by XRD. The strain-induced shift in the Al,Ga;_,N bandgap energy due to the difference
in thermal expansion coefficients between sapphire and nitrides and in-plane biaxial strain caused by a lattice-
mismatch with GaN was calculated based on the band parameters given in the literature. The excitonic transition
energy for fully-strained AlyGa; N films was obtained based on the temperature-dependent photoluminescence,
and confirmed also by observing exciton-related features in reflectance measurements at room temperature. By
accounting for the bandgap shift induced by strain and the exciton binding energies, the Al-composition
dependence of the strain-free bandgap energy was determined, yielding no bowing parameter.
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1. Introduction

AlGaN alloy layers with low Al composition play important roles in
nitrides-based devices as cladding layers [1] and an electron blocking
layer in nitride-based laser diodes and light emitting diodes [2] in the
violet to green spectral range, and as a barrier layer in high electron
mobility transistors [3]. It can also be used as the main light-emitting
layer [4,5] in applications in the ultraviolet spectrum range.

Among the most fundamental properties of Al,Ga; N, the change of
bandgap energy, Eg, as a function of Al-content, x, was investigated
actively around year 2000. Lee et al. [6] summarized and concluded that
Eg of Al,Gay.,N grown on high-quality GaN/sapphire template changes
with a bowing parameter of 0.6-0.7 eV, by properly taking into account

the strain effects, and making sure the consistency with many other
reports. They also pointed out that the AlGaN layers on sapphire sub-
strate typically exhibit stronger bowing due to the sub-gap states orig-
inating from the materials-quality issues.

However, some questions still remain. The first issue is regarding the
endpoint Eg of AIN, for which all these early reports assumed the old
value of 6.2 eV at room temperature, which was evaluated from some-
how defective AIN directly grown on sapphire at 1100 °C by vapor phase
reaction between aluminum chlorides with ammonia [7]. But lately, E;
for a higher quality AIN layer homoepitaxially grown on bulk AIN
substrates was reported to be 6.094 eV [8] and 6.095 eV [9] at ~10 K.
Both of these were determined by adding the exciton binding energy of
52 + 1 meV to the measured lowest free-exciton transition energy of
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6.042 + 0.002 eV. Therefore, if considering the temperature shrinkage
in E; of 85 + 5 meV, which is the average value between the experi-
mental ~80 meV [10] and calculated 90 meV [11] using the Varshni
formula, the room temperature E; of AIN should be 6.01 + 0.01 eV, in
agreement with the 6.012 eV [12] reported by Feneberg et al. The
revised Eg value of AIN might lead to a smaller bowing parameter to half
of Lee’s value. The second issue is related to the evaluation methods of
E,. The photoluminescence (PL) and reflectance measurements at room
temperature are commonly used to evaluate Eg the PL peak and
Reflectance signals generally correspond to the free excitonic transition
energies, which are lower by the exciton binding energies than the
bandgap energy (band-to-band), because the exciton binding energies in
AlGaN become larger than kgT at room temperature. Nevertheless, the
early works simply approximated E; with the energies of these signals,
ignoring the exciton binding energies. In addition, the A- and B-excitons
are not resolved at room temperature due to the thermal broadening,
thus the signals must be analyzed taking into account both contributions
from A- and B-excitons. Since the exciton binding energy in ALGa;_ N
increases with x because of the increasing reduced mass, the Lee’s value
of the bowing parameter would be further reduced when the change in
binding energy with x is properly taken into account. The third is
regarding the sample structure, i.e., the thickness of Al,Ga;.,N. When
the Al,Ga; N is heterogeneously grown on GaN, cracks or misfit dislo-
cations will be formed if the Al,Ga;.,N thickness exceeds the critical
value, referred as critical layer thickness. In this case, the strain state of
Al,Gaj N varies spatially depending on the distance from the crack or
dislocation [13]. This spatial non-uniformity of strain state results in the
spatial non-uniformity of materials properties, which would cause some
measurement errors in determining Eg and x. And it is widely known that
accurately assessing the degree of strain relaxation is a complex and
time-consuming task, and the errors in strain evaluation can affect
subsequent assessments of bandgap shifts due to strain. Therefore, using
fully strained Al,Ga;,N films not only improves the experimental ac-
curacy but also simplifies the measurement characterization process. It
is desired to use the Al,Ga; N samples thinner than the critical thick-
ness. However, in the early works, some experiments [6,14] were per-
formed including AlGaN layers apparently thicker than the critical
thickness. Judging from the above three points, it is considered to be
quite necessary to revisit the old topic of AlGaN bandgap dependence on
Al composition.

In this study, all the Al,Ga;.,N samples used were chosen to be fully
strained layers, thinner than the critical thickness, without surface
cracks. High-resolution TEM and XPS analyses confirm that the AlGaN
films possess high crystalline quality, coherent epitaxial growth, and
favorable bonding characteristics. The strain state of Al,Ga;,N was
determined by a model calculation, and confirmed by measuring the
GaN strain experimentally using the two-diffraction-planes XRD method
[15]. The strain state of AlGaN was then determined assuming perfect
in-plane lattice matching to GaN underlayers. The biaxial-strain shift of
Eg was calculated theoretically [16] based on the band parameters, such
as valence band deformation potential constants, crystal field and
spin-orbit splitting, and hydrostatic deformation potential constants
together with stiffness constants given in the literature [11]. The exci-
tonic transition energies for fully-strain Al,Ga; N films were measured
by temperature-dependent PL (TDPL) and reflectance at room temper-
ature. The PL peak energies were in good agreement with the central
spectral lineshape observed in the reflectance at room temperature. The
strain-free E; was determined based on the excitonic transition energies
with taking into account both the strain-induced shift and the exciton
binding energy. The resulting strain-free E, changed linearly with x,
without any bowing.

