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The normal-incidence reflectance measurement was employed to obtain the free exciton transition
energy (E FX) of AlGaN alloys in Alx Ga1⫺x N/GaN/sapphire heterostructure grown by metalorganic
chemical vapor deposition. It was found that the thickness variation of the AlGaN layer may cause
a noticeable change in the line shape of reflectance spectrum and impede the identification of the
desired excitonic position. By using a reflection model of two absorbing layers with a transparent
substrate, the experimental reflectance spectra were theoretically simulated and utilized to explain
the reflection mechanism in Alx Ga1⫺x N/GaN heterostructures. On the basis of the above analysis,
the feasibility of the reflectance measurement for such heterostructures is confirmed. At room
temperature, the E FXs obtained from the fitting showed an excellent agreement with the
corresponding peak energies in the photoluminescence spectra. Furthermore, at the optical energy
position about 100 meV above the E FX , the spectral feature of exciton-LO phonon interaction was
observed in the reflectance spectrum record for low Al composition (x⭐0.16). Using the Al mole
fraction derived from x-ray diffraction measurement, the bowing parameter of the epitaxial AlGaN
layer was determined. In the range of 0⭐x⬍0.3, the resulting bowing parameter shows a downward
value of 0.53 eV. © 2001 American Institute of Physics. 关DOI: 10.1063/1.1334923兴

I. INTRODUCTION

possible to generate precise Al content and, furthermore, provides information about the microstructure of epitaxial
layers.5 On the other hand, for the bowing parameter, because the investigations were performed on samples in different structures, growth methods, and growth conditions, it
is difficult to present a universal constant. In fact, there has
been a relatively large variance in the values of bowing parameter reported so far.4 Therefore in practical meaning, providing a simple and effective method seems more useful than
trying to give a unified value of bowing parameter.
Reflectance measurement as a powerful method has been
used in many works to yield the knowledge of optical constants and excitonic resonance structure of III-V column
semiconductor materials.6–8 The three characteristic excitons
共A, B, and C兲 of the wurtzite crystal structure GaN and
AlGaN are usually used to deduce the band gap energy (E g ).
For GaN, the large exciton binding energy permits its excitons to exist even at room temperature. It is predictable that
for Alx Ga1⫺x N also, the excitons will exist and strongly influence the room temperature band structure, specially in low
Al composition region. On the other hand, reflectance mea-

GaN and its heterostructure with AlGaN have attracted
much attention to fabricate high power/high speed heterojunction field-effect transistors1 as well as near UV laser
diodes2 and vision-blind UV detectors.3 In such device applications, a crucial property of the AlGaN alloys is the composition dependence of the band gap energy (E g ), which is
described by a linear behavior of Al mole fraction 共x兲 and a
nonlinear deviation of bowing parameter 共b兲. Up to now, a
number of investigations have been done on the determination of the two parameters x and b.4 Although the composition of AlGaN alloys obtained by chemical evaluation methods, such as electron probe microanalysis 共EPMA兲 or
Rutherford-backscattering spectrometry 共RBS兲, etc., is considered more accurate than that extracted from the measurement of x-ray diffraction 共XRD兲, it was suggested recently
that with taking account of the in-plane biaxial strain effect
on both lattice parameters, a and c, the XRD method is also
a兲
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surement is, if possible, obviously convenient in determining
the E g of AlGaN alloys, compared with other optical spectroscopic methods, such as photoluminescence 共PL兲, cathodoluminescence 共CL兲, and optical absorption 共OA兲 measurements. The recent study of Ochalski et al. has employed
reflectance and photoreflectance 共PR兲 spectra to determine
the E FX of AlGaN, but without any discussion on reflectance
measurement.9 More recently, Yu et al. have confirmed the
feasibility of this measurement in estimating the E g of
AlGaN alloys in AlGaN/GaN heterostructures, but with a
difference of 3% 共above 100 meV兲 compared with PL
measurement.10 In the experiment, however, we found that
the thickness variation of the AlGaN layer may change the
line shape of reflectance spectrum and create uncertainty in
determining the location of excitonic energy. It was shown
that this uncertainty may be the reason for the large discrepancy between the reflectance and PL measurements. Hence
the application of this method remains to be elucidated in
model analysis and accuracy modification. For such purposes, a reflection model of two absorbing layers with a
transparent substrate was used to perform a detailed discussion on the experimental data. Based on this discussion, the
E FXs of AlGaN obtained from a fitting procedure were found
in an excellent agreement with that from PL measurement.
Combining the results of the reflectance and XRD measurements, we obtained a downward bowing parameter b⫽0.53
eV in the excitonic transition band gap of AlGaN epilayer.
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FIG. 1. Schematic diagram of the AlGaN/GaN/sapphire heterostructure and
the reflection and transmission of the normal-incidence light in this multilayered system.

