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We demonstrate that photoluminescence-excitation (PLE) spectroscopy can probe with high
sensitivity the effects of plasma-induced surface damages on photogenerated-carrier-transport
processes in Al Ga;_,N/GaN heterostructures, on the basis of systematic optical and structural
characterization results for the as-grown reference sample and the plasma-exposed sample. It is
found from the structural characterizations with atomic force microscopy that the plasma exposure
remarkably modifies the atomic step boundaries and the pits on the Al,Ga,_,N surface, which leads
to a remarkable difference between the PLE spectra of the bound exciton photoluminescence from
the underlying GaN layer in the two samples. The PLE spectrum of the reference sample shows a
step rising from the Al,Ga;_,N fundamental transition energy toward the high energy side, whereas
the rising step disappears in the PLE spectrum of the plasma-exposed sample. In contrast, the
reflectance characteristics are the same in the two samples; i.e., the excitonic transition itself is not
influenced by the plasma exposure. The present findings indicate that the PLE spectral profile is
sensitive to the change in efficiency of the photogenerated carrier injection from the Al .Ga,_ N
layer to the GaN layer. Thus, it is concluded that the PLE characterization is effective to probe the

photogenerated-carrier transport in heterostructures. © 2007 American Institute of Physics.

[DOLI: 10.1063/1.2769776]

I. INTRODUCTION

In the field of semiconductors science and technology, it
is essential to characterize surfaces, because material proper-
ties and device characteristics are sensitive to the surface
conditions. There have been numerous reports on this issue.
It is worth noting that the surface conditions can dominate
electronic properties.l’2 For example, several research groups
clarified the relation between the surface treatment and sur-
face recombination velocity,z_4 where the surface recombina-
tion velocity is a parameter peculiar to the carrier recombi-
nation process at the surface.” The characterization of
surfaces is, therefore, indispensable for the electronic and/or
optical device fabrication, processes of which often intro-
duce damages to the surface of devices and modify the
carrier-transport processes leading to changes in device char-
acteristics. In fact, the relation between the device character-
istics and surface conditions has still been extensively stud-
ied. For instance, in Al,Ga;_,N/GaN-based high-electron-
mobility transistors (HEMTs), which have been attracting
much attention for high power microwave devices,™® gate
leakage currents are increased by the surface defects in the
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Al Ga;_N Schottky layelr.7 In addition, it is considered that
rf characteristics of Al,Ga,;_,N/GaN HEMTs are influenced
by the surface traps.g’9

It is desirable that the effects of the surface damages
should be systematically evaluated in the following proce-
dure. The first step is to characterize the modification of the
surface structure. The structural characterizations are, in gen-
eral, performed with the aid of microscopical techniques
such as atomic force microscopy (AFM), which provides in-
formation on morphological profiles. Next, it becomes im-
portant to clarify the relation between the structural charac-
teristics and the carrier-transport processes. From the
viewpoint of contactless and convenient characterizations,
optical spectroscopic measurements are suitable. Photolumi-
nescence (PL) spectroscopy is usually used as a probe for
crystal quality influencing carrier transports; however, it is
difficult to observe the PL signals from the barrier layer in
heterojunctions, e.g., Al,Ga,_,N layers in Al,Ga,_,N/GaN
heterostructures, because, before the radiative recombination
in the barrier layers, photogenerated carriers and excitons
rapidly flow into an adjacent layer with a lower potential
energy. Accordingly, in the case where the above-mentioned
difficulty is prominent, it is required to apply a spectroscopic
measurement that can sensitively probe the photogenerated