2. Experiment

The Al,Ga; N epilayers with various Al compositions (0 < x < 0.2)
were coherently grown on c-plane GaN-on-sapphire templates (3 pm
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high-temperature GaN on ~30 nm thick low-temperature GaN buffer
deposited on 430 pm-thick sapphires) in a horizontal flow TNSC MOCVD
reactor. In addition, some extra coherent Al,Ga;_,N layers were grown
on the free-standing GaN (FS-GaN) substrate for comparison. The
AlL,Ga; N layers had decreasing thicknesses with increasing alloy
composition so that their thicknesses could be kept slightly smaller than
the critical thickness at the corresponding compositions. The precursors
used were trimethylgallium (TMG), trimethylaluminum (TMA), and
ammonia (NHs) for the Al, Ga, and N elements, respectively. The AL, Ga;.
«N films were grown at a temperature of 960 °C under atmospheric
pressure using Hy carrier gas. The flow rate of the TMG varied from 22 to
100 scem, corresponding from 31.0 to 141.1 pmol/min. Together with a
constant flow rate of 13.5 pmol/min for TMA, the Al composition
ranging from O to 20 % was obtained. Then the total flow rate was fixed
at 72 slm. On the GaN/Sapphire template or FS-GaN substrate, all the
samples were initiated by growing a ~1 pm GaN layer. For GaN sample
(x = 0), a ~100 nm-thick Ing0gGaggoN was inserted between the top
GaN and GaN template to exclude the influence of the low-quality GaN
near the GaN/sapphire interface in the optical measurements. The
Al,Gaj N thickness was basically determined by the growth rate. Cali-
bration was also performed by using AlGaN/GaN superlattice (SL) un-
derneath the Al,Ga;.,N, where the period determined by the satellite
peaks of SL in the XRD could be used to calibrate the thickness of the top
AlGaN (Al composition of the thin AlGaN in the SL was set identical to
the thick top AlGaN). The thickness of AlGaN was also checked by the
interference fringes observed in the ®-26 XRD pattern (Fig. S1 as shown
in supplementary material).

Detailed microstructural observations were recorded using a high-
resolution Transmission Electron Microscope (HR-TEM) of Thermo
Scientific (FEI) Themis Z operating at an accelerating voltage of 300 kV
and equipped with spherical aberration system. The TEM observations
were taken in high-angle annular dark field (HAADF) modes and were
complemented with detailed chemical composition analysis using en-
ergy dispersive X-ray spectroscopy (EDX). The passivation carbon layer
was sputtered onto the sample surface to protect the sample, and then
focused ion beam milling was used for the preparation of the lamella. All
X-ray photoelectron spectroscopy (XPS) measurements are performed
on the Thermo Fisher Scientific ESCALAB Xi + system with the base
pressure of 7.5 x 10~ Torr during spectra acquisition. Monochromatic
Al Ko radiation (1486.6 eV) was employed as the X-ray excitation
source, and all spectra were collected at an angle of 54° relative to the
surface normal. The XPS analysis area is approximately ¢ = 500 pm. A
low-energy Ar" ion gun (1 kV, 40° from the surface normal) was used
before the XPS analysis of the samples to avoid potential ion-induced
damage and remove the surface oxide thin layer. An electron—ion
charge compensation system was applied to mitigate surface charging
effects during the experiments. When the charge compensation system
was employed, the partial pressure in the analytical chamber was
maintained at 1.5 x 1077 Torr. Since removal from the MOCVD cham-
ber, the AlGaN samples have been stored in sealed polypropylene wafer
boxes wrapped in non-woven wipers to preserve the original surface
condition [17].

The optical-reflectance spectra of Al,Ga; N were taken at an inci-
dent angle of 8 with 1 x 5 mm? slit at room temperature with a
wavelength-interval of 0.5 nm, using an Ultraviolet-Visible-Near
infrared (UV-VIS-NIR) spectrometer (LAMBDA 750). Deuterium or a
Tungsten lamp was used as the light source. The exciton features were
not always clear depending on the phase of interference. In this case, a
proper position on the wafer exhibiting clear exciton features was
looked for, since the thickness and Al composition change slightly across
the wafer, changing the phase of interference, and at this same position,
the XRD and PL measurements were performed. The XRD measurements
were performed using a Bruker D8 diffractometer, and the CuKal line
(1.54056 1°\) was selected using a 2-bounce Ge (220) monochromator.
The Al composition of the AlGaN layer was measured by a 20 — ® scan of
(0002) in the triple-axis mode. For the temperature-dependent PL
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measurements, the sample was mounted in a helium closed-circuit
cryostat and the temperature was controlled from 3.3 to 300 K. The
PL signal from the sample was dispersed by a Princeton Instruments
ACTON Spectrapro-3000i monochromator with a 1200 grooves/mm
grating and detected by a thermoelectrically cooled Synapse CCD de-
tector. Depending on the Al composition, a 325 nm He-Cd laser or 278
nm laser with 5 ns pulse duration and 20 Hz repeat frequency was used
as the excitation source. The surface of the samples was observed by a
Nomarski interference optical microscope to make sure that there were
no cracks on the surface.

3. Results and discussion
3.1. Crystalline quality of AlGaN

The thickness and microstructure of the AlGaN film were charac-
terized using TEM. Fig. 1(a) provides a cross-sectional TEM image of the
AlGaN film, revealing a thickness of 252.4 nm, consistent with the XRD
results shown in Fig. 3. The uniform growth of the AlGaN and the sharp
interface between AlGaN and GaN/sapphire substrate are shown in the
TEM image, demonstrating good crystalline quality. To gain deeper
insight into the growth of the AlGaN film, high-resolution TEM images
were taken in the area near the AlGaN/GaN interface [highlighted by
the green box in Fig. 1(a)]. The HR-TEM images of Fig. 1(b, ¢) show the
excellent stacking sequence along the growth direction and no misfit
dislocations in layer-by-layer, indicating the pseudomorphic growth of
AlGaN on GaN/sapphire substrate. Furthermore, the EDX mapping of
Fig. 1(d) shows that the three constituent elements of the AlGaN film,
along with the C and O, are uniformly distributed throughout the entire
film up to the surface (the increase of C content on the surface was due to
the C passivation adopted in the measurement). The trace amounts of C
(~4.46 at.%) and O (~3.49 at.%) impurities are likely introduced from
metalorganic precursors. The low impurity content further proves the
excellent crystalline quality of AlGaN films. It should be noted that the
EDX mapping of oxygen reveals the presence of a thin oxygen-rich layer
at the surface of the AlGaN films, which is most likely attributed to
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surface oxidation contamination upon air exposure.

