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Student : Chi-Jen Li Advisor . Dr. Wu-Ching Chou

Institute of Electrophysics

National Chiao Tung University

Abstract

In this thesis, micro-photoluminescense (u1-PL) and absorption were
employed to investigate the optical-properties of InN epilayers. The effect
of rapid thermal annealing on the physical properties of InN epilayer was
also studied. The PL and absorption edge of InN epilayers blueshift due
to the Burstein-Moss effect when the carrier concentration increases. The
photoluminescence lineshape of InN epilayer were highly asymmetry
because the photoluminescence origin involved the electron to the deep
and shallow acceptor transition. In addition, temperature dependence of
the integrated PL intensity of InN epilayers was investigated. Two
activation energies were obtained from the Arrhenius plot. We ascribe
them to the binding energy of deep acceptor (Ey) (50~55 meV) and
shallow acceptor (E;) (5~10 meV), respectively.

We also found that the rapid thermal annealing significantly decreases

the carrier concentration of InN epilayers as well as the full width at half

il



maximum (FWHM) of PL bands. Besides, the integrated PL intensity
also increases by the RTA treatment. In our typical PL spectra, highly
asymmetric line shape was observed. The emission line-shape became
symmetric after the annealing treatment because the deep acceptor

transition was suppressed.
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Chapter 1 Introduction

InN is the least studied material of Ill-nitride, which is currently
attracting intense interests. The band gap of wurtzite InN was believed to
be about 1.9~2.0 eV in the early years [1]. But in recent reports, the
controversy of InN band gap was resolved and was accepted to be about
0.7 eV [2-4]. The discrepancy in the InN band gap might be attributed to
the strong Burstein-Moss effect due to the high unintentional doping
concentration [5,14]. The sources of the high density of background
carrier concentration commonly “observed for this material is also
unconfirmed. Several suggestions of high ‘carrier concentration sources
for InN grown by different growth techniques are: (i) oxygen atoms on
nitrogen site [6]; (i1) hydrogén incorporation [7]; (ii1) nitrogen vacancies
[8]; (iv) nitrogen anti-site [9]. Compared with AIN and GaN, it is more
difficult to grow high-quality InN films due to the low dissociation
temperature and the extremely high vapor pressure of nitrogen for InN.
Efforts were devoted to improve the growth techniques in order to have
better quality of InN. InN epilayers of better crystal quality with carrier
concentrations below 10''~10" cm™ and mobility of about 2100 cm?/Vs
were produced [10,11]. Thermal annealing was also employed to further
improve the crystal quality [10,12].

Photoluminescence (PL) experiment is usually used to evaluate the
crystal quality and investigate the nature of the recombination processes.
Recent studies of InN showed that the PL spectrum exhibits one broad

band with a highly asymmetric line-shape. The asymmetric line-shape is



ascribed to the emission of two recombination processes. One is related to
the transition of degenerate electrons to the shallow acceptors with the
binding energy of 5 ~ 10 meV and the other is attributed to the
recombination of degenerate electrons with the holes trapped by deep
acceptors with binding energy of 50 ~ 55 meV [13]. These experimental
data and model calculation provide us a deeper understanding of physical
properties of this material.

However, the investigation of sources of deep acceptor and shallow
acceptor on InN epilayers is still lack. Thus, in order to understand the
role of deep acceptor and shallow;, acceptor. The study of the effect of
rapid thermal annealing on .the, physical. properties of InN could give us
another aspect of view to realize the influénce of deep acceptor and
shallow acceptor.

There are five chapters in this thesis. Theoretical back ground is
briefly described in chapter 2. The experiment setups of
photoluminescence and sample preparations as well as operation
procedures of rapid thermal annealing (RTA) are presented in chapter 3.
In chapter 4, we discuss the results of low-temperature and
temperature-dependence micro-PL spectra of the RTA InN epilayers.

Finally, we summarize the experimental results in Chapter 5.



Capter 2 Theoretical background

When the incident photon energy is larger than the semiconductor band

gap, the electrons can be excited from the valence band to conduction

band. The photon was emitted when an electron in an excited state drops
down into an empty state in the lower energy state. For this to be possible,
we must first inject electrons, which then relax to the state where the
emission occurs. This could be the bottom of the conduction band, but is
might also be a discrete level. If the defect or impurities exist in the
semiconductor, the electron-hole pairs may be attracted by them to
produce defect bound excitons. However there are also non-radiative
recombination paths that -do mot-emit, photons so that the emission
efficiency will be reduced. The. fundamental radiative transitions and

non-radiative recombinations are described as follows:

(A) Radiative transtion

( I ) band to band transition

Band-to-band transitions involving free electrons and holes. Such
transitions usually occur in direct-bandgap materials, such as III-V
compounds, between C- and V-bands with conservation of momentum.
The e-h pairs will recombine radiatively with a high probability. As
shown in Fig. 2-1.