© 2007 American Institute of Physics
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carriers injected from the barrier layers to the adjacent layer.
Here, we focus our attention to photoluminescence-
excitation (PLE) spectroscopy as the suitable method. In the
PLE measurement, the intensity of a given PL band is re-
corded as a function of excitation photon energy. It is usually
recognized that the PLE spectrum exhibits an absorption-like
proﬁle.10 The PLE spectrum, therefore, reflects the absorp-
tion characteristics of the luminescent layer. The PLE spec-
trum also contains the information on photogenerated-
carrier-transport processes in the heterostructures because the
PL signal from a layer with the lowest potential is affected
by the injection of the photogenerated carriers from higher-
potential layers, which suggests that the PLE measurements
are applicable to probe the photogenerated-carrier transport
in the heterostructures. The conventional PLE characteriza-
tion has been mainly taking account of the similarity be-
tween the absorption and PLE spectra, whereas it has paid
little attention to the sensitivity of the PLE spectroscopy to
the carrier transport. Accordingly, in order to utilize the PLE
measurement as a probe for the effects of the surface dam-
ages on the carrier transport, it is necessary not only to sys-
tematically compare the PLE characteristics with the surface
damages but also to reconsider the nature of the PLE spec-
troscopy from the viewpoint of semiconductor physics.

In the present work, we have explored the feasibility of
applying the PLE measurement to probe the effects of sur-
face damages on photogenerated-carrier-transport processes
from the AlLGa;_ N layer to the GaN layer in
Al ,Ga;_N/GaN heterostructures. We describe a wide range
of optical and structural characteristics of the two samples,
an as-grown reference sample and a sample exposed to the
plasma, for the purpose of demonstrating the nature of the
PLE spectroscopy as well as the relation between the PLE
characteristics and surface damages. The present article is
organized as follows. At first, we evaluate the effects of the
plasma exposure on the surface morphology of the
Al,Ga;_,N top layer by means of grazing incidence x-ray
reflection (XRR) (Ref. 11) and AFM measurements, where
the XRR patterns are sensitive both to the layer thickness
and to the surface damages causing roughness. The surface
damages are microscopically observed as AFM images,
which reveal the characteristics of the surface damages in-
duced by the plasma exposure. Next, we characterize the
samples using PL spectroscopy for the following three pur-
poses. The first purpose is to determine the detection energy
for the PLE measurement. The second purpose is to obtain
the information required for the assignment of the optical
signals, e.g., a compressive biaxial strain, which often exists
in GaN epitaxial layers grown on sapphire substrates and
influences the optical properties.12 The third purpose is to
verify that the plasma exposure does not affect the underly-
ing GaN layer. Finally, we investigate how the surface dam-
ages observed by the structural characterization influence the
PLE and reflectance spectra. The reflectance spectrum of the
plasma-exposed sample shows a clear pattern resulting from
the excitonic transitions in the Al,Ga,_N layer, which is the
same pattern as that of the reference sample; namely, the
reflectance characteristics of the excitonic transition are
hardly affected by the surface damages. In contrast, the PLE
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spectra of the bound exciton luminescence from the GaN
layer exhibit a remarkable difference. The PLE spectrum of
the reference sample shows a step rising from the fundamen-
tal transition energy of Al,Ga;_N toward the high energy
side, whereas the rising step disappears in the PLE spectrum
of the plasma-exposed sample. We discuss the origin of the
disappearance of the rising step in the PLE spectrum of the
plasma-exposed sample from the viewpoint of carrier-
transport properties, taking account of the difference in spec-
troscopic nature between the PLE and reflectance.

Il. SAMPLES AND EXPERIMENTAL PROCEDURES

The examined Al ,Ga;_,N/GaN heterostructure was
grown on a c-plane sapphire substrate by metal organic va-
por phase epitaxy. The epitaxial layer sequence was designed
as follows from the top: a 27 nm thick undoped Al ,GaygN
layer and a 2.2 wum thick undoped GaN layer. After the ep-
itaxial growth, the substrate with the
Aly,GaygN(27 nm)/GaN(2.2 um) heterostructure was cut
into pieces. One of the pieces, Sample No.l, was kept as a
reference sample, while another piece, Sample No. 2, was
exposed to the plasma consisting of Cl, and O, gases at the
total pressure below 1 Pa. The purpose of the plasma expo-
sure was only to cause the surface damage, so that, in order
to minimize the reduction of the Alj,Ga,gN-layer thickness,
the exposure time was limited within 1 min. In addition, the
mixture ratio of Cl, to O, was kept below 10. The XRR
measurement was performed at room temperature using a
Cu Kal line as a probe beam. The AFM observation was
also carried out at room temperature with a tapping mode.
The PLE and reflectance spectra of the two samples were
measured at a temperature of 10 K. The probe beam was
monochromatic light with a spectral width of 0.4 nm. In the
PLE measurement, the detection energy was tuned within the
energy range of the excitonic PL from the GaN layer because
the present experiments were intended to detect the signal
resulting from the photogenerated carriers escaping from the
Aly,GaygN layer to the GaN layer. In order to determine the
detection energy, the PL spectra were measured in advance at
10 K. The excitation beam source for the PL was provided
from a He-Cd laser. The photon energy and power density of
the excitation beam were 3.815 eV and 10 mW/cm?, respec-
tively.