Next, the detailed chemical states of the AlGaN film were analyzed
through XPS measurements. All core levels spectra deconvolution and
quantification are performed using a self-consistent peak model [18,19].
Using the C 1s peak (typically assigned at 284.0-285.2 eV) as a reference
to calibrate all the core-level spectra is inherently unreliable due to the
fact that the binding energy of the C 1s peak from adventitious carbon
measured relative to the Fermi edge, can vary by as much as 1.44 eV [20,
21]. Later, G. Greczynski and L. Hultman found that the C 1s peak
actually aligns to the vacuum level, indicating that its binding energy is
steered by the sample’s work function. Specifically, the sum of the C 1s
binding energy and the work function is constant at 289.50 + 0.15 eV
[22,23]. Accordingly, we first determined the secondary electron cutoff
(SECO) of the sample to be 16.86 eV from UPS measurements (Fig. S2 as
shown in the supplementary material). Using the photon energy of the
He I excitation source (21.22 eV), the sample work function was
calculated as ¢psp = 4.36 eV. As a result, the corrected position of the C 1s
peak was set to 289.5 eV — ¢sp = 285.14 eV.

Fig. 2(a) shows the XPS survey spectrum of the AlGaN film, revealing
the presence of Al, Ga, and N elements, with their respective core level
spectra as shown in Fig. 2(b, c, d), respectively. The Al 2p core level
spectrum has been deconvoluted into two distinct components, located
at 74.1 eV and 73.5 eV, which correspond to Al-O and Al-N bonds,
respectively. The photoelectron spectrum of Ga 3d is resolved into two
main subpeaks at 19.7 eV and 18.6 eV, corresponding to Ga-N and Ga-Ga
bonds. The spectrum of N 1s consists of N-Al (397.6 eV), N-Ga (397.0
eV), and two Ga LMM Auger electrons [24,25] at the lower energy side.
The findings are consistent with prior research confirming the synthesis
of AlGaN films [26]. The presence of Al-O and unobserved Ga-O in-
dicates that the unsatisfied bonds on Al have a higher affinity for O
atoms compared to those on Ga [27]. The synthesis fraction of Ga-Ga
bonding is attributed to the elevated concentration of reactive Ga
atoms reaching the growth site at this temperature compared to reactive
N atoms. The Al mole fractions of 10.0 % in the Al,Gaj..N films were
determined from the area ratio of the Al-N and Ga-N peaks (e.g.,
Al-N/(Al-N + Ga-N) in N 1s core spectra and were consistent with XRD
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Fig. 1. (a) The HAADF images in the projection of the crystallographic a-axis for the Aly 101Gag.gooN film. (b, ¢) The high-resolution TEM images identify the atomic

stacking sequence. (d) EDX mappings of Al, Ga, N, O, and C.
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results of 10.1 %.

During the MOCVD epitaxy of AlGaN, carbon, hydrogen, and oxygen
originated from metalorganic precursors, carrier gases, and residual
water vapor in the chamber. Carbon and oxygen impurities can occupy
nitrogen sites in AlGaN to form substitutional defects (Cy and Oy).
Moreover, the introduction of Cy and Oy significantly reduces the for-
mation energy of nearby nitrogen vacancies (Vy) [28]. These defects
introduce deep-level trap states [29] in the band structure, thereby
affecting the observation of bandgap properties (exciton transition en-
ergies) via PL and reflectance spectroscopy. Accordingly, the impurity
analysis was conducted. The observable C and O signal in Fig. 2(a) in-
dicates the presence of C and O impurities, in agreement with TEM/EDX
results. Overall, the slight C 1s and O 1s peak indicates a low level of
carbon and oxygen content, consistent with our previous SIMS mea-
surements that carbon and oxygen are evenly distributed along the
growth direction and both have low concentrations of 10'® em 3 [30].
This is mainly because these contents are related to growth temperature
and precursor flow rate, but is nearly independent of growth pressure in
MOCVD growth. Higher growth temperatures promote more complete

decomposition of TMA and TMG, avoiding the incorporation of organic
groups into films. Additionally, compared to Ga-C bonds, Al-C bonds
exhibit a stronger affinity [31]; therefore, carbon content remains
minimal for low Al compositions. As shown in Fig. 2(e and f), Gaussian
deconvolution of the O 1s and C 1s core-level spectra reveals that the O
1s spectrum contains a dominant C-O/0-C=0 at 534.1 eV and Al-O at
530.0 eV [32]. The core-level C 1s peak can be divided into three sub-
peaks ascribed to C-C/C-H (287.0 eV), C-O (287.8 eV), and O-C=0
(291.0 eV) [33]. The two high-energy shoulder peaks observed in the C
1s spectrum correspond well with the O 1s peak, indicating possible
incorporation of carbon/oxygen during the growth process from pre-
cursors in the sample. It should be noted that due to hydrogen con-
taining only one electron, XPS is insensitive to H and cannot directly
detect hydrogen impurities. Then, the possible pathway for hydrogen
impurities is methyl groups (—-CHs3) from the decomposition of pre-
cursors (TMA and/or TMI) or from residual water vapor incorporated
during growth in the MOCVD growth environment. However, high
growth temperatures make the complete decomposition of precursors
and a stronger affinity of Al-C result in minimal carbon content, which
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also limits the hydrogen content. On the other hand, the epitaxial
growth temperature of 960 °C for AlGaN films is much higher than the
thermal decomposition temperature of HoO and related species, and this
very high ambient temperature leads to increased decomposition of
water impinging on the surface. Furthermore, the high total gas flow
rate of 72 slm prevents residual water from having sufficient surface
residence time, leading to rapid desorption. It is concluded that the
AlGaN samples grown in this study likely contain only minor carbon and
oxygen impurities and negligible contents of hydrogen.

