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We have investigated the photoluminescence (PL) and time-resolved PL from the InN epilayers
grown on Si substrates with different buffer layers. The narrowest value of the full width at half
maximum of the PL peak is 52 meV with the AIN/AIGaN/GaN triple buffer layer, which is better
than previous reports on similar InN epilayers on Si substrates. Based on the emission-energy
dependence of the PL decays, the localization energy of carriers is also the least for the InN with a
triple buffer layer. According to the x-ray diffraction measurements, we suggest that the reduced
lattice mismatch between the InN epilayer and the top buffer layer is responsible for improvement
of sample quality using the buffer-layer technique. © 2007 American Institute of Physics.

[DOL: 10.1063/1.2817826]

I. INTRODUCTION

The wide band-gap, group-III nitride compounds have
recently attracted much attention because of the applications
from the ultraviolet to the near infrared region by proper
alloying. Among the group-III nitride semiconductors, InN
has attracted extensive attention due to its unusual physical
properties and potential applications in optoelectronic de-
vices such as light-emitting diodes, lasers, high-speed elec-
tronics, and high-efficiency solar cells." With the improve-
ment of growth techniques in the past few years, high-quality
InN epilayers grown by molecular-beam epitaxy (MBE) and
metalorganic vapor phase epitaxy (MOVPE) are now readily
available. However, the growth of high-quality InN is still
difficult, due to the low dissociation temperature, the high
equilibrium vapor pressure of nitrogen, and the lack of suit-
able lattice-matched substrates. Among various substrates,
sapphire has been widely used for the heteroepitaxial growth
of InN, even if it has an insulating property and a large
lattice mismatch with InN (~25%). On the other hand,
Si(111) can be the best substrate to grow InN because it
offers many attractive advantages such as the smaller lattice
mismatch (~8%), good doping properties, and thermal con-
ductivity. If the Si substrate can be utilized in growing high-
quality InN, various optoelectronic devices onto Si-based in-
tegrated circuits could be developed in the future. The InN
epilayers on Si substrates has been grown recently by
MBE,*™® metalorganic ~ chemical vapor  deposition
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(MOCVD),”"® or magnetron sputter deposition.'" The
growth parameters such as the substrate temperature, nitrida-
tion temperature, and orientation have been investigated to
optimize sample quality.s’s’lo One way to improve the quality
of InN epilayers is to insert the intermediated buffer layers
between the substrate and InN epilayers. Different types of
buffer layers, such as the low-temperature InN,9 GaN,9
AlN,4’8’10 and the AIN/Si;N, double layer,6’7 have been
found to be critical parameters to grow high-quality InN ep-
ilayers. In this work we performed a study on the photolu-
minescence (PL) properties of the InN epilayers grown on Si
substrates with different buffer layers. As a result of these
investigations, we found that the best quality of InN epilay-
ers on a Si substrate is obtained using the AIN/AlGaN/GaN
triple buffer layer.

Il. EXPERIMENT

The InN epilayers were grown by a home-made atmo-
spheric pressure MOCVD system with a vertical reactor. The
liquid MO compounds of trimethyl gallium (TMG), trim-
ethyl amine (TMA), trimethyl indium (TMI), and gaseous
NH; were employed as the reactant source materials for Ga,
Al, In, and N, respectively, and H, was used as the carrier
gas. The substrate used in this experiment was cut from a
(111)-oriented Si wafer. These wafers show n-type conduc-
tivity with a carrier concentration of around 10'7 ¢m™. Prior
to growth, the Si (111) substrate was etched by boiling it in
H,SO,4:H,0,=3:1 for 15 min and then dipped in a Hartree—
Fock (HF) solution (HF: H,O=1:10) for 15 s to remove
native oxide formed on the surface. For the triple buffer layer

© 2007 American Institute of Physics
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FIG. 1. (Color online) Measured (circles) and calculated (solid line) PL of
the three InN samples with different buffer layers: (a) AIN single buffer
layer (sample A); (b) AIN/GaN double buffer layer (sample B); (c) AIN/
AlGaN/GaN triple buffer layer (sample C).

sample (sample C), the AIN, AlGaN, and GaN were grown in
sequence at 1130 °C for a total growth time of 18 min using
a TMA flow of 23 sccm, a TMG flow of 5 sccm, and a NH;
flow of 2.74 slm, respectively. For the double (single) buffer
layer sample, only the AIN/GaN (AIN) buffer layers were
grown, which has been assigned as sample B (sample A).
Finally, the low- and high-temperature epitaxy InN layers
with a total thickness of approximately 230 nm were grown
at 440 and 620 °C, respectively.