lll. EXPERIMENTAL RESULTS AND DISCUSSION

A. Effects of the plasma exposure on the surface
structure of the Aly,GaggN layer

Figure 1 shows the XRR patterns of Sample No. 1 and
No. 2 as a function of glancing angle 6. The position of the
dashed-and-dotted line corresponds to the critical angle 6, of
the Aly,GaggN layer calculated with use of the equations11

6, =sin"'\24, (1)

and
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FIG. 1. XRR patterns of Sample No. 1 and No. 2 as a function of glancing
angle. For clarity, each pattern is vertically shifted. Dashed-and-dotted line:
position of the critical angle for Al,,GaygN. Inset: FT power spectra of
Sample No. 1 and No. 2 as a function of layer thickness.
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where Ny, r,, and A are the Avogadro number, the classical
electron radius, and the wavelength of the x ray, respectively,
and p is the density of material. The value of p is
5.566 g/cm?’ for AlO_ZGaO_gN.l3 The quantities Z, f’, and M
are the averages of the atomic number, of the anomalous
scattering factor, and of the atomic mass, respectively, where
the averages are calculated using the fraction of each con-
stituent atom as a weighting factor. In the derivation of f,
the anomalous scattering factors employed were 0.212,
—1.281, and 0.031 for Al, Ga, and N, respectively, which
were cited from Ref. 14 and incorporated with high-energy-
limit corrections.'” The intensities of both XRR patterns re-
markably decrease from the glancing angle of 0.32°, which
is in good agreement with the calculated critical angle of
0.323°. Consequently, the remarkable decrease in intensity of
each XRR pattern is assigned to the change from the total
reflection to the partial transmission, and the appearance of
the oscillatory patterns in the range larger than 0.32° is at-
tributed to the interference originating from the multiple re-
flections in the Aljy,GaggN layer. In the range of 6> 6., the
XRR intensity I(6) is associated with the layer thickness d
through the following relation:'®™"®

NE-6 ”5>. o)

Ix(6) = cos(Z'n'd-

From the oscillatory patterns, we estimated the
Aly,GaggN-layer thicknesses of Sample No. 1 and No. 2 in
order to evaluate the reduction of the Al,,Ga, gN-layer thick-
ness caused by the plasma exposure. The estimation of the
Aly,GaygN-layer thickness was performed with the use of a
Fourier transform (FT) method.'”'® In the FT procedure, the
horizontal axis variant of the XRR pattern was transformed
from 6 to quasi-wavevector ¢ given by the following equa-
tion:
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RN
26 - 6’3

=" - (4)
In addition, the nonoscillatory portion of each XRR pattern
was numerically subtracted, and the Hann window function
was used so to suppress side robes. The FT power spectra of
the oscillatory portions are depicted as a function of layer
thickness in the inset of Fig. 1. From the peak of the FT
band, the Al,,Ga,gN-layer thicknesses are estimated to be
25.8 and 22.6 nm for Sample No. 1 and No. 2, respectively.
The reduction of the Al,,GaygN-layer thickness is about
12%, which indicates that almost the whole Aly,GagN layer
remains after the plasma exposure. The plasma exposure,
however, remarkably modifies the decay of the XRR pattern
as shown in Fig. 1. In the range of 6> 6,, the decay of the
XRR pattern of Sample No. 2 is larger than that of Sample
No. 1. Since the XRR intensity is reduced by some surface
roughne:ss,16’19 the decay profile of Sample No. 2 suggests
that the surface damages causing the roughness are intro-
duced by the plasma exposure.