3.2. Critical layer thickness of AIGaN

The critical layer thickness, h(x), of AlGaN single layers grown on
4.5 pm thick GaN on sapphire was first investigated by observing the
onset of cracking with increasing AlGaN thickness h(x) for various x. The
Al,Ga; N thickness is plotted against x in Fig. 3(a), distinguishing
samples above (black solid triangles) and below (red solid circles) the
critical layer thickness. The thickness above the critical layer thickness
implies that cracking was observed on the sample surface, and the onset
thickness of cracking corresponds to the experimental critical layer
thickness. Also shown by the yellow diamonds are the reported h(x) of
Hearne et al. determined by the in-situ curvature monitoring during
growth [34]. It was found that the h(x) curve calculated using the
following Eq. (1) proposed by Pristovsek [35] as shown by the blue
curve agrees very well with our experimental results when 1.05 eV/nm?
of E.;s was assumed for the energy at the onset of relaxation.

1 1- Ux Ecrit
heri(X) = 5 (1 n vx)ﬂ(x) M

where f(x) is the misfit %, G, the shear modulus, v, the Poisson ratio,

with these values being calculated based on the material parameters
reported by Vurgaftman and Meyer [11]. For the samples with cracks, as
their thickness h(x) becomes larger than the h.(x), the density of cracks
was confirmed to increase accordingly with increasing the amount [h(x)
- herie(3)1/herig(x), which is displayed by Fig. 3(b).

Eq. (1) is based on the energy balance model, where the areal strain
density [36], Ey, associated with the layer thickness, h(x), is given by

1
Ey zzcx(l R

)h(x) 2(x). 2
—u.

The areal strain density increases proportionally to the thickness and
to the square of the misfit. At the critical thickness, h(x) = h¢(x), the
areal strain density exceeds the formation energy of dislocations, such as
cracks and misfit dislocations, and lattice relaxation begins to occur,
leading that Eq. (2) becomes essentially identical to Eq. (1) at the critical
film thickness where the areal strain energy is equal to the formation
energy of dislocations, Ey = E.(x). The excellent coincidence between
the curve and experiment shown in Fig. 3(a) indicates that the energy
necessary for the onset of relaxation doesn’t change significantly with x
in this small compositional range. The E.; value of 1.05 eV/nm?
determined here for AlGaN appears significantly smaller than the 4.6
eV/nm? of InyGa1yN [37-40] evaluated using the same source of ma-
terial parameters (not shown here). Contrary to the compressively
strained InGaN of which the relaxation mechanism is mainly the for-
mation of misfit dislocations near the hetero-interface [41], the AlGaN
has tensile strain and can relax through cracking and the formation of
misfit dislocations. However, for (0001)-oriented nitrides films, effec-
tive slip systems for misfit dislocations near the hetero-interface are not
readily available [34]. This is the reason why Eg;; in the InGaN/GaN
system becomes so large. While in the AlGaN/GaN system, the initial
relaxation is due to the formation and propagation of cracks, which in
turn activates slip systems for misfit dislocation [34]. Therefore, finding
just cracking lines on the surface is enough to look for the onset of
relaxation. The following studies are carried out using the samples
chosen among the red solid circles in Fig. 3(a).
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3.3. Determination of the strain states of ALGa;j.xN films and GaN
underlayer

When AlGaN layers are grown on sufficiently thick GaN layers like on
bulk GaN substrates, the strain states of AlGaN can be readily deter-
mined by assuming that the lattice of AlGaN in the a-direction is aligned
to that of unstrained GaN and only AlGaN layers are fully strained. In
this case, the misfit, in-plane biaxial strain of Al;Ga1.xN (exx = €yy) is

%ﬁ;’gm, and the out-of-plane strain (e;;) in the c-direction in AlGaN

of hexagonal structure can be calculated simply using the stiffness co-

efficients of Al,Ga; N as — 2 g; Eﬁ;sxx. Here, aaigan(x), can be calculated
by linearly interpolating agan and asn of free-standing values at x
(Vegard’s law), and cj3(i = 1, 3) is also determined by interpolation
between c¢ij3(GaN) and c;3(AIN). Since the lattice in the a-direction
matches to that of GaN in the pseudomorphic hexagonal planar films

grown on the c-plane and its strain can be measured conveniently in the

c-direction by XRD, the mismatch strain e, = % is used instead

of %ﬁ‘gggm, and the positive mismatch in e, means that the pseudo-

morphic AlGaN layer has a tensile strain resulting in a negative ¢,, strain
of AlGaN in the c-direction, a shrunk lattice spacing in the c-direction
compared to the unstrained lattice. These behaviors are illustrated in
Fig. 4 by the blue broken lines.

However, when the AlGaN layers are grown on GaN/sapphire tem-
plates, the GaN layers, typically several micrometers thick, will receive
both influences from the bottom sapphire and top AlGaN, changing their
strain states. The influence of sapphire arises from the difference in the
thermal expansion coefficients between sapphire and GaN. If the GaN
thickness is smaller than 4 pm, the out-of-plane strain Ac/cy of GaN
amounts as large as 1.1-1.2 x 1072 (the lattice constant of GaN in the c-
direction is expanded from 5.185 to more than 5.190 A) [41]. But this
strain of GaN can be relaxed as the thickness of GaN, dgay, increases
further, by forming micro-cracks near the sapphire/GaN interface,
approaching to the free-standing value of 5.1850 A when dg,y becomes
larger than 70 pm, as Hiramatsu et al. reported in detail [41]. They
showed the fitting curve cgu (dgan), which represents how the c-lattice
constant of GaN grown on sapphire substrate changes depending on the
thickness of GaN as is shown by the black curve in Fig. 5(a) and is used in
the following model calculation. Owing to the low Al composition and
small thickness of the AlGaN epitaxial layer in this work, the overall

0.002
N GaN in AlIGaN/GaN/Sapphire
V' 0.001
£ 1
g 0.000 Bulk GaN
v < < AlGaN on
) -~ ;
c Sa GaN/Sapphire
£ 0001 } =
Q. ~
u AlGaN on Bulk GaN ~
() ~
..:, -0.002 B ~
=] S o
() o
-0.003 4 4 4
0 0.05 0.1 0.15 0.2

xin Al,Ga,,N

Fig. 4. The calculated strain of each layer in the structure; Red circles indicate
the strain of the studied AlGaN layer grown on GaN/sapphire templates, plotted
against x. The black circles are the strain of GaN layers sandwiched by sapphire
and AlGaN. The blue lines and rectangles show the case when AlGaN layers are
grown on bulk GaN substrates. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. (a) The change in the c-lattice constant of GaN grown on sapphire depending on the nitride film thickness. The black curve shows how the c-lattice constant
relaxes as increasing the GaN thickness grown on sapphire. (b) The red solid circles show the calculated c-lattice constants of GaN sandwiched by sapphire and AlGaN
depending on the total film thickness of GaN and AlGaN. The calculated (red solid circles) and measured (blue solid rectangles with error bars) values of the c-lattice
constant of GaN in the AlIGaN/GaN/sapphire structure plotted versus Al content. The red solid line and blue broken line are the trend lines of the calculated and
measured data, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

amount of AIN becomes less than 1 % in the whole nitrides, thus the GaN
thickness can be reasonably replaced by the total thickness of GaN and
AlGaN, diotal = dgan + daiGaN-