The total e-h recombination rate is given by

R= j R(hv)d(hv)~np



Where n, p is the electron and hole concentration respectively, h is Plank

s constant, v is the frequency of emitted photon. It is the higher free
carrier, the higher recombination.
(IT) Donor acceptor pair recombination (DAP)

Transition between donors and acceptors level. The electrons and
holes can be created at the D" and A site to produce neutral D and A’
centers. In returning to equilibrium, some of the electrons on the neutral

donors will recombine radiatively with holes on the neutral acceptors. It

can be represented by the reaction,
D°+A%> hp D A

It can emit photon with an energy as described by the following formula:

2
e

E,.» =hv:Eg—(ED+EA)+

* RDAP

Where Ep and E4 are the binding energies of donor and acceptor,
repectively, e the charge, € the dielectric constant of the material, and Rpa

the donor-acceptor separation.
(IIT) Exciton transition

The Coulomb interaction between the conduction band electrons and
the valence band holes will result in the formation of the bound
electron-hole pairs, that 1s called *“ exciton ”. The exciton is analogous to
“positron atom” — electron bound to a positron, and this quasi-particle
(exciton) is electrically neutral. In most II-IV III-V semiconductors, the
exciton radius (Bohr radius) is large comparison with the length of the
lattice unit cells, they called “Wannier excitons”. On the other hand, if the

radius of the excitons is on the order of or smaller than an atomic unit cell,



the excitons are called “Frenkel excitons(FE)”. The energy of free

excitons is given by

E - 27 m’ e’
n h282n2
Where m* is the reduced mass, n the quantum number, € the dielectric

constant. The FE result in a lowering of the total energy of the e-h pair as

hv=E, +E, However, some of several possible mechanisms leading to

non-radiative transition.
(B) Non-radiative transition
Several non-radiative transitions that complete with the radiative
transition to reduce the emission intensity efficiency. They are ascribed as
follows:
(I) The e-h pair is scattered by the phonon or carriers.
(IT) The e-h pair recombines at‘defects, dislocations etc.
(IIT) The e-h pair loses energies by the Auger process, that involves the

core level transition.
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(a) Direct transition
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(b) Indirect transition

Fig. 2-1 Schematic representations for the (a) direct and (b) indirect
transition.



Chapter 3 Experiment

In this chapter, we describe the sample preparations of the InN
epilayers and the experiment set up including micro-photoluminescence

(u-PL) spectroscopy and the transmission.

3.1 Sample preparations

The InN epilayers were grown on GaN/sapphire and InGaN/sapphire
(0001) substrates by AIX 200/4 RF-s horizontal-reactor metal-organic
vapor phase epitaxy (MOVPE) system. Trimethylgallium (TMGa),
trimethylindium (TMIn) and NH; were used as the source precursors of

Ga,In,N,respectively. The quality of InN epilayer samples were controlled
by varying the substrate temperatures (T,) from 600°C and 625 C and

InN layer thickness of 500nm. Samples were fabricated at different Ts
with TMIn (360 sccm) and NH; (15000 sccm). The Hall measurement on
these InN epilayers shows an unintentional doping. The InN epilayer was
grown on InGaN/sapphire (0001) with same layer thickness of 500 nm in
order to decrease the carrier concentration and improve quality. The data
are list in Table I sample parameters. A schematic diagram of the sample
structure was shown in Fig. 3-1. The as-grown InN wafer samples was

divided into eleven samples with the same area. They were annealed at

different temperature from 450°C~ 750°C with the anneal time of 30s.

The rapid thermal annealing system was shown in Fig.3-2.



Sample

A

B

Table I Sample parameters

° rrier concentration i
Tg(C) Carrier concentratio InN Thickness

(cm-3) (nm)
600 1.3x1019 500
625 1:1x1019 500

625 4.8%1018 500



InN (500nm)

HT-GaN (1000nm)

LT-GaN

Sapphire (0001)

(a) Sample A and B

InN (500nm)

InGaN(1000nmm)

LT-GaN

Sapphire (0001)

(b) Sample C

Fig. 3-1 Schematic diagram of sample structures: (a) sample A and B (b)
sample C.
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Fig. 3-2 Experimental setup of rapid thermal annealing.
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3.2 Measurement techniques

(a) Micro-photoluminescence (u-PL) system

The micro-PL system incorporated an Olympus optical microscope.
A schematic of set-up is shown in Fig. 3-3. The He-Cd laser opterating at
442-nm lines was used as the excitation light source with the output
power about 95 mW. The beam was reflected by two mirror and then
incident into the microscope, passing through a beam splitter and focused
by the long working distance near-IR" 50X objective lens (Mitutoyo NIR
50X, N.A. = 0.42). The luminescence :signals were collected by the

objective lens and reflected by the beam :splitter. The signals were

focused by the lens, with a' spot size-= Sum and reflected by two

UV-enhance mirrors again. Finally, the PL signals were sent into the
monochrometer (ARC Pro 500) and InGaAs photodetector. The signals
were amplified by the standard lock-in amplifier (Stanford SR530) and
Acton Spectra Hub.