In order to microscopically characterize the surface dam-
ages, the AFM measurement was performed. The AFM im-
ages of Sample No. 1 and No. 2 are shown in Figs. 2(a) and
2(b), respectively. The AFM image of Sample No. 1 mani-
fests the atomic steps with clear boundaries. In addition, the
dark spots, the so-called pits, are observed. The diameters of
the pits are about 30 nm. According to Refs. 20 and 21, the
pits of the Al,Ga,_,N surfaces are formed on specific thread-
ing dislocations, which hold a small fraction of the total dis-
locations, during the epitaxial growth. The specific disloca-
tions are supposed to gather a large number of impurities at
its core, which leads to the suppression of the layer growth at
the core area and the subsequent formation of the pit. The
AFM image of Sample No. 2, as shown in Fig. 2(b), clarifies
that the following two changes emerge in the Alj,GaygN
surface after the plasma exposure. First, the boundaries of
the atomic steps are blurred in comparison with those of
Sample No. 1. Second, the diameters of the pits are increased
to be about 50 nm. The increase in diameter of the pit is
relatively larger than the decrease in thickness of the
Alj,GaggN layer, which indicates that the region around the
pit is selectively etched by the plasma exposure. From the
above-mentioned findings, we conclude that the plasma ex-
posure causes the surface roughness by selectively etching
the atomic step boundaries and the pits. In general, the
atomic step boundaries and pits lack completeness of a crys-
tal such as continuity. We consider that the incompleteness of
the boundaries and pits weakens the tolerance to the plasma
exposure. In addition, as mentioned above, the microscopical
compositions of the regions around the pits are different
from those of the other region owing to the presence of im-
purities, which is another possible factor to reduce the toler-
ance to the plasma exposure.

B. PL and reflectance spectra of the GaN layer in the
Al ,GaygN/GaN heterostructures

In advance to the PLE characterization, we performed
the PL and reflectance measurements of the samples at 10 K.
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FIG. 2. AFM images of the Al),GaygN surfaces in the area of 1.0 um
X 1.0 wm. (a) Sample No. 1. (b) Sample No. 2. Gray scale: height of 3.5
nm for (a), 2.5 nm for (b).

The PL and reflectance spectra of Sample No. 1 (the refer-
ence sample) and Sample No. 2 (the plasma-exposed one)
are shown in Figs. 3(a) and 3(b), respectively, where the
spectral range covers the energy range of the excitonic tran-
sition of GaN. The reflectance spectra exhibit the features
peculiar to the excitonic transitions, which starts from the
photon energy of 3.490 eV toward the higher energy side.
According to Ref. 22, the A type exciton (A exciton) of GaN
has the transition energy in units of eV given by the follow-
ing equation at the temperature T (K):
5.08 X 10777

Egxa=—Eps+3.503 + 996 (5)
The quantity Ey 4 is the binding energy of the A exciton,
value of which is 28 meV for GaN.?> From Eq. (5), the A
exciton transition energy is calculated to be 3.475 eV at 10
K. The starting energy of the excitonic features in the reflec-
tance spectrum is higher by about 15 meV than the expected
A exciton transition energy, which indicates that the exciton-
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FIG. 3. PL (logarithmic scale) and reflectance (linear scale) spectra as a
function of photon energy at 10 K. (a) Sample No. 1. (b) Sample No. 2.
Dashed line: guide for the eyes.

transition energy in the present samples is raised by the pres-
ence of a compressive biaxial strain. The analysis of the
strain effect will be described later.

The PL spectra of both the samples exhibit the dominant
band labeled Iy with a peak energy of 3.485 eV, which lo-
cates at the low energy side of the excitonic features appear-
ing in the reflectance spectra. Accordingly, the origin of the
peak at 3.485 eV is assigned to the PL from the bound exci-
ton of the GaN layer. The broad width of the band I, which
is 5 meV, seems to mainly originate from inhomogeneous
strains because a biaxial strain due to the epitaxial growth is
not negligible: The strain effect will be discussed later with
Fig. 5. In addition, the PL spectra of Sample No. 1 and No. 2
form the shoulders at 3.490, 3.498, and 3.509 eV, which are
labeled FX,4(1), FXp(1), and FX4(2), respectively. The en-
ergy range of the shoulders FX,(1), FXy(1), and FX,(2) is
included within that of the excitonic features in the reflec-
tance spectra, so that the origins of the shoulders FX,(1),
FXjp(1), and FX4(2) are assigned to the PL bands from the
free excitons of the GaN layer. Taking it into account that the
A exciton transition is the lowest in energy of the three kinds
of excitonic transition in the GaN epitaxial layer under the
compressive biaxial strain,23’24 the shoulder FX,(1) is attrib-
uted to the PL from the ground-state A exciton, the so-called
1s state.
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In general, bound excitons are thermally dissociated with
an increase in temperature and, as a result, the dominant PL
process changes from the bound exciton to the free exciton.
Focusing on the general property of excitons, we additionally
measured the PL spectra of Sample No. 1 at 30 and 50 K,
which are shown in Fig. 4 together with the PL spectrum at
10 K, in order to confirm the assignment of the PL signals. It
is obvious that the intensity of the PL band Iy is remarkably
reduced with increasing temperature. In contrast, the shoul-
der FX4(1) becomes a dominant peak in addition to the fact
that the shoulder FX(1) shows a clearer profile. The change
of the dominant PL process coincides with the above-
mentioned general excitonic PL properties. Thus, it is con-
firmed that the spectral structures labeled Iy and FX,(1) re-
sult from the bound exciton and A exciton, respectively. In
the PL spectrum at 30 K, the energy spacing between the
bands Iy and FX,(1) is 5 meV, which is consistent with the
result in Ref. 24. It is noted that the PL intensity integrated in
the present energy range remarkably decreases with the in-
crease in temperature, which suggests that most of the ther-
mally activated excitons nonradiatively recombine through
imperfections in the GaN layer. The decrease in the inte-
grated PL intensity is responsible for the fact that we could
not observe the PL corresponding to the shoulder FX4(2) at
50 K owing to the detection limit of the apparatus.

The ground-state A exciton transition energy of the
present samples is larger by 15 meV than that of unstrained
GaN. From the energy shift of the A exciton, we estimated
the biaxial strain in the GaN layer and deduced other exciton
transition energies. Figure 5 shows the shift of the exciton
transition energy at the I' point, AEgy ;(n), calculated as a
function of biaxial strain, where the subscript j means the
band of the hole forming the exciton and the index n denotes
the exciton principal quantum number. The calculation pro-
cedure consisted of the following three stages. At the first
stage, the conduction-band energy Ec-g and j-type valence-
band energy Evyg ; at the I" point were calculated on the basis
of the k- p perturbation theory under the quasicubic approxi-
mation proposed by Sirenko et al.” The present calculations
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of Ecg and Evp ; utilized the parameters derived in Ref. 25.
At the next stage, the exciton transition energies Egx (1)
were derived from the following relation:

1
EEX,j(n) =Ecg— EVB,j - ;Eb,j' (6)

Here, the B and C exciton binding energies Ej, 5 and Ej, ¢
were assumed to be equal to Ej, 4 for simplicity because the
actual values of Ey, 4, Ey, g, and Ej, ¢ are still controversial.*®
The present assumption is also employed in the theoretical
study of optical transitions of GaN in Ref. 25. At the final
stage, for convenience, the A exciton transition energy with
n=1 free from the strain, Egx 4 o(1), was chosen as the en-
ergy reference; namely

AEgy j(n) = Egx j(n) = Egx 4 o(1). (7)

In Fig. 5, the minus and plus signs of the biaxial strain cor-
respond to the compression and dilatation, respectively. It
can be read from Fig. 5 that the value of 15 meV for
AFEgx 4(1) corresponds to the biaxial strain of —0.16%. This
biaxial strain yields the values of 24, 36, and 49 meV for
AEgx p(1), AEgx A(2), and AEgyx (1), respectively. From the
comparison with use of these values, the origins of the shoul-
ders FXg(1) and FX,4(2), which are shown in Fig. 3(b) as
well as in Fig. 3(a), are assigned to the PL bands from the B
exciton with n=1 and A exciton with n=2, respectively. In
addition, the characteristic feature at 3.526 eV in the reflec-
tance spectra is attributed to the transition of the C exciton
with n=1.