On the other hand, the actual strain of GaN due to the top AlGaN is
determined by the balance of opposite misfit strains between GaN and
AlGaN and can be calculated by multiplying their thickness ratio by

(Ac/c)gan () = —2222822% X (@al,Ga; N(¥) —Ggan)/dgan, Wwhich stands
for the maximum strain of GaN assuming its lattice in a-direction is
virtually aligned to that of a thick free-standing Al,Ga;.,N. Because the
lattice constant of AlGaN is smaller than that of GaN, the GaN layer is
compressively strained, having the same sign of strain as the effect of
sapphire, as indicated by an arrow in Fig. 5(a). Thus, the c-lattice con-
stant of GaN, cgaN, can be expressed by Eq. (3). The calculated cgay are
shown by the red solid circles in Fig. 5(a) as a function of diota), and in
Fig. 5(b) as a function of x in the Al,Ga; N layers.

Sa] max d xGag
Coan = €0y (o) X {1 N [(Ac/c>GaN<x)  dasn @

dtotal :| }
in order to ensure the availability of this equation, the absolute value of
the c-lattice constant of the strained GaN layers of the samples was
measured using the two-plane method by XRD [15]. This method is used
to improve the measurement accuracy of the absolute c-lattice constant,
based on the following equation.

- 2 - 4
2 Sin(tg(oooz) + (1) 2 sin(9(0004) + (1) ’

4

c= d(oom)

with which the accuracy in c-lattice constant can be improved. By
measuring the two reflection angles 6 on (0002) and (0004) planes, the
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value of error angle a can be deduced, and thereby more accurate c-
constant can be determined. } is the wavelength of the X-ray, 1.54056 A.
And the measured cg,n are shown by blue solid rectangles with error
bars in Fig. 5(b). Even with the two-plane method, the measured values
were scattering considerably within a remaining error range of ~ +
0.0007 A. These measured values are compared with the calculated ones
from Eq. (3) using the trend lines shown by the red solid line (calculated)
and the blue broken line (measured), showing very good agreement with
each other. Thus, the availability of Eq. (3) is established. And the c-
lattice constant of GaN in the AlGaN/GaN/sapphire stays almost con-
stant as can be seen in Fig. 5(b), because the thickness of AlGaN becomes
smaller with increasing x in our samples, as shown in Fig. 3.

These cgay mean that the GaN layers in the samples have a smaller a-
lattice constant than the free-standing value, to which the top AlGaN
layers should align, implying that similar positive out-of-plane strains,
Ac/c(AlGaN), must be added also to the strain in AlGaN layers shown by
the blue broken curve in Fig. 4. Here the strain of GaN, Ac/c can be
calculated using the above-strained value, ¢, and the unstrained ¢y

by Ac/c(GaN) = w, which is shown by the black filling circles in

Fig. 4 and the black curve is drawn using the red trend line in Fig. 5(b).
According to the balance opposite in-plane strain, i.e. |ex(AIGaN)|

|exx(GaN)|, the strain of AlGaN grown on the templates, Ac/c(AlGaN)

__c3(AlGaN) _ c33(GaN)
= Z3(AlGaN) < t13(GaN)

to Ac/c(GaN), although this factor is very close to unity (1< f; < 1.016).
The resulting strain states of AlGaN are shown by the red solid circles in
Fig. 4 and the red solid curve is drawn also using the trend line in Fig. 5
(b). It should be noted here that the GaN sample has a structure with a
thin InGaN layer, which is different from the structure of AlGaN

can be calculated by multiplying a stiffness factor f;
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Fig. 6. (a) The calculated relative valence band energies as functions of Al-composition. Black solid curves show the change of valence band energies under a
particular strain of AlGaN grown on GaN/sapphire as shown in Fig. 4. Red broken curves show the change of valence band energies for strain-free AlGaN. (b)
Calculated energy shift of the top valence band (solid curve) and conduction band (broken curve) as functions of Al-composition. (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of this article.)
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samples, and the data point of GaN (x = 0) which is shown by the green
circle in Fig. 4 is not on the red solid curve of AlGaN.

3.4. Strain shift of bandgap energy

The change of relative valence band energies at I" point as a function
of x at specific out-of-plane biaxial strain, &,,(x), for the A-band (I'y),
EST(x) and for the B-band (upper I'y), E{"(x) are given by the following
equations on the basis of cubic approximation [16].

(P10 - G2eto))

E¥(x) = Ay (x) + Ax(x) + Ciz(x)

D, (x))}eﬂm ®)

A1 () = Az(x) + <D3(X) - 233 E;§D4(X)> €22(X) Cas ()
2160~ 8200 + (D)~ 220Dy x) )

2

where A; is the crystal field splitting, 3A, is the spin-orbit splitting,
D; (i=1-4) are the deformation potential constants and c; are the
elastic stiffness constants. All these quantities are calculated by linear
interpolation between GaN (x = 0) and AIN (x = 1) and the band pa-
rameters of the end binaries were also taken from Ref. 11. The red solid
curve in Fig. 4 was used for e;;(x). The unstrained energies, ES and E3
can be calculated by setting e,;(x) =0 in Egs. (5) and (6). Fig. 6(a)
represents the calculated results of the relative A- and B-valence band
energies for the strain-free Al,Ga;_,N (red broken lines) and the strained
Al,Ga; N on the GaN/sapphire templates (black solid lines). The energy
shift of the top valence band due to strain, AE? = ES" — EO then be-
comes ES™ — ES for 0 < x < 0.085, Ef — E§ for 0.085 < x < 0.11, and
E — E3 for 0.11 < x. This is the reason why the slope of the calculated
curve of AE\’P changes suddenly at x of 0.085 and 0.11, as shown by the
black solid curve in Fig. 6(b).