Low-temperature micro-PL measurement was carried out using a
closed cycle cryogenic system (APD HC-2D). In this thesis, we will

investigate the rapid thermal annealing effect.

(b) The transmission system.
For the transmission measurements, the sample was mounted on
the sample holder of a closed-cycle cryostat. A broad band

tungsten-halogen lamp was used as a light source. The incident beam was

11



focused on the sample by the coupling lens. Optical signals were sent into
the monochrometer (ARC Pro 500) and InGaAs photodetector.

Experimental setup is shown in Fig. 3-4.

12
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Fig. 3-3 Micro-PL system.
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Fig. 3-4 Experimental setup for transmission measurements.
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Chapter 4 Results and Discussion

In this chapter, we used the photoluminescence (PL) spectra and
absorption spectra to study the optical properties of InN epilayers with
carrier concentration in the range from 4.8x10'¢m™to 1.3x10"”cm™ and

the effects of rapid thermal annealing.

4.1 Emission and absorption properties of InN epilayers

Fig. 4-1 shows the photoluminescence and absorption spectra of n-InN
samples with carrier concentration from 1:3x10" to 4.8x10"%cm™. As the
carrier concentration increases, the PL peak energy (0.741~0.798 eV) and
optical absorption edge (0.751~+0:824-e¢V,) shifts toward higher energy, at
the same time the full width"at-half maximum (FWHM) (67~89 meV)
increases. These phenomena were attributed to the strong Burstein-Moss
effect. In addition, the PL line shape is highly asymmetric, and it can be
explained by the existence of the deep acceptors and shallow acceptors
[13]. Furthermore, in degenerate semiconductor, the absorption process is
attributed to the transition from the valence band states to the Fermi
surface of conduction band. Consequently, the absorption edges are larger
than the PL peak energies as shown in Fig. 4-1. In order to understand the
relationship between the absorption edge and the carrier concentration,
our experimental values were compared with the theoretical calculation in
Fig. 4-2. The solid line is the calculated band gap assuming a
non-parabolic dispersion for the conduction band and including the

band-renormalization effects [14]. The solid circles in Fig. 4-2 are

15



experimental data observed by J. Wu et al [14] and the open squares are
absorption edges of our samples at room temperature. Our experimental

data are consistent with the theoretical ones.

16
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Fig. 4-1 PL (solid lines) and absorption (dashed lines) spectra of InN

epilayers measured at low temperature.
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| @ Experiment data from reference [14]

1.1

D Our data

E (eV)

Fig. 4-2 The relationship between absorption edge and the carrier
concentration compared with the theoretical calculation

given in reference. Open squares are our data.
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4.2 Rapid thermal annealing on InN epilayers

In this section, we study the effects of rapid thermal annealing (RTA)
on the optical properties of InN epilayers. In order to understand the RTA
effects, we used the PL spectroscopy to study the optical properties of
InN before and after annealing. Fig 4-3(a) to (c) show the PL spectra of
the InN epilayer after annealing compared with that of as-grown samples.
We observed a PL peak energy red-shift, a decrease in FWHM and an
increasing integrated PL density as the RTA temperature was increased.
The peak energy red-shifts from 0.798 to 0.710, 0.763 to 0.696, and 0.741
to 0.664 eV for sample A, B and C, respectively. The FWHM decreased
from 106 to 60 meV, 70 to 30 meV and 67 to 44 meV for sample A, B and
C, respectively. We further use two Gaussian' functions to fit the PL line
shape and the energy difference between these two fitting peaks coincides
with the energy difference between the deep acceptor and shallow
acceptor. Consequently, the decreasing of FWHM could be attributed to
the suppression of deep acceptor as shown in Fig. 4-4. The decreasing of
FWHM and the increasing of PL integrated intensity indicated that the
improvement of the optical quality due to suppressed the deep acceptor
transition and reducing the non-radiative center and the rearrangement
mechanism of crystallites in the InN epilayer [10, 12]. In order to further
study the mechanism of PL spectra and carrier quenching, we compare

the temperature dependence of integrated PL intensity of the as-grown
and the rapid thermal annealing at 650°C of sample B as shown in Fig.