The PL measurements were obtained using a diode laser
operating at a wavelength of 976 nm as the excitation source.
The collected Iuminescence was directly projected into a
grating spectrometer and detected with an extended InGaAs
detector. The diode laser produces light pulses with 50 ps
duration and a repetition rate of 1 MHz. The PL decay sig-
nals were measured using the technique of time-correlated
single-photon counting. The overall temporal response func-
tion of the system is 250 ps.

lll. RESULTS AND DISCUSSION

The 10 K PL spectra of the InN epilayers on Si with
different buffer layers are shown in Fig. 1. Each spectral
shape of the main emission line is asymmetric, having a
sharp slope at the high-energy side and a broad tail on the
low-energy side of the spectrum. It is found that the full
width at half maximum (FWHM) of the PL is 79, 61, and 52
meV for the InN epilayers with the AIN single buffer layer
(sample A), the AIN/GaN double buffer layer (sample B),
and the AIN/AlGaN/GaN triple buffer layer (sample C), re-
spectively. This observation reveals that the quality of InN
epilayers can be greatly improved by using the AIN/AIGaN/
GaN triple buffer layer in the heteroepitaxial growth of the
InN on the Si substrates. The FWHM of the PL peak for the
triple buffer layer InN epilayers is better than previous re-
ports on similar InN epilayers on Si substrates.”'”

The shape of the PL band can be analyzed according to
the following expression:12

I(fiw) ~ [fiw = E((n)]f(fiw = Eg(n) - Ey), (1)

where E; is the Fermi energy, n is the fitting carrier concen-
tration, E,(n) is a carrier-concentration-dependent band gap,
f is the Fermi—Dirac function, and 7y is the parameter that
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FIG. 2. (Color online) E,(n) as a function of the carrier concentration for the
InN epilayers (closed squares). ng is 1 X 10'® cm™. The solid line is a fitted
curve using Eq. (2).

involves the relaxation of the momentum conservation law in
the interband transitions.'? The solid lines in Fig. 1 show the
fitted PL spectra of InN with different buffer layers accord-
ing to Eq. (1), revealing a good agreement between the fit-
ting curves and the experimental data. The closed squares in
Fig. 2 show the parameter E (n) as a function of the carrier
concentration. It reveals a nearly linear dependence on n'3,
in agreement with the previous result.'? This empirical rela-
tion can be described by the following expression:

E(n) ==11.1(n/10"%)'" + 0.666, (2)

plotted as a solid line in Fig. 2. By extrapolating E,(n) to the
limit electron concentration, we obtain a band-gap energy of
0.666 eV for intrinsic InN. This value is within the range of
the band-gap value of 0.6-0.8 eV in recent reports.m_16

The carrier concentrations of the InN samples with dif-
ferent buffer layers were obtained from the Hall-effect mea-
surements at room temperature. The carrier concentrations of
1.8 X 1029, 8.8 X 10'%, and 4.1 X 10" c¢m™3 were obtained for
the InN samples A, B, and C, respectively. The carrier con-
centrations are decreased monotonously, demonstrating that
the quality of the InN epilayers can be improved using the
buffer layer technique. Figure 3 displays the PL decay pro-
files of the InN epilayers with different buffer layers. The PL
transient profiles are found to be a single exponential decay
and can be fitted by the function I(r)=1I, exp(—t/ 1), where 7
is the carrier lifetime, one of the crucial indicators of the
materials quality. The carrier lifetime increases from sample
A to C, in agreement with the Hall-effect measurements and
demonstrating again the best quality of our investigated InN
epilayers is sample C.