In addition, the change of the conduction band energy due to biaxial
strain can be calculated by the following equation.

Cs3(x)

AE, = -
¢ Clg(x)

m

-€2(X) = | (a1(x) + D1 (x))

(aZ(x) + DZ(X)) 'Ezz(x) (7)

where E is the combined dilatational component of the deformation
potential acting on the conduction band, a; and a; are the hydrostatic
interband deformation potentials in the z- and x,y-directions, respec-
tively, and were also taken from Ref. 11. However, since these param-
eters include some uncertainty, as pointed out in the Ref. 11, an
adjusting factor f, = 1.087 is multiplied to Eq. (7) in order to maintain
the consistency with the experiment [16], so that the slope of A-exciton

with respect to ;3 5 — KDl 72—§D2> + <D3 75—33D4>} can take the same

figure with the experimental 15.4 eV of GaN. Thus, the calculated AE, is
shown by the black broken curve in Fig. 6(b).

The calculation of the strain shift in the bandgap energies, AE, for the
AlGaN layers grown on GaN/sapphire templates is then finalized by
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calculating AE. — AEY® using the curves in Fig. 6(b) and is shown in
Fig. 7 as a function of x, together with the case of the AlGaN layers
grown on bulk GaN substrates. The data calculated for the employed
samples in the following measurements are shown by the red solid cir-
cles and blue rectangles for AlGaN on GaN/sapphire and bulk GaN,
respectively.

3.5. Measurements of the bandgap energies for strained AlGaN layers

The temperature evolution of the PL spectra is utilized to analyse the
excitonic transition in the Al,Ga;.,N (0 < x < 0.2) epilayer. To obtain the
exact exciton transition energy, a low excitation energy of 0.03 pJ (29.8
kW/cm?) was used during the PL measurements to avoid some nonlinear
processes like the exciton-exciton scattering and biexcitons, and the
band-filling effect. Additionally, in order to eliminate the influence of
the Burstein-Moss effect, which causes the optical bandgap to shift
higher energy when the electron concentration of the material exceeds

(6)
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Fig. 7. Calculated shift in the bandgap energy due to strain, AE; of Al,Ga;..N
grown on GaN/sapphire and bulk GaN. Curves are drawn using the strain
curves shown in Fig. 4. The red solid circles and blue solid rectangles are the
calculated shifts for the samples employed. (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of
this article.)
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Fig. 8. (a) Temperature-dependent PL spectra for an Al,Ga; ,N (x = 0, i.e. GaN) epilayer across a temperature range from 3.3 K to 300 K. The PL spectra measured at
(b) 3.3K, (c) 100 K, (d) 180 K, and (e) 300 K, along with the numerically deconvoluted results using Gaussian fitting, showing the peak positions of the bound exciton

and the free excitons A and B.

the degeneracy limit of 10'8 cm 3 for ITI-nitride semiconductors [42], all
samples were intentionally undoped and the background electron den-
sity of the Al,Ga; ,N (x = 0, i.e. GaN) epitaxial layers was estimated to
be approximately 10'®> cm ™2 in this work.

Fig. 8(a) shows normalized temperature-dependent PL (TDPL)
spectra for the Al,Ga;_,N (x = 0, i.e., GaN) layers for a temperature
range from 3.3 to 300 K. The TDPL spectra are numerically deconvo-
luted, using as few Gaussian peaks as possible because the energy sep-
aration between A-band and B-band is as small as 8 meV and the
apparent thermal broadening of PL peak with increasing temperature. At
3.3K, as shown in Fig. 8(b), the PL peak is usually dominated by the
bound exciton. Then the three interesting emission lines at 3.489, 3.495,
and 3.503 eV are assigned to the recombination of the neutral donor
bound exciton (DOX), the free exciton of A- (FX,), and B- (FXg), in close
agreement with those reported by Zhang et al. [43]. Most bound
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Fig. 9. The temperature dependence of photon energy for FX, (solid circle) and
FXjp (open circle) was obtained through numerical deconvolution. The solid and
dotted lines represent the fits for FX, and FXg, respectively, using the Var-
shni function.

excitons will dissociate into free excitons due to thermal energy, thus the
relative intensity of bound excitons compared to FXa (or FXp) decreases
with increasing temperature [Fig. 8(c)]. As the temperature further in-
creases, the bound exciton peak disappears [Fig. 8(d)], and the broad-
ened PL peak for GaN film at room temperature ultimately represents
the envelope of FX, and FXp emission [Fig. 8(e)].

Given the differing effective masses of heavy and light holes, the PL
emission lines associated with A- and B-free excitons show very clear
temperature-dependent behaviors. Fig. 9 summaries the free exciton
transition energy obtained from the peak deconvolution as a function of
temperature and the solid and dotted line shows the result of the fit to
the experimental data using the Varshni function:

aT?

E(T) = E(0) ~ ' ®

where E(T) and E¢(0) are the transition energy of the excitons at tem-
perature T and O K, and a and g are the Varshni characteristic
coefficients.

Based on the fitting, the Varshni coefficients for FX, and FXp were
determined as @ = 0.88 meV/K, = 782.5 K and a = 1.3 meV/K, g =
1274.3 K, respectively. These results are in good agreement with those
reported by Shan et al. [44] (¢ = 0.83 meV/K, = 835.6 K for FX, and a
= 1.1 meV/K, g = 1194.7 K for FXg). Thus, the above deconvolution
results and subsequent assignment of free excitons are reasonable.

