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Optical properties of InN epilayers

Student: Shang-Hua Chang  Advisor: Dr. Wu-Ching Chou

Institute of Electrophysics

National Chiao Tung University

Abstract

In this thesis, photoluminescence—(PL) /spectroscopy and time-resolved
spectroscopy were used to investigate the optical properties of InN epilayers. From
the Hall measurements, the carrier density of InN epilayers is strongly dependent on
the substrate temperature and the material of buffer layer. Blue shifts of absorption
edge and PL peak energy are due to the strong Burstein-Moss shift which results from
the increasing carrier concentration. Our experimental data are consistent with the
theoretical calculation. Typical PL spectra of highly asymmetric line-shape were
attributed to the existence of Urbach tail and the shallow and deep acceptor states.

Two activation energies were obtained from integrated PL intensity versus
inverse temperature plot. The small one is around 5~10 meV and the larger one is
about 50~55 meV. These activation energies correspond to the binding energy of the
shallow acceptors including the Urbach tail and the deep acceptors, respectively.

Pump-probe technique was used to study the carrier recombination dynamics at

il



room temperature. The room temperature carrier lifetime is inversely proportional to
the carrier concentration. It reveals that the Auger recombination process does not
contribute significantly. At low temperature, the power dependent PL study shows that
the radiative recombination process dominates. The carrier lifetime at different
emission energy was investigated by time resolved PL. The effect of exciton
localization on the carrier recombination was observed. The depth of localization
obtained by the theoretical fitting of localization model is about 10meV. Localization
depth is very close to the binding energy of shallow acceptors and Urbach tail
mentioned above. As the temperature was increased, the localized carriers may
escape due to thermal excitation. As a result, the carrier life-time decreases abruptly
with the increasing temperature. In this thesis, the influence of acceptors and Urbach

tail in the recombination dynamics is shown to be'crucial.
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Chapter 1 Introduction

Recently, indium nitride (InN) has received much attention due to the discovery
of its narrow direct band gap around 0.6~0.8 eV [1-5], in sharp contrast to previously
reported band gap energy from 1.8~2.2 eV [6]. Therefore, the band gap of (Al, Ga,
In)N system is now known to span from the ultraviolet of AIGaN to near infrared (IR) of
InN, thus enabling the entire optical window to be included by a single material system
[7]. This suggests that light emitting diode (LED) and laser diode (LD) operating in the
wavelength range from infrared to ultraviolet can be fabricated by nitride compounds.
In addition, InN is also a potentially important semiconductor material for the solar cell
application [8]. However, the growth of high quality films has been difficult and with
highly unintentional doping. Nevertheless; recent progress in the growth techniques
made it possible to grow n-InN films with improved characteristics. There are already
available samples with relatively“lower. concentration (~10"" cm™) and high mobility
(~2100 cm?/Vis) [9,10].

Photoluminescence (PL) experiments are widely used to investigate the nature
of the recombination processes. Contrast to typical PL spectra that reveal one broad
band with highly asymmetric lineshape, the well resolved structure consisting of three
peaks was observed recently in the PL spectra of the high quality samples [11].
Klochikhin et al. explained the structure with a model calculation. They attributed one
of the two low-energy features of the spectra to the recombination of degenerate
electrons with the holes trapped by deep acceptors with a binding energy of
E4a=0.050-0.055 eV, and the LO-phonon replica of this band. The higher-energy PL
peak is considered as a complex band formed by two mechanisms. The first one is

related to the transitions of electrons to the states of shallow acceptors with a binding



energy of Es,=0.005-0.010 eV and/or to the states of the Urbach tail populated by
photoholes. The second mechanism contributing to this band is the band-to-band
recombination of free holes and electrons. These experimental data and model
calculation results provide us a deeper understanding of physical properties of this
material.

Even with the recent fast developments on the measurement and calculation of
the physical and optical properties of InN, the investigation of carrier dynamics in InN
is still lack. There are only some information provided by Chen et al. and Ascazubi et
al. [12-16]. Chen et al. discussed the carrier lifetime for InN epilayers with
unintentional doping level from 10" to 10" cm™. They found that the radiative
recombination dominates at low temperature, and a defect related nonradiative
recombination dominates at room+temperature:.They also observed the radiative
lifetime increases proportionally o T> for the.best quality sample, which suggests the
radiative band to band free carrier transition,

However, contrast to the PL study. that indicate the existence of deep acceptor,
shallow acceptor and Urbach tail states, the investigation of recombination dynamics
related to those states unknown. Thus, in order to understand the role of acceptors
and Urbach tail in recombination dynamics of InN epilayers, the focus of this thesis is
to detect the carrier recombination processes at different emission energy. This gives
us another aspect of view to realize the influence of acceptor and Urbach tail states.
Besides, this work could improve the understanding of the carrier recombination

dynamics in InN.