4-5. These data can be theoretically fitted by the Arrhenius equation. The

solid line is the fitting of Arrhenius equation [15], involving two

19



activation mechanisms as follows:

IO
-E /k,T —E ,/k,T
1+Ce """ +C,e """ 2

I(T) =

where, I(T) and [, are the respective integrated PL intensities at
temperature T and 10 K, C; and C, are fitting constant, and E,; and E,;
are the thermal activation energies which domain at the low and high
temperature region respectively. From the fitting results , we obtained that

the activation energy at the low temperature range (E,;) is around 7~8
meV for the as-grown and annealing sample at 650°C respectively. The

result is consistent with the repotted shallow acceptor binding energy (E.;)

of about 5~10 meV. E,,is 61 mev for the as-grown sample and 57 meV

for the RTA sample at 650°C at high temperature range. The result was

also close to E,;, of about 50 =55 meV which was identified as the
transition from the degenerate electrons to the deep acceptors. The
activation energy may be attributed to holes thermally de-trapped from
the shallow or deep acceptor states into valance band [13].

In order to futher identify the mechanism of spectra variation, Hall
measurement was carried out for sample B as shown in Fig. 4-6(a). It
clearly reveals that the annealing treatment partly improves the electrical
properties, especially for carrier concentration. The carrier cocentration

decreases from 1.1x10" cm™ to 2.8x10'® cm™ for the as grown and the

RTA sample at 650°C respectively. The result is consistent with the

absorption edge measurement for different RTA temperature as shown
Fig. 4-6(b). Typical absorption curves (square of absorption coefficient

versus photon energy) are shown in the insert of Fig. 4-6(b). To explore

20



the effect of carrier concentration on the absorption edge, the absorption
edge was plotted as a function of carrier concentration with a theoretical
calculation represented by a solid curve in Fig. 4-7. Our experiment data
are consistent with the theoretical prediction.
The dependence of Fermi surface in the conduction band on the
carrier concentration was also studied. The Fermi energy of the parabolic

electron band [16, 17] can be described as follows:

2

m, n 3
- )(1018)

e

E, =3.58

where m, 1s the effective mass of anelectron, m, is the free-electron mass
and Er is Fermi energy. Assuming the effective mass linearly increases as

[18],

my=m (1+(E<E,)/ E,)

where m is the electron effective mass at the I' point, and E, is the
kinetic energy at which the effective mass doubles. The dependence

Fermi energy on carrier concentration can be then expressed as

E, =E,{[(3.58/E,)m, /m )Yn/10" " +1/41"2 =1/ 2}

This equation considers the non-parabolic band through the use of the
liner dependence of effective mass.

- - 19 -3
For sample B, the carrier concentrations are n = 1.1x10"”" ¢cm™ and n =

2.8x10'" em™ for the samples of as grown and RTA at 650°C, respectively.

Their respectively calculated Fermi energies (Er) are 185 meV and 99

meV. The difference in Fermi energies is 86 meV, which is approximate

21



to the difference of optical absorption edge, 81meV, between as grown
and RTA at 650°C of sample B. This result further corroborates the fact

that the energy difference in absorption edge is due to the Burstein-Moss

shift.
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Fig. 4-3(a): PL spectra of the InN epilayer for sample A at different RTA

temperatures.
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Fig. 4-3(b): PL spectra of the InN epilayer for sample B at different RTA

temperatures.
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Fig. 4-3(c): PL spectra of the InN epilayer for sample C at different RTA

temperatures.
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Fig. 4-7: Absorption edge as a function of carrier concentration. The solid
curve is a theoretical calculation from reference 14. Open

squares are our data points for different annealing temperatures

from 450°C to 650C.
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Chapter 5 Conclusions

In this thesis, we investigated the optical properties of InN epilayers
with carrier concentration from 1.3x10" to 4.8x10'®cm™. The PL and
absorption edge of the InN epilayers show blue-shift in energy due to the
Burstein-Moss effect. Our experiment data are consistent with the
theoretical calculation of band gap which assumes a non-parabolic
dispersion for the conduction band and including the band
gap-renormalization effects. Furthermore, we studied the effect of RTA
on the physical properties of InN epilayers. RTA results in a significant
decrease in carrier concentration and full. width at half maximum of PL
spectra. Besides, the integrated| PL intensity also increases after the RTA
process. The temperature dependence of the integrated PL intensity of the
InN epilayers is shown by the Arrhenius plot. Two activation energies
were obtained. We ascribe them to the deep acceptor and shallow
acceptor-related transitions. The former is related to the hole binding
energy of 50 ~ 55 meV form the deep acceptors level to valence band top.
The latter is attributed to the hole binding energy of 5 ~ 10 meV from the
shallow acceptors to the valence band top. The asymmetric PL line shape
became more symmetric after RTA process, it i1s attributed to the

suppression of deep acceptor level.
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