For the temperature-dependent PL spectra of Al,Ga; 4N (0 < x <
0.2), alloy disorder broadening prevents the observation of fine PL
emission lines, such as those of GaN in Fig. 8, the typical representatives
TDPL spectra of AlGaN films are shown in Fig. 10. With the increase in
temperature from 3.3 K to 60 K, an initial increase in PL peak energy was
observed, reflecting the thermal repopulation of excitons from localized
to extended states. Along with this, the spectral shape changes from an
asymmetric shape with a low energy tail to a Boltzmann-like shape with
increasing temperature, as shown in Fig. 10(b) and (c), indicated that
the spectrum primarily is dominated by radiative recombination of
bound excitons localized at potential minima at relatively low temper-
ature. As the temperature increases from 60 K further to room temper-
ature, the PL peak broadens at its high-energy side [Fig. 10(d)], which is
caused by the thermal excitation into higher energy levels (Maxwell-
Boltzmann distribution). At the same time, the PL peak energy gradually
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temperature dependence of the PL peak energy for the Alg101Gag gooN epilayer, and the solid line represents the Varshni-fitted line.

shifts towards the lower energy side due to the temperature-induced
shrinkage of the band-edge. This behavior can be well described by
the Varshni function, as shown in Fig. 10(e). These indicate that excitons
have delocalized from potential minima, leading to the radiative
recombination of free excitons up to room temperature.

As shown in Fig. 11(a), it is further found that the integrated PL
intensities at various temperatures can only be reproduced by the two-
item Arrhenius plot, as follows:

1(0)
Ep E4 (9)
1+C e - Cye ——=2
[ e Xp( kBT) e XP< kBT)]
where I(0) is the integrated PL intensity at 0 K, Cy, » are fitting constants,
and Ea;, o are the activation energies.

To better understand the origin of the thermal quenching process and
its associated activation energy, a delocalization temperature is intro-
duced, defined as the minimum temperature within a range where the
temperature dependence of the PL peak energy follows the Varshni
function [45], as shown in the inset of Fig. 11(b). The delocalization

temperatures are estimated to be 60, 120, and 160 K for x = 0.101,
0.156, and 0.191, respectively. The corresponding thermal energies at

I(T) =

these delocalization temperatures are 5.2, 10.4, and 13.9 meV, compa-
rable to the activation energy Eaj, as shown in Fig. 11(b). Therefore, the
thermal quenching process, characterized by Eaj, is attributed to the
delocalization of excitons, confirming the assignment of PL peak pre-
sented in Fig. 10. Additionally, the activation energy, Eao is larger than
the localization energies (Ea;), and it is associated with the exciton
decomposition. Therefore, the value of Ex5 corresponds to the binding
energy of excitons, which is also close to the discussion of Fig. 14.

In summary, the TDPL spectra of Al,Ga; _,N (0 < x < 0.2) films can
distinguish both bound- and free-exciton emissions at low temperatures
and free-exciton emissions at high temperatures up to room tempera-
ture. It remains to be discussed whether the PL at room temperature
originates from A- and/or B- free excitons, as will be further elaborated
later.

For selected examples of the strained Al,Ga;., N samples with various
x from 0 to 0.192, the measured reflectance spectra along with the
corresponding PL spectra at room temperature are plotted in Fig. 12.
Note that the structures appearing in the 3.85-3.89 eV photon energy
region [see Fig. 12(f)-(h)], where the source of measuring light changes
from deuterium to tungsten lamps, are attributed to artifacts. At the low-
energy region of the PL peak, the energy period of interference
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and EB, represent respectively the intermediate transition energy of A- and B- free excitons, the

excitonic transition energy of FX,, and FXp. These are determined by the central spectral lineshape observed in the reflectance spectra and compared with the PL

spectra. It should be noted that the position of EA, in Fig. 12(h) is derived from the observed E|

B
ex?

with the separation between them calculated from Fig. 6(a). The

derived EA, also aligns with the PL peak. Eg" is the band-edge energy of B-band, which equals exciton transition energy (EB,) plus exciton binding energy.

oscillation becomes larger with increasing x in reflectance spectra,
mainly because of the thinner AlGaN thickness as shown in Fig. 3. While,
in the energy region above the PL peak, the reflectivity monotonically
decreases due to above-band absorption. Importantly, a characteristic
spectral lineshape, as marked by the red line in Fig. 12, can be observed
in the reflectance spectra at the photon energy of PL peak originating
from the free exciton except at the 19.2 % Al composition, where the
reflectance spectrum cannot be accurately observed due to artifacts.
This characteristic spectral lineshape, which aligns with the PL peak of
the free exciton, should be related to the change in dielectric constant
caused by exciton transitions. As reported by Bhattacharyya et al. [46],
they modeled the dielectric function contribution from the exciton using
a Lorentzian oscillator, which accurately describes this characteristic
spectral lineshape in the reflectance spectra and determines the exci-
tonic transition energies. Based on this understanding, the excitonic
transition energies were carefully assigned keeping in mind the rela-
tionship of valence bands shown in Fig. 6(a).

Judging from the energy separation between the A- and B- valence
bands as shown in Fig. 6(a), and given the same exciton binding energy
for the A- and B- excitons, then the separation between A- and B-exciton
transition energies should follow the same separation between the A-
and B-valence band energies. When x < ~0.10, the separation of the two
excitons AEA? (where AEA? = |ES(x) — E¥(x)|) is smaller than ~ kgT
(~0.026 eV at room temperature), indicating that the A- and B-excitons
are not resolved in the spectra. As a result, only one feature related to
exciton transition is observed in the reflectance spectra, as shown in
Fig. 12(a)-(d). The PL peak energy (or the central spectral lineshape)
corresponds to the intermediate transition energy of A- and B-excitons,

EAP due to unresolved A- and B-excitons, as indicated by Fig. 8(e). Ac-
cording the relative position of A- and B-valence band as shown in Fig. 6

i - . AB
(a), the excitonic transition energies can be calculated as EA = E':x -

IAESE BB = E?f + JAEA? for 0 < x < 0.085 [the top most valence band

ex ? ex

is A-], and EA, = EoY + 1AEAB, BB,
[the top most valence band is B-].

On the other hand, two distinct spectral lineshapes can be observed
in the reflectance spectra when x is larger than ~0.10, as can be seen in
Fig. 12(e)—(g), meaning the A- and B-free exciton become distinguish-

able. The PL peak energy (or the central spectral lineshape) corresponds

AB
= E)Y — 1AE2? for 0.085 < x < 0.10

10
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Fig. 13. The excitonic transition energies EA and EZ, determined from reflec-
tance and the PL peak energies Ep; of Al,Ga;,N plotted against x. The curves
were drawn using 2nd order polynomial fittings for EQX and Ep;, and a 3rd order
polynomial fitting for EB,.

to the excitonic transition energy of E4,.