Chapter 2 Theoretical Background

Optical characterization techniques are the most commonly used for
measurement in the semiconductor industry. Optical measurements are attractive
because they are almost always non-contacting with minimal sample preparation and
nondestructive property. The instrumentation, for many optical techniques is
commercially available and the measurements can have very high sensitivity. In this
chapter, the photoluminescence mechanism and related knowledge [17-21] will be
introduced.

For photoluminescence experiments, laser beam is absorbed by the
semiconductor if the photon energy is larger,than the semiconductor band gap. In the
meantime, electrons and holes can be generated. The electrons and holes may be
scattered and then redistribute near their respective conduction band minimum and
valence band maximum, through the process of .carrier-phonon interaction. Some
electrons could be attracted by holes‘through*Coulomb interaction to form excitons.
Excitons could be further trapped by acceptors or donors. Free Excitons or trapped
excitons could recombine radiatively and emit photons. Electrons/holes could also
radiatively recombine with acceptors/donors. In some semiconductors, non-radiative
transitions, which involves electrons and holes recombine with defects, could
dominate. The emission efficiency is affected by the competition between radiative
recombination and non-radiative recombination. In this chapter, radiative and

non-radiative recombinations are discussed in detail as follows:



(A) Radiative Transition

Radiative recombination process includes (1) band to band transition, (2)
excitonic recombination, and (3) defect (donor and/or acceptor) related transitions.
() Band to Band Recombination

Band to band transition involving free electrons in the conduction band minimum
and holes in the valence band maximum usually occurs in direct-gap materials with
the momentum conservation. The electron-hole pairs (e-h) will recombine radiatively.
The recombination rate is almost proportion to the product of electron and hole
concentrations, as shown in Fig. 2-1. But in the indirect band gap semiconductors, the
transition must be assisted by an additional particle — “phonon” (in order to satisfy the
momentum conservation rule). Thus, the radiative probability will be reduced, and the
emission efficiency is much lower than the direet band gap semiconductors.

(I Excitonic Recombination

Electron and hole can attract each other by the Coulomb interaction to form a
hydrogen-like free exciton (FE) state..lts energy is slightly less than the band-gap
energy required to create a separated electron-hole pair. An exciton can move
through the crystal, but because it is a bound electron-hole pair, both electron and
hole move together and neither photoconductivity nor current results. Free exciton
recombination dominates when the material is sufficiently pure.

In another case, when a free hole can combine with a neutral donor to form a
positively charged excitonic ion or bound exciton (BE). The electron bound to the
donor travels in a wide orbit about the donor. Similarly electrons combining with
neutral acceptors also form bound excitons. Bound exciton recombination dominates
over free exciton recombination for less pure material. In these excitonic
recombination processes, the photon energy is also less than the band-gap energy

which similar to free exciton (FE). And in the direct band gap materials, this



phenomenon can explain by the Eq. 2-1:
hv = E, -E4 Eq. 2-1
where Ex is the excitonic binding energy. Therefore, in indirect band-gap
semiconductors, momentum conservation requires the emission of a phonon, giving
hv =E,- Ex- E, Eq. 2-2
where E; is the phonon energy.
(111) Donor Acceptor Pair Recombination (DAP)

When both of the donor and acceptor concentrations of intentionally doped
semiconductor or impure intrinsic semiconductor are not very low, the neutral donor
electron and the acceptor hole could recombine, it can be expressed by:

D’+A° - hv+ D" +A" Eq. 2-3

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

2

Epar=hv=E; - (En'+ Ea) +

Eq. 2-4

& Rpy

Where, E4 is the energy gap of semiconductor, Ep and Ea is the respective binding
energy for the electron to the donor and theihole to the acceptor. Rpa is the distance
between the donor and the acceptor. If the Rpaincreases, the transition probability will

reduce, so does the PL intensity.

(B) Non-Radiative Transition

Electrons and holes can recombine nonradiatively. In fact, in many
semiconductors the nonradiative transition is the dominant process. There are several
recombination processes which do not result in external photon emission and thus
reduce the emission efficiency. They are depicted as follows:
(I) The e-h pair is scattered by the phonon or carriers and loses its energy.

(Il) The e-h pair recombines at defect, dislocation, grain boundary or surface, and



loses its excess energy, the so-called “cascade process”.
(1) In the Auger effect, the energy released by a recombining electron is immediately
absorbed by another electron which then dissipates this energy by emitting phonons.
Thus this three-body collision, involving two electrons and a hole, results in no net
photon emission. Auger process increases its importance with the increasing carrier
concentration.

All the non-radiation transitions will compete with radiation transitions, the

stronger the non-radiation transition, the lower the PL intensity.

(C) Carrier Lifetime

Carrier lifetime is an useful information