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Abstract
We studied the optical and electrical properties of InN epilayers with rapid
thermal annealing (RTA). The intensity of the photoluminescence (PL) and
the carrier mobility were found to increase as the temperature of RTA was
increased. We suggest that the formation of compensating acceptors (indium
vacancies) after RTA is responsible for the improvement of the quality in InN.
The dependence of the PL emission peak on carrier concentration provides a
possible method for estimating the carrier concentration in degenerate InN.

(Some figures in this article are in colour only in the electronic version)

InN has attracted extensive attention due to its unusual physical properties and potential
applications in optoelectronic devices such as light-emitting diodes, lasers, high-speed
electronics, and high-efficiency solar cells [1–3]. In recent years, advanced growth techniques,
such as molecular beam epitaxy (MBE) and metalorganic vapour-phase epitaxy (MOVPE),
have been tried in order to grow high-quality InN. However, the growth of device-quality InN
epilayers is still difficult, because of the unintentional defects or/and impurities during the
epitaxial growth. Due to the low growth temperature, the high equilibrium vapour pressure of
nitrogen, and the lack of suitable lattice-matched substrates, residual electron concentrations of
around 1017–1020 cm−3 are observed in InN [4]. The theoretical mobility calculated for InN
at room temperature is as high as about 14 000 cm2 V−1 s−1 [5]. Therefore, there appears
to be room for improving the material quality of InN. Post-growth annealing is used on
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Figure 1. RTA temperature (TRTA) dependence of carrier concentration and Hall mobility for InN
epilayers. The lines are guides to the eye.

semiconductors to eliminate the nonradiative defects and improve sample quality. The effects of
annealing on the optical properties of InN have recently been investigated [6, 7]. The annealing
results in a decrease of carrier concentration as well as a redshift and a line-width narrowing
of the photoluminescence (PL) band. These observations have been explained by a decrease
of defects [7]. However, the detail of the mechanism for the improvement by annealing is still
not very clear. Rapid thermal annealing (RTA) is known to be another effective treatment to
improve the electrical and optical properties in semiconductors. The effects of RTA on nitride
semiconductors have been studied recently [8]. It has been treated in GaN for activating the
dopants and optimal electrical properties in the implanted layers. In addition, RTA has been
used to homogenize the nitrogen composition fluctuations and reduce the grown-in nonradiative
defects in GaNx As1−x/GaAs structures [9, 10]. To date, little attention has been given to the
effects of RTA on InN. Only one paper studied the morphology and surface properties of InN
with high-temperature RTA [11].

In this letter, we present the effects of RTA on optical and electrical properties in InN
epilayers. PL and Hall-effect measurements were employed to probe the properties of InN
after RTA. It is found that the PL intensity and the carrier mobility increase as the temperature
of RTA (TRTA) is increased. The mechanism for the RTA-induced improvement of quality in
InN is discussed.

The samples investigated were grown on sapphire substrates by metalorganic vapour phase
epitaxy (MOVPE). The details of the growth method are described elsewhere [12]. Before the
InN was grown, a low-temperature GaN nucleation layer was deposited, followed by growth of
a GaN layer. Trimethyl-indium (TMI) and NH3 were used as sources and N2 was used as the
carrier gas. An InN layer with a thickness of around 150 nm was grown on the GaN buffer layer.
RTA treatment was performed with an annealing time of 30 s and a ramp rate of 30 ◦C s−1 at
temperatures of 200, 300, 400, 500, and 600 ◦C. The carrier concentrations of the InN samples
with different RTA temperatures were obtained from the Hall-effect measurements at room
temperature, displayed as the open squares in figure 1. The electron concentration decreases as
the RTA temperature (TRTA) is increased. The PL measurements were performed using a pulsed
diode laser operating at a wavelength of 976 nm as the excitation source. The time-integrated
luminescence was collected by a spectrometer and detected using an extended InGsAs detector.

Figure 2 shows the PL spectra of InN before and after RTA. The peak intensity is
substantially increased and the peak energy is shifted toward the lower energy side as TRTA
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Figure 2. PL spectra of InN epilayers after RTA at 10 K: (a) as-grown; (b) RTA at 200 ◦C; (c) RTA
at 300 ◦C; (d) RTA at 400 ◦C; (e) RTA at 500 ◦C; and (f) RTA at 600 ◦C.
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Figure 3. TRTA dependence of the PL intensity for InN epilayers. The line is a guide to the eye.

is increased. Moreover, the full width at half maximum (FWHM) of PL decreases from
180 meV in the as-grown samples down to 60 meV for the InN annealed with TRTA = 500 ◦C.
Figure 3 displays the PL intensity of InN after RTA, revealing a pronounced enhancement
(twenty times) in the PL intensity. A similar trend has been found for the carrier mobility of
InN after RTA. The open triangles in figure 1 display the carrier mobility of the InN samples
versus TRTA. The carrier mobility increases from 540 cm2 V−1 s−1 in the as-grown samples
up to 980 cm2 V−1 s−1 for the InN annealed with TRTA = 500 ◦C. Apparently, the optical and
electrical properties are improved with treatment of RTA. This improvement may make InN
particularly useful for developing electronic and optoelectronic devices.