used to calculate the mole fraction 共x兲 assuming the validity
of Vegard’s law. Principally, the relaxed lattice parameters
a 0 and c 0 from the binaries AlN and GaN, a 0 (x) and c 0 (x)
of stress-free ternary Alx Ga1⫺x N films should be related to
mole fraction 共x兲 by the linear expression

II. EXPERIMENTAL PROCEDURE

AlN
c 0 共 x 兲 ⫽c GaN
0 共 1⫺x 兲 ⫹c 0 x,

共1a兲

The samples in this study were grown on sapphire
共0001兲 substrate by the horizontal atmospheric pressure
metal-organic chemical-vapor deposition 共MOCVD兲 method.
Trimethylgallium 共TMGa兲, trimethylaluminum 共TMAl兲, and
ammonia 共NH3兲 were used as source materials for Ga, Al,
and N. All the epitaxial layers were nominally undoped. The
sapphire substrate was first heated at 1100 °C for 10 min in a
stream of hydrogen for cleaning. Then the temperature was
lowered to 500 °C to grow a 30 nm GaN buffer layer. Subsequently, the temperature was elevated to 1080 °C, at which
a 1.5-m-thick GaN layer and a AlGaN layer with a thickness between 30 and 200 nm was grown. The heterostructure
is illustrated in Fig. 1. Reflection spectrum was measured in
air for light normally incident to the surface of the sample
with a 0.1 nm spectral resolution. A tungsten lamp was used
as the light source. The peaks in reflectance spectra have also
been confirmed by He–Cd laser source 共325 nm兲 PL measurement for low Al composition samples. XRD measurement used a rotating anode Rigaku RINT2000 diffractometer, with Cu Ka 1 /Ka 2 doublet (Ka 1 ⫽0.154 056 2 nm兲.
The scan step was 0.002°. All measurements were carried
out at room temperature.

AlN
a 0 共 x 兲 ⫽a GaN
0 共 1⫺x 兲 ⫹a 0 x,

共1b兲

III. RESULTS AND DISCUSSION
A. Composition of the AlGaN layer

For wurtzite structure Alx Ga1⫺x N crystal, the lattice parameter of principle crystal axis c can be obtained from XRD
measurement in the symmetric 共0006兲 reflections of 2 – 
mode by using the Bond method. The value for c is often

where the fully relaxed lattice constants a 0 and c 0 are taken
to be 3.1892 and 5.1850 Å for GaN,11 and 3.1114 and 4.9792
Å for AlN,12 respectively, values which are now widely accepted. However, in most cases, the lattice parameters are
changed by lattice mismatch, thermal expansion change,
point defects, and size effect, etc.13 In view of these changes,
the actual lattice parameters a and c could be, under a crucial
assumption that in-plane biaxial strain is dominant in the
AlGaN layer, related to the fully relaxed ones by strain ratio,
 c / a ⫽

共 c⫺c 0 兲
c0

冒

C 13
共 a⫺a 0 兲
⫽⫺2
,
a0
C 33

共2兲

where C is the elastic stiffness constants of the AlGaN epitaxial layer. Considering that the elastic properties of ternary
varies linearly with the composition of arbitrary binary compounds, AlN and GaN, the values C 13⫽114 and C 33⫽381
GPa ( c / a ⫽⫺0.60) for GaN 共Ref. 14兲 and C 13⫽120 and
C 33⫽395 GPa ( c / a ⫽⫺0.61) for AlN 共Ref. 15兲 were used
to set the value of strain ratio of AlGaN as ⫺0.60 here,
which is also identical to that used by Akasaki et al. in Ref.
16.
The mole fraction x of the alloys can then be calculated
by solving Eqs. 共1兲 and 共2兲. Because the AlGaN films are so
thin in this experiment and all samples show relative high
2DEG mobility, they can be considered as perfectly strained
by GaN layers, and then we can assume that a 0 (x)⫽a GaN
0
here. The composition values therefore obtained from the
measured lattice constants are shown in the next section.
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B. Interpretation of reflectance spectra