It should be mentioned that PL spectra at a low tempera-
ture (~10 K) are usually sensitive to the presence of imper-
fections. This is because the excitons bound to imperfections
hardly escape from the bound states owing to a lack of the
thermal activation energy; therefore, the PL from the free
exciton is hardly observable. Taking account of the above-
mentioned PL properties of excitons, we discuss the PL spec-
tra from the viewpoint of evaluating the effects of the plasma
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and (d) Sample No. 2.

exposure on the GaN layer. As shown in Figs. 3(a) and 3(b),
the shoulders FX,(1), FXg(1), and FX4(2), which originate
from the free excitons, are clearly observed in Sample No. 2
as well as in Sample No. 1; namely, Sample No. 2, which
was exposed to the plasma, shows the same PL profile as
Sample No. 1. The present result demonstrates that the GaN
layer of Sample No. 2 is the same in crystal quality as that of
Sample No. 1, which reflects the fact that the plasma expo-
sure does not introduce the imperfections to the GaN layer.

C. Effects of the plasma exposure on the PLE
characteristics of the Al,,GaygN layer

At first, we clarify the PLE and reflectance characteris-
tics of Sample No. 1 that is the reference in the present work.
The PLE spectrum of Sample No. 1 at 10 K, which was
measured at the detection energy of 3.482 eV corresponding
to the PL band Ig, is shown in Fig. 6(a), together with the
reflectance spectrum. The PLE and reflectance spectra in the
energy range from 3.45 to 3.75 eV are also plotted in Fig.
6(b) in order to highlight the spectral profiles in this energy
range. As shown in Fig. 6(b), the PLE spectrum exhibits the
three narrow bands with a full width at half maximum of 8
meV, peaks of which locate at 3.491, 3.500, and 3.525 eV.
According to the numerical calculation results presented in

Fig. 5, the peak energies agree with the transition energies of
the A, B, and C excitons with n=1 of the GaN layer in order
of increasing energy; namely, the three narrow PLE bands
originate from the photoabsorption due to the excitonic tran-
sitions. In addition to the three narrow bands, the PLE spec-
trum shows the broadband labeled X with a peak energy of
3.61 eV in the energy range between 3.59 and 3.64 eV. The
appearance of the band X indicates that the excitons with a
specific kinetic energy efficiently relax to the bound exciton
state. It is well known that the emission of longitudinal-
optical (LO) phonons, which corresponds to LO-phonon
scattering in momentum space, can promote the energy re-
laxation of the excitons.”’ It should, however, be noted that
the energy of the LO phonon with E; symmetry is 92 meV
for GaN,” whereas the PLE band X has an energy spacing of
125 meV to the bound exciton PL band Iy appearing at 3.485
eV. The energy spacing of 125 meV is fairly close to the
AlN-like LO phonon energy; however, according to Ref. 29,
the AIN-like optical phonon mode is missing in the Al con-
tent range lower than 0.6. In the present sample, the Al con-
tent is 0.2; therefore, the contribution of the AIN-like LO
phonon can be ruled out. The exciton relaxation process re-
lated to the X band seems to be phenomenologically ex-
plained as follows, taking account of the fact that the energy
spacing of about 100 meV between the B exciton and the X
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band is close to the LO-phonon energy of GaN. The exciton
in the momentum space relaxes at first to the B-exciton state
owing to the LO-phonon scattering, and then to the bound
exciton state via the A-exciton state. Figure 6(b) also dem-
onstrates that the PLE intensity is quite weak in the energy
range higher than the fundamental exciton energies of GaN,
which indicates that the nonradiative recombination of elec-
trons and holes photogenerated in the GaN layer is dominant.

The reflectance spectrum shown in Fig. 6(a) exhibits the
prominent spectral feature with a peak energy of 3.93 eV in
the energy range between 3.82 and 3.98 eV, which corre-
sponds to the excitonic transition energy of Alj,GajgN. The
spectral feature at 3.93 eV is much broader than the spectral
features of the excitonic transitions of GaN ranging from
3.48 to 3.53 eV. The broadening of the excitonic transition
profile of Alj,GaygN is attributed to the electric field in-
duced both by the piezoelectric polarization and by the spon-
taneous polarization in the Aly,GaygN 121ye:r.30’31 It is well
known that the electric field causes instability of the exciton.
The presence of the electric field in the Al,,Ga,gN layer has
already been confirmed wusing the photoreflectance
spe:ctroscopy.32’33 The value of the electric field strength is
estimated to be 215~230 kV/cm for the 27 nm thick
Aly,GaygN layers grown on the GaN buffer layers. The
quantity eFag, which is a measure of the electric field energy
of the exciton with a Bohr radius ag at the presence of the
electric field strength F, is derived to be about 60 meV,
where ap is expressed using the reduced mass p and binding
energy Ey, of the exciton™

h
B= T -
V2 uEy,

(8)

a

The value of u used is 0.191 in units of free electron mass,35

and the value of Ej is assumed to be the same as that of the
exciton of GaN (28 meV). The value of eFag is about twice
larger than the exciton binding energy, so that the two elec-
tric polarization components described above are responsible
for the instability of the exciton in the Aly,GaygN layer,
which results in the spectral broadening. Moreover, a random
alloy effect on the optical transition also broadens the reflec-
tance signal of the Aly,GaygN: the so-called alloy broaden-
ing.

As shown in Fig. 6(a), in regard to the excitonic transi-
tion of the Aly,GaygN layer at 3.93 eV in the reflectance
spectrum, the step rising from 3.93 eV toward the high en-
ergy side, which is usually attributed to the absorption profile
of the fundamental transition-energy edge, is superimposed
onto the PLE profile of the GaN layer. This indicates that the
photogenerated carriers in the Aly,GaggN layer flow into the
GaN layer and contribute the PL from the bound exciton. We
note that, in the energy range higher than the band edge of
Aly,GaygN, the most of the excitation light still directly ex-
cites the GaN layer because the absorption coefficient of the
Aly,GaggN layer is deduced to be of the order of 1
X 10° cm™! according to Ref. 36.