To investigate the effect of RTA on the structural properties of InN, scanning electron
microscopy (SEM) and energy dispersive x-ray (EDX) measurements have been performed.
Figures 4(a) and (b) display the SEM micrograph of InN epilayers before and after annealing at
TRTA = 500 ◦C, respectively. As shown in figure 4(b), there is a ‘black region’ (local defects)
visible on the micrograph for the InN with annealing at TRTA = 500 ◦C. Another black region is
observed after the annealing of InN at TRTA = 600 ◦C. EDX measurements examined the black
region and found that it contained a greater atomic percentage of indium than others region on
the InN surface. The presence of excess indium may simultaneously correlate with some kinds
of native defects in InN. We suggest that the process of RTA results in a migration of indium
atoms to the black region, leading to the formation of indium vacancies (VIn) in the empty sites.
The presence of excess indium atoms on the black region can thus be accompanied with the
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Figure 4. (a) SEM micrograph of the as-grown InN epilayers, (b) SEM micrograph of the InN
epilayers annealed at TRTA = 500 ◦C. The ‘black region’ is marked by the arrow.

formation of indium vacancies in other regions of the InN sample. Therefore, the concentration
of indium vacancies increases as TRTA increases since the black region increases with TRTA. The
indium vacancy formation in InN has been reported very recently [13]. The indium vacancy
formation has been demonstrated to be enhanced as the growth temperature increases [13],
similar to our argument. It is known that the indium and nitrogen vacancies create acceptor
and donor states, respectively. If we consider that the nitrogen vacancies are the major cause
of n-type conductivity in InN [1], then the decrease of the carrier concentration for InN with
RTA can thus be explained by the enhanced compensation of the nitrogen and indium vacancies
after the RTA. The enhancement of the PL intensity and carrier mobility for the InN after RTA
is also an expected effect since the positively charged nitrogen vacancies, which act as electron
scattering centres, are decreased after introducing the compensating acceptors.

The shape of the PL band in figure 2 was analysed according to the following
expression [6]:

I (h̄w) ∼ [h̄w]γ /2 f (h̄w − Eg(n) − EF), (1)

where EF is the Fermi energy of the degenerate electrons, n is the electron carrier concentration
(expressed in cm−3), Eg(n) is a carrier-concentration-dependent band gap which approaches
the band gap Eg(n) → Eg at vanishing concentration, f is the Fermi–Dirac function, and γ is
a parameter involving the relaxation of the momentum conservation law in interband transitions
(2 � γ � 4 for InN) [6]. The solid lines in figure 5 show the fitted PL spectra of InN with
different TRTA according to equation (1), revealing a good agreement between the fitting curves
and experimental data. The agreement of the fits in figure 5 indicates that the variation of carrier
concentrations is responsible for the changes of PL band for the InN after RTA. The open circles
in figure 6 show the parameter Eg(n) as a function of carrier concentration. It reveals a nearly
linear dependence on n1/3, in agreement with the previous result [6]. This empirical relation
can be described by the following expression:

Eg(n) = −0.0224(n/1018)1/3 + 0.675 eV, (2)

plotted as a solid line in figure 6. By extrapolating Eg(n) to the limit of zero electron
concentration, we obtain a band gap energy of 0.675 eV for intrinsic InN. This value is within
the range of the updated band gap value of 0.6–0.8 eV [14–17].

The open circles in figure 7 plot the electron concentration dependence of the PL peak
energy EPL. It is found that the peak energy increases as the electron concentrations increase.
The PL peak energy can be estimated from the Fermi energy EF and Eg(n) [14]:

EPL = EF + Eg(n). (3)
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Figure 5. Measured (circles) and calculated (solid line) PL for the InN epilayers with different
TRTA: (a) as-grown; (b) TRTA = 300 ◦C; (c) TRTA = 400 ◦C; and (d) TRTA = 500 ◦C.
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Figure 6. Eg(n) as a function of carrier concentration for InN epilayers (circles). n0 is
1 × 1018 cm−3. The solid line is a fitted curve using equation (2).

By assuming an isotropic electron band, the Fermi energy EF can be described by [15]:

EF = 3.58

(
m0

me

) ( n

1018

)2/3
, (4)

where m0 is the free electron mass and me is the effective mass of an electron. Taking the value
of me to be 0.1 m0 [6], the concentration dependence of the PL peak energyEPL calculated from
equations (2)–(4) is plotted as the dashed line in figure 7. As seen from the figure, the dashed
line is not appropriate to describe the concentration dependence of the PL peak energy. We
attribute the discrepancy to the nonparabolicity of the conduction band since InN is a narrow
band gap semiconductor. To consider the nonparabolicity effect an additional fitted term scaled
as a 4/3 power of the carrier concentration has been included in the analysis:

EPL = 3.58

(
m0

me

) ( n

1018

)2/3 − 1.2 × 10−27n4/3 + Eg(n). (5)
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Figure 7. The measured concentration dependence of the PL peak energy (circles). The dashed line
is the calculated curve according to the parabolic band. The solid line is the calculated curve with
nonparabolicity correction included.

The solid line in figure 7 plots the fitted result according to equation (5), which agrees closely
with the experimental results. These results demonstrate that the nonparabolicity must be taken
into account in calculations of the PL peak energy for InN. Moreover, the established curve of
the PL peak energy versus carrier concentration (equation (5)) provides the possibility for using
the PL spectrum to estimate free carrier concentration in degenerate InN.

In summary, optical and electrical properties of the InN epilayers with RTA were
investigated. The improvement of InN quality after RTA is evident from the decrease of carrier
concentration as well as the increase of carrier mobility and PL intensity. These observations
were explained by the formation of the compensating acceptors (indium vacancies) after RTA.
The improvement of carrier mobility and PL intensity by RTA may make InN particularly
useful for further development of electronic and optoelectronic devices. From the fit of the
PL lineshape, we determined a band gap energy of 0.675 eV for intrinsic InN. In addition, the
dependence of carrier concentration on the PL can be used to estimate the carrier concentration
in degenerate InN.

This project was supported in part by the National Science Council under grant Nos NSC 94-
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