In Fig. 1, the AlGaN/GaN/sapphire multilayered structure is drawn schematically. Assuming that the thickness of
sapphire substrate is infinite and the roughness of the top
most epilayer is negligible, at normal incident, the power
reflectance of this structure which takes the multiple reflection into consideration can be written as

冏

R⫽ 兩 r 兩 2 ⫽ r 02⫹

冏

t 02t 20r 23 exp共 ⫺2 ␣ 2 d 2 兲 exp共 ⫺i ␦ 2 兲 2
,
1⫺r 23r 20 exp共 ⫺2 ␣ 2 d 2 兲 exp共 ⫺i ␦ 2 兲

共3兲

where
r 02⫽

r 01⫹r 12 exp共 ⫺2 ␣ 1 d 1 兲 exp共 ⫺ j ␦ 1 兲
,
1⫺r 10r 12 exp共 ⫺2 ␣ 1 d 1 兲 exp共 ⫺ j ␦ 1 兲

共3a兲

r 20⫽

r 21⫹r 10 exp共 ⫺2 ␣ 1 d 1 兲 exp共 ⫺ j ␦ 1 兲
,
1⫺r 10r 12 exp共 ⫺2 ␣ 1 d 1 兲 exp共 ⫺ j ␦ 1 兲

共3b兲

t 02⫽

t 01t 12 exp共 ⫺ ␣ 1 d 1 兲 exp共 ⫺ j ␦ 1 /2兲
,
1⫺r 10r 12 exp共 ⫺2 ␣ 1 d 1 兲 exp共 ⫺ j ␦ 1 兲

共3c兲

t 20⫽

t 21t 10 exp共 ⫺ ␣ 1 d 1 兲 exp共 ⫺ j ␦ 1 /2兲
,
1⫺r 10r 12 exp共 ⫺2 ␣ 1 d 1 兲 exp共 ⫺ j ␦ 1 兲

共3d兲

and
ri j⫽

冏

冏

共 n i ⫺n j 兲 2 ⫹ 共  i ⫺  j 兲 2
exp共 i  i j 兲
共 n i ⫹n j 兲 2 ⫹ 共  i ⫹  j 兲

⫻关 i j⫽0.1,12,13,

r i j ⫽⫺r ji ,

 i j ⫽arg共 r i j 兲兴

共4兲

are, respectively, the Fresnel reflection coefficients of air/
AlGaN, AlGaN/GaN, and GaN/sapphire, and the corresponding transmission coefficient t i j ⫽1⫹r i j . ␣ is the absorption coefficient, n the refractive index, and d the
thickness; ␦ 1 ⫽(4  /)n 1 d 1 and ␦ 2 ⫽(4  /)n 2 d 2 ,  1
⫽ ␣ 1 /4 and  2 ⫽ ␣ 2 /4 .
Using Eqs. 共3兲, the reflectance spectra of AlGaN/GaN
heterostructure was numerically calculated. In the calculation, the absorption coefficient spectrum of GaN was taken
from our previous work;17 the absorption spectrum of AlGaN
was obtained from the rigid shift of GaN. For avoiding noticeable error, the Al mole fraction of AlGaN is set to be a
relatively low value, x⭐0.11. The energy locations of the
maxima of excitonic profiles in the absorption spectra of
GaN and AlGaN, named E GM and E AM , respectively, were
used as identifications corresponding to the extreme in reflectance spectrum. Published data of Brunner et al. were
used for the refractive index of GaN and Al0.1Ga0.9N as a
function of composition x and energy below the band gap.18
Above the band gap, the data of Amano et al. were
employed.19 Sapphire is considered to be transparent with
the refractive index as a function of wavelength quoted from
Ref. 20. It should be mentioned that the phase factor exp(iij)
in Eq. 共4兲 may also contribute to the phase shift in reflectance spectrum. However, this is neglected in the most of the
literature.
The details in the reflectance spectra can be explained by
the calculated spectrum illustrated in Fig. 2. As expected,
model calculations show that the excitonic structures in absorption spectra of GaN and AlGaN are just the cause of the

FIG. 2. Numerically calculated reflectance spectral of Al0.11Ga0.89N/GaN/
sapphire heterostructure 共dashed line兲. The solid line represents the experimental data. Reflectance and absorption spectra of the GaN/sapphire structure are also given for comparison. E GM and E AM were used as identification
responding to the maxima of exciton profiles in absorption spectra of GaN
共solid line兲 and Al0.11Ga0.89N 共dashed line兲, respectively.

corresponding valley and peak in the reflectance spectrum.
As shown in Fig. 2, the reflectance can be divided into three
regions, which are the photon energy 共a兲 below the absorption edge of GaN; 共b兲 between the absorption edges of GaN
and AlGaN; and 共c兲 above the absorption edge of AlGaN.
In region 共a兲, as the normal-incidence beam experiences
relatively weak absorption, the reflected beam consists of the
lights that reflected from the interfaces of air/AlGaN,
AlGaN/GaN, and GaN/sapphire. In this region, the reflectance spectrum is dominated by the interference effect results
from both AlGaN and GaN layers phase factor exp(⫺j␦1)
and exp(⫺j␦2). In region 共b兲, due to the strong absorption of
the GaN layer, the second term in Eq. 共3兲 tends to be negligible, and results in a drastic change in reflectance. Since the
multiple reflections in the GaN layer were eliminated in this
region, the reflected beam only comes from the lights reflected at interfaces of air/AlGaN and AlGaN/GaN, and the
shape of the reflectance spectrum is mainly dominated by the
interference effect results from exp(⫺j␦1). As the energy of
incident light further increases and reaches into region 共c兲,
the absorption of AlGaN rapidly increases, resulting in a
sharp change in reflectance again.
Besides the excitonic resonance structures of GaN and
AlGaN, we would like to address the line shape of reflectance spectrum region 共b兲, where the interference effect
caused by the AlGaN layer may strongly modify the spectral
line shape and confuse the recognition of the excitonic profile desired. Figure 3 displays the experimental reflectance
spectra of different thicknesses of AlGaN layers. For Al
composition x around 0.1, we can see that the variation of d 1
result in noticeable changes in the spectral line shapes of
region 共b兲. Specially, we found that when d 1 is about 200 nm
关Figs. 3共c兲 and 3共d兲兴, the reflectance spectra show quite a
difference in shape. In Fig. 3共c兲, ‘‘two peaks’’ appear near
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FIG. 3. Experimental reflectance spectra for Alx Ga1⫺x N/GaN/sapphire 共x
around 0.1兲 heterostructures with various thicknesses of AlGaN layers (d 1 ).
The thickness values were measured by thickness monitor in the growth
process of epilayers. It shows that the excitonic profile of GaN is hidden in
interference fringes when d 1 is about 200 nm.

the excitonic position of AlGaN and the excitonic profile of
GaN seems to be hidden 共3.403 eV seems to be an extremum
value of interference fringes rather than a value of E GM
which is indicated by another arrow at about 3.43 eV兲; however, in Fig. 3共d兲 the excitonic peaks of GaN and AlGaN can
be identified clearly. In order to be clear in assigning both
AlGaN and GaN peaks from Figs. 3共c兲 and 3共d兲, the reflection model was again used to analyze the experimental spectra, where the thickness of the AlGaN layer is a variable
parameter. Because heterostructure devices are usually
grown on thick GaN, where thickness enables the multiple
reflection in the GaN layer diminished at energy above
, the influence of the variation in thickness of the GaN
E GaN
g
layer (d 2 ) was not found and, therefore, was not concerned
here.
In Fig. 4, the calculated spectra of different thicknesses
of AlGaN layers are shown. As for the variation in thickness
of the AlGaN layer (d 1 ), it was seen that the energy location
E AM of the identification line does not shift with the changes
of thickness d 1 , while the line shape changes just like the
changes of the experimental one 共Fig. 3兲. It was also found
that the peak like shape presented below the E AM 关Fig. 4共c兲兴
is a interference fringe result from the AlGaN layer when d 1

Jiang et al.
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FIG. 4. Calculated reflectance spectra for Al0.08Ga0.92N/GaN/sapphire heterostructures with thickness (d 1 ) changes corresponding to that in Fig. 3.
The line shape of region 共b兲 shows the changes in agreement with that in
Fig. 3, while the energy location of E AM 共3.621 eV兲 are not shifted.

is 192 nm. Under the effect of this fringe, the excitonic profile of GaN is undistinguished, while that of AlGaN is still
visible. For interpretation, we utilized the calculated spectra
of R 01 (R 01⫽ 兩 r 01兩 2 ) as shown in Fig. 5. It comes as no surprise that the line shape of R 01 exhibits a trend to agree with
that of R as the thickness d 1 increases. We can know that in
regions 共b兲 and 共c兲, the large value of ␣ 2 d 2 of the GaN layer
lets R⬇R 02 关see Eq. 共3兲兴. According to Eq. 共3a兲, r 02 will
approach r 01 as the d 1 increases, meaning that thick enough
d 1 will eliminate the multiple reflections in the AlGaN layer
and only leave the reflected light of r 01 remaining. As a
result, R will approach R 01 . Figure 5 provides a direct observation that R 01 acts as a dominant factor in the amplitude
of power reflectance R around the exciton resonance energies
of AlGaN. Because R 01 is not affected by the variation of
thickness d 1 , the excitonic profile of AlGaN cannot be diminished in the line shape changes. In contrast to the AlGaN
layer, the GaN layer has to reflect its excitonic profile
through the reflected lights of r 12 and r 23 and, therefore, it is
easily affected by the interference effect and its excitonic
profile may be hidden by the interference fringe. The calculated model demonstrates that the occurrence of interference
fringe starts from about d 1 ⫽40 nm with a thickness period
about 75 nm.
We can summarize the results of the above analysis as
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FIG. 6. Room temperature reflectance spectra of AlGaN共⬃30 nm兲/
GaN共⬃1500 nm兲 heterostructure samples with various Al mole fraction, x.
GaN
AlGaN
The excitonic transition energies of GaN (E FX
) and AlGaN (E FX
) are
marked by vertical arrows. The inset shows the spectrum of the x⫽0.16
sample. Broad features ascribed to exciton-LO phonon interaction were obGaN
AlGaN
served at optical energies about 100 meV above the E FX
and E FX
,
respectively.

FIG. 5. Calculated reflectance spectra of R 01 共dashed line兲 and R 共solid line兲
with various thickness d 1 . With the increase of d, R 01 shows a trend of
agreement with R at the excitonic profile of AlGaN. It also shows the amplitude of R 01 is a dominant part in that of R.

共i兲 without the presence of interference fringes 关in region
共b兲兴, both excitonic profiles of GaN and AlGaN can be easily
identified in the reflectance spectrum; 共ii兲 with the presence
of interference fringes, the excitonic profile of the GaN layer
is possibly overlapped, but the excitonic profile of AlGaN
can be observed. The interference fringes will only present at
the low optical energy region of E FX and not shift the excitonic position. This lets us easily assign the peak of AlGaN;
共iii兲 the application of the reflectance measurement in
AlGaN/GaN/sapphire heterostructures is not limited by the
layer thickness of AlGaN 共except the AlGaN layer is too thin
to be detected兲.
Figure 6 illustrates the experimental reflection spectra of
AlGaN共⬃30 nm兲/GaN共⬃1500 nm兲 samples with various Al
mole fractions as a function of the photon energy. The positions around peak and valley of the spectra were taken as the
free excitonic transition energies (E FX) of the AlGaN and
GaN layers, respectively, as indicated by arrows. Determination of the location of E FX will be described in the next
section. At room temperature, the three characteristic excitons 共A, B, and C兲 could not be individually observed and
were arranged in one broadened valley. We can see that with
the increase of Al composition x, the E FX of AlGaN shows a
clear shift to the high energy left. Another interest is that, for
the samples of x⭐0.16, the reflectance spectrum exhibits

broad features at which the energy is about 100 meV above
the free excitonic transition energies of GaN and AlGaN,
respectively. Similar features have been reported by several
studies in the absorption spectra of GaN epilayers taken at
low21 and room temperature.22 However, to the best of our
knowledge, there have been no reports on the observation of
such features in neither absorption nor reflectance spectra of
AlGaN alloys. It was suggested that this broad structure is
due to the exciton-LO phonon interaction in an indirect
phonon-assisted absorption process which an incident photon
simultaneously generates a ground state free exciton and a
LO phonon, resulting in a resonance feature at the corresponding energy in the spectrum. In the range of 0⭐x
⭐0.15, the LO-phonon energy of Alx Ga1⫺x N ranges from
about 735 cm⫺1 共91.2 meV兲 to 770 cm⫺1 共95.5 meV兲.23 By
reason of the exciton dispersion, the energy spacing between
the maximum of broad feature and the band edge exciton is
slightly higher than one LO-phonon energy.22 The observed
features indicate that LO phonon assisted exciton formation
also plays an efficient part in the Alx Ga1⫺x N alloys 共in this
case, x⭐0.16). For Al mole fraction above 0.16, the
exciton-LO phonon interactions were no longer visible 共Fig.
6兲 and may be attributed to the alloy broadening effect, due
to the increase of Al content, which leads to a decrease of the
Bohr radius of the free exciton in AlGaN24 and makes the
broad feature merge into the broaden excitonic profiles.
C. Free exciton transition energy and bowing
parameter

In the spectral region which is of excitonic profile, we
can determine the energy locations of the excitons with a
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A
TABLE I. Comparison of the free exciton transition energies (E FX
) of
Alx Ga1⫺x N (x⬍0.16) epilayers determined from the reflectance spectra and
the peak energies obtained from PL measurements.

FIG. 7. A typical fitting curve of the experimental reflectance spectrum of
the Al0.08Ga0.92N/GaN heterostructure with the AlGaN layer about 200 nm.
A
) obtained shows a good agreement
The free exciton transition energy (E FX
with the peak energy of the PL spectrum.

simplified procedure. The spectral line shape due to the exciton transition of energy h  i can be approximately described in a form of Lorentzian dispersion,

冋

R 共  兲 ⫽R 0 ⫹A i Re

h  i ⫺h  ⫹i⌫ i
共 h  ⫺h  i 兲

2

⫹⌫ 2i

册

exp共 i⌰ i 兲 ,

共5兲

where R 0 is a constant of background reflectance, and A i ,
h  i , and ⌰ i denote, respectively, the amplitude, the energy
location, the broadening parameter, and the phase factor of
exciton i (i⫽A,B,C). 25
At room temperature, the three discrete excitons 共A, B,
and C兲 could not be individually distinguished. However,
they still have a strong impact upon the reflectance spectra
that nonexcitonic models cannot fit.26 In order to perform
meaningful fits to the spectra, the minimum possible number
of free parameters were tried. In the case of normal incidence, namely, E⬜c axis, the resonance strength of the exciton C band to conduction band transition (⌫ 7l  →⌫ 7c ) is very
weak in the resonance length.27 Therefore the exciton resonance structures in the reflectance spectra are dominated by
the A and B exciton transitions here. Considering that the A
and B excitons are relatively close in energy, we treated the
A i , ⌫ i , and ⌰ i of two excitons as the same one in the fitting
process.
For the purpose of comparison, we also performed room
temperature PL measurements on the samples of x⬍0.16
AlGaN alloys, where the exciton resonance energies are below the excitation energy of the 325 He–Cd laser source
共3.815 eV兲. A typical comparison of reflectance and PL spectra is shown in Fig. 7. The free exciton transition energy of
A
) is obtained by least-squares fit of Eq. 共5兲 in
A(⌫ 9 →⌫ 7c ,E FX
reflectance spectrum. Table I summarizes the results of two
A
of
measurements, and shows that the difference in E FX
AlGaN is less than 6 meV. Such a result is acceptable because numerous studies have demonstrated the fact that for

Sample No.

1

2

3

4

5

6

7

PL Eg 共eV兲
Reflec. Eg 共eV兲

3.533
3.527

3.578
3.583

3.600
3.606

3.621
3.621

3.667
3.664

3.669
3.667

3.695
3.700

undoped GaN and its ternary compound AlGaN, the dominant peak in room temperature PL spectrum is due to the free
exciton transition 共FX兲.28
Strictly speaking, the band gap energy is defined as the
sum of free exciton transition energy (E FX) and its binding
energy (E b ), namely E g ⫽E ex⫹E b . However, the condition
is complicated in the ternary compound AlGaN. Up to now
the binding energy of AlN is not clear. Moreover, no precise
knowledge is available on the composition dependence of
effective masses in Alx Ga1⫺x N ternary alloys so far. In practicality, the transition energy of free exciton can be treated as
one of the most precise substitutes of true band gap energy
(E g ), namely, the excitonic band gap.29–31
The nonlinear dependence of the lowest direct band gap
energy on the Al mole fraction can be written in the following expression:
AlN
⫽E GaN
E AlGaN
g
g 共 1⫺x 兲 ⫹E g x⫺bx 共 1⫺x 兲 ,

共6兲

where E g 共GaN兲 and E g 共AlN兲 are the room temperature
band gap energies determined to be 3.43 and 6.20 eV for our
samples.
The group values of x and E g of AlGaN alloys were
hence used to determine bowing parameter 共b兲 by fitting Eq.
共6兲. In Fig. 8, the fitting plot shows a value of b⫽0.53 eV,
close to the reported value of 0.69 eV in Ref. 4 and 0.60 eV

FIG. 8. Al composition dependence of the exciton transition energies derived from the reflectance measurement. Such dependencies of band gap
energy derived from CL, OA, PL, PR, and spectroscopic ellipsometry 共SE兲
methods in literature were shown together.
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in Ref. 29. It is interesting to note that the samples used in
Refs. 4 and 29 were close to the samples used here in structures. In addition, analysis of the measured c lattice parameter shows that the AlGaN layers in all of the heterostructures were subjected to an in-plane tensile biaxial strain. It is
known that the band gap, under the tensile strain, decreases
relative to the unstained result. This in turn supports that the
bowing in the AlGaN band gap is downward.
IV. SUMMARY

In summary, a simple method combining the normal incident reflectance with XRD measurement to determine the
Al mole fraction and bowing parameter of AlGaN alloys was
presented. By using a reflection model of two absorbing layers with a transparent substrate, the power reflectance of the
AlGaN/GaN/sapphire heterostructure was numerically calculated. The results of the model calculations show a good
agreement with that of the experiments. Based on these calculations, a discussion concerning the confirmation of excitonic profile and the influence from the thickness variation of
AlGaN layer was performed. Analysis shows that the reflectance measurement is indeed feasible in determining the free
exciton transition energy (E FX) of the AlGaN epilayer in the
AlGaN/GaN heterostructure.
A precise value of E FX was obtained by performing theoretical fit on the excitonic profile of a AlGaN epilayer.
Comparing with He–Cd laser source PL measurement, it was
A
and the correfound that the difference between the E FX
sponding peak energy is less than 6 meV. In the low Al
composition (x⭐0.16), the reflectance spectral features of
exciton-LO phonon interaction were observed at an optical
energy ⬃100 meV above the transition energy of band edge
exciton of AlGaN. This observation indicates that the
samples under investigation are of high quality and also proA
identified are
vides support that the energy locations of E FX
correct. With consideration of in-plane biaxial strain, Al
mole fractions were determined by using both lattice parameters of a and c obtained from XRD measurement by using
the Bond method. In the composition range of 0⭐x⬍0.3, we
found a downward bowing in the band gap of the AlGaN
epilayer with a bowing parameter of b⫽0.53.
The authors would like to thank Dr. Arulkumaran for his
help and useful discussions. This work was supported, in
part, by a Grant-in-Aid for Scientific Research共C兲 共Grant No.
09650049兲 from the Ministry of Education, Science, Sports,
and Culture, Japan.
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