Next, we focus on the PLE and reflectance characteris-
tics of Sample No. 2 that was exposed to the plasma. Figure
6(c) shows the PLE and reflectance spectra of Sample No. 2
at 10 K, where the PLE-detection energy for Sample No. 2 is
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the same as that for Sample No. 1. For clarity, the PLE and
reflectance spectra in the energy range of the excitonic tran-
sition of GaN are extracted and depicted in Fig. 6(d). For
Sample No. 2, we could not observe a clear PLE profile of
the C exciton because of its relatively weak intensity. Except
for this point, the PLE and reflectance characteristics of the
GaN layer of Sample No. 2 are equivalent to those of Sample
No. 1, which is consistent with the PL characteristics of
Sample No. 1 and No. 2 shown in Figs. 3(a) and 3(b). Com-
paring the reflectance spectrum in Fig. 6(c) with that in Fig.
6(a), the reflectance characteristics of the Al,,GaggN layer
of Sample No. 2 are also the same as those of the Al),GajgN
layer of Sample No. 1; namely, the reflectance spectrum of
Sample No. 2 exhibits the same peak profile at 3.93 eV as
that of Sample No. 1, which is an obvious proof for the
appearance of the excitonic transition. Thus, it is evident that
the photoabsorption leading to the generation of carriers ac-
tually occurs in the Aly,GaygN layer of Sample No. 2. In
contrast to the reflectance characteristics, the drastic change
appears in the PLE spectrum. The rising step corresponding
to the absorption edge of the Aly,GaygN layer disappears in
the PLE spectrum of Sample No. 2. Instead of the rising step,
the PLE spectrum shows the slope falling from 3.80 eV to-
ward the high energy side. The falling slope arises from the
reduction of the total amount of photons absorbed in the
GaN layer because of the light absorption in the top
Aly»,GaggN layer. The PLE characteristics observed for
Sample No. 2 indicate that the carriers generated through the
photoabsorption in the Al,,GaygN layer do not contribute to
the bound exciton PL from the GaN layer. This is the key
finding in the present work that highlights the difference in
the spectroscopic nature between the PLE and reflectance
characterizations. The reflectance characteristics, in prin-
ciple, connect with the optical transitions at the critical
points of the energy density of states, while the PLE signals
reflect not only the optical transitions but also the carrier
transport from a light-absorbing layer to a remote lumines-
cent layer. The disappearance of the rising step is, therefore,
attributed to the suppression of the carrier injection from the
Aly,GaggN layer to the GaN layer. According to the present
structural characterizations described in Sec. III A, the
plasma exposure introduces the damages to the atomic step
boundaries and the regions around the pits on the surface of
the Aly,GaggN layer in Sample No. 2. The observed change
in the PLE characteristics is the clear proof for the fact that
the surface modification by the plasma exposure leads to the
suppression of the carrier injection from the Alj,GaygN
layer to the GaN layer; namely, the surface recombination
enhanced by the plasma exposure in the Al,,GaygN layer is
a major factor for preventing the carrier injection. Thus, it is
concluded that the PLE characterization is applicable to as-
sess the effects of the surface damages on the interlayer car-
rier transport. The conventional interpretation on the PLE
characteristics, which relies only on the similarity between
the absorption and PLE spectra, is liable to cause misunder-
standings of the spectral analysis of semiconductor hetero-
structures.
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IV. SUMMARY

We have systematically investigated the effects of the
plasma-induced surface damages on the
Aly,GaygN(27 nm)/GaN(2.2 um) heterostructures using
both the structural characterizations and the spectroscopic
ones, where the AFM and XRR measurements were em-
ployed for the structural characterizations, and the PL, PLE,
and reflectance measurements were utilized for the spectro-
scopic characterizations. Comparing the XRR pattern of the
plasma-exposed sample with that of the as-grown reference
sample, it has been revealed that the plasma exposure en-
hances the decay of the XRR pattern of the Al,,GaygN/GaN
heterostructure. The enhancement of the decay indicates that
the damages are introduced to the Alj,GaygN surface. The
AFM images have clarified the microscopical characteristics
of the surface damages by the plasma exposure. The surface
damages result from the selective etching both of the atomic
step boundaries and of the pits, which suggests that the tol-
erance to the plasma exposure is decreased at the atomic step
boundaries and pits. From the optical characterizations with
use of the PL and reflectance measurements, it has been con-
firmed that the GaN layer of the plasma-exposed sample is
almost the same in excitonic properties as the GaN layer of
the reference sample; namely, the present plasma exposure
does not modify the crystal quality of the GaN layer. In order
to elucidate how the surface damages influence the optical
properties of the Aly,GajgN layer, the PLE characterization
as well as the reflectance characterization have been applied
both to the plasma-exposed sample and to the reference
sample. The reflectance spectrum of the plasma-exposed
sample shows the same pattern in the energy range of the
Aly,GaggN excitonic transitions as that of the reference
sample; namely, the overall excitonic transition itself is not
affected by the plasma exposure. In spite of the above-
mentioned fact, in the PLE spectra detected at the energy of
the bound exciton PL from the underlying GaN layer, it has
been found that the plasma exposure causes the disappear-
ance of the rising step in the energy range above the funda-
mental transition energy of the Aly,GajgN layer. This dem-
onstrates that, in the plasma-exposed sample, the
photogenerated carriers in the Al,,Ga,gN layer cannot con-
tribute to the PL from the bound exciton in the GaN layer.
We, therefore, conclude that the PLE measurement can be
applied to probe the interlayer photogenerated-carrier trans-
port in the Al,Ga;_N/GaN heterostructures. The present
findings also warn that the optical characterization based
only on the similarity between the absorption and PLE spec-
tra leads to misinterpretation of the PLE signals.
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