The determined excitonic transition energies in the reflectance are
plotted against x, together with the PL peak energies, as shown in
Fig. 13. As can be seen in the figures, the central excitonic energies
between E, and EZ, agree very well with the PL peak energies for 0 < x
< 0.1. In addition, this fact suggests that the Stokes shift would be
negligibly small in this alloy system, contrary to InGaN. While in the
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Fig. 14. The assumed linear dependence on x of exciton binding energy in
Al,Ga;_N. The same values of E, are taken for the different bands in GaN. The
red line shows the range used in this study. (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of
this article.)

range 0.1 < x < 0.20, the PL peak follows the E2, energies rather than the
energetically lower EZ, energies, the reason for which is that the density
of states of A-valence band is essentially larger than the density of B-
band, and the band-edge energy of B-band (E;") locates energetically
close to the excitonic transition energy of A-band, enhancing the PL
intensity in this energy region.

From the observed lowest excitonic transition energies EC"et of
strained Al,Gay.,N, which are Ef, for 0 < x < 0.85, and EB,_for 0.85 < x,
the strain-free bandgap energy E; can be determined if the appropriate
value of exciton binding energy E, is given, by the following equation
taking into account the strain-induced band gap shift AE; shown in
Fig. 7.

E, = E9"*' + Fy, — AE,. (10)

3.6. Exciton binding energy of AlGaN

For GaN, the values of exciton binding energy Ej, were reported to be
25.7 + 0.05 meV, only weakly depending on either I'§ (A) or upper I'},
(B) valence bands [16,47] and on the degree of strain [34]. While for
AlN, the reported Ep, which should be associated with the upper I}
valence band, ranges within 53 + 2 meV [8-10,48]. So, the dependence
of E; on x in Al,Ga;xN is simply approximated here by the linear
interpolation between the two endpoints, between 26 meV (GaN) and
53 meV (AIN) similar to the other material parameters, as shown in
Fig. 14.

3.7. X-dependence of bandgap energy for strain-free ALGaj. N

Now all the necessary elements to calculate the strain-free bandgap
energy of AlGaN using Eq. 10 have been prepared. Using the lowest
excitonic transition energy E9"*' observed by reflectance and the
calculated strain shift (AE;) and the exciton binding energy (E;) the
calculated strain-free bandgap energies are plotted versus x in Fig. 15 by
the red solid circles for the Al,Ga;.,N grown on GaN/sapphire and by the
blue solid rectangles for Al,Ga;.,N grown on bulk GaN. Also plotted by
the open circles are the calculated results based on the bandgap energy
of strained Al,Ga;,N grown on GaN/sapphire reported by Takeuchi
et al. [49] They used spectroscopic ellipsometry to directly measure the
bandgap, E;". In this case, the consideration of exciton binding energy

becomes unnecessary. The strain-free E;, was calculated applying our
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Fig. 15. The x-dependence of the strain-free bandgap energy. The red solid
circles are the results of AlGaN grown on GaN/sapphire, and the blue solid
rectangles are the results of AlGaN grown on bulk GaN. The black open circles
were calculated by applying our method to the reported strained bandgap en-
ergies measured by spectroscopic ellipsometry by Takeuchi et al. The black line
represents the linear relationship connecting two end bandgaps, between 3.42
(GaN) and 6.01 (AIN) eV. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

method of AE,-determination described above, assuming their reported
a-lattice constant of 3.182 A for all the samples. This compressed strain
due to GaN/sapphire corresponds to Ac/c of —0.117 %, which is larger
than our case because their GaN thickness (2 pm) is a bit smaller than
ours (4.5 pm). At the same time, since their material parameters such as
binary lattice constants and elastic stiffness coefficients are different
from ours, their x were recalculated using the same parameters
employed in this study [11], resulting in small increases in x by
0.004-0.009. In this way, the Ej” — AE, are plotted against the cali-
brated x in Fig. 15 (black open circles). The black line represents the
linear relationship on x expressed by the following equation

E; =6.01x+3.42(1 — x) an

Owing to some assumptions made and possible measurement errors,
the total accuracy of E; in this study can be roughly estimated to be
around =+ 0.01 eV, which nearly equals to the size of symbols in Fig. 15.
All the data points are therefore consistent with this linear relationship
with no bowing parameter. The coincidence of Eg for AlGaN with similar
x around 0.06 but having different strain states (comparison between
AlGaN grown on GaN/sapphire and bulk GaN) is also evidencing our
method to determine the amount of strain shift of bandgap, AE,.

A few research teams [50-52] already claimed the linear dependence
of Al,Ga;.,N bandgap on x, but neither the strain states of AlGaN layers
nor associated shifts of the bandgap were described in their articles, and
the value of ~6.2 eV was taken for the AIN bandgap energy, although
Ochalski et al. [52] pointed out the importance of strain effects in AlGaN
layers to determine the exact bandgap energies. To further clarify the
dependence for Al,Ga; 4N layers with higher x, the issues such as ma-
terial quality and accurate material parameters of AIN, and the non-
linearities of the material parameters on x if any, are needed to be
addressed.

4. Conclusions

The Al-composition dependence of strain-free bandgap energy of
Al,Ga; 4N (0 < x < 0.2) at room temperature was studied taking into
account all the relevant effects. The AlGaN layer thickness was kept
smaller than the critical layer thickness to minimize possible
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degradation issues due to defects. First, the strain states of the ALGa;_,N
were determined based on the sample structures. The strain shifts of the
bandgap energies were calculated theoretically using the measured
strain values and material parameters taken from the literature. The
lowest excitonic transition energies were then measured by reflectance
and compared with photoluminescence peak energies. The exciton
binding energies were approximated by a linear interpolation of GaN
and AIN. The strain-free bandgap energies were finally determined by
adding the exciton binding energies and subtracting the bandgap shifts
due to strain to the measured lowest excitonic transition energies. The
resultant strain-free bandgap energies were consistent with the linear
relationship line connecting the two end binaries, within experimental
errors of +0.01 eV. The bowing parameter was concluded to be zero in
Al,Ga; N (0 < x < 0.2).
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