Intensity (a.u.)
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FIG. 3. PL decay profiles of the three InN samples with different buffer
layers: (a) sample A; (b) sample B; (c) sample C.
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The open circles in Fig. 4 show the emission-energy de-
pendence of lifetime 7 for the InN epilayers with different
buffer layers. The decrease of the lifetimes with increasing
emission energy is a characteristic of the localization effect.
The combination of recombination and transfer has been
modeled by assuming the density of localized tail states is
proportional to exp(—E/E,), where E| describes the amount
of spreading in the density of states.'™'® The relationship
between lifetime 7{E) and PL energy E can be described by
the function'”"®

Trad
, 3
1 +expl(E-E,,) E] ®)

nE) =

where 7,4 is the radiative lifetime and E,,, is defined by a
definite energy for which the decay time equals the transfer
time. 7(E) fitted by Eq. (3) are plotted with the solid lines in
Fig. 4. The good fits to experiments confirm the existence of
carrier localization. E, here is a measure of average localiza-
tion energy in InN. The open squares in Fig. 5 plot E, for
three InN samples with different buffer layers. E, decreases
monotonically from sample A to C. Recent studies reveal
that carrier localization in InN is associated with the poten-
tial fluctuation of the randomly located impurities.m’ls’19 In
heavily doped semiconductors such as InN, the inhomoge-
neous impurity distribution may produce a density-of-state
tail by electron-impurity interactions. Such a band tail local-
izes the photogenerated carriers and can be treated as
acceptor-type centers, distributed above the top of the va-

11

E, (meV)

Sample

FIG. 5. Localization energy E, obtained from Eq. (3) (closed squares) of
three samples. The line is a guide to the eye.

lence band. The localization energy of carriers has been cal-
culated based on the localized holes in the tail states, dem-
onstrating that carrier localization in InN originates from the
potential fluctuations of randomly located impurities.19
Therefore, the decrease of E in Fig. 5 implies that the po-
tential fluctuation of randomly located impurities is reduced
from sample A to C.

To investigate the origin of the sample improvement by
using the buffer layer technique, the structural properties of
the studied InN epilayers were investigated. Figure 6 shows
the #-26 x-ray diffraction (XRD) spectra of the InN epilayers
with different buffer layers. The observed diffraction lines
exhibited dominant (0002) a-InN reflection at ~31° for all
samples, revealing that the InN epilayers mainly consisted of
the hexagonal InN phase. From the observed (0002) diffrac-
tion the lattice constant ¢ can be obtained. The inset of Fig. 6
plots the lattice constant ¢ obtained from the XRD for the
investigated samples, including a previously reported value
of a bulk crystal.20 Among the three kinds of buffer layers,
sample C (sample A) shows the closest (farthest) lattice con-
stant to the value of the bulk crystal. The difference in lattice
constant is attributed to the residual strain that remains in the
InN, originating from lattice mismatch between the InN ep-

-
=
E [ |
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=
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»
1
31.0 315 32.0 325
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FIG. 6. (Color online) XRD patterns of three InN samples with different
buffer layers: (a) sample A; (b) sample B; (c) sample C. Inset: Lattice
constant ¢ determined by the XRD for various InN samples (closed squares).
The literature value of a bulk InN crystal is given for comparison (open
circle).
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FIG. 7. XTEM images of the three InN samples with different buffer layers:
(a) sample A; (b) sample B; (c) sample C.

ilayers and the top buffer layer. It is known that a large lattice
mismatch will lead to defects or misfit dislocations in the
epilayers. Therefore, better optical properties for sample C
are attributed to the lesser lattice mismatch between the InN
epilayer and the top buffer layer. Figure 7 shows the cross-
sectional transmission electron microscopy (XTEM) images
of the InN epilayers with different buffer layers. Irregular
cracking or discontinuity of the epilayers can be observed in
sample A [Fig. 7(a)]. Sample B exhibits a continuous layer
but there are indium clusters visible within the crystal, as
reported previously.ZI Sample C has a coalescence layer, and
no precipitates or clusters are observed. The results of the
XRD and the TEM are thus in good agreement with those
results obtained from the PL and time-resolved PL.

IV. SUMMARY

The optical and electrical properties of the InN epilayers
on Si with different buffer layers were studied. The narrow-
est value of the FWHM of the PL peak is 52 meV with the
AIN/AlGaN/GaN triple buffer layers, which is smaller than
that of the AIN single buffer layer and better than previous
reports on similar InN epilayers on Si substrates. In the
emission-energy dependence of time-resolved experiments,
the depth of the localized states (the potential fluctuation of
randomly located impurities) is also smallest for the InN
epilayers with the AIN/AlGaN/GaN triple buffer layer. Based
on the XRD measurements, we suggest that improvement of

J. Appl. Phys. 102, 113514 (2007)

the optical properties in the InN epilayers by the AIN/
AlGaN/GaN triple buffer layer is attributed to the reduced
lattice mismatch between the InN epilayer and the top buffer
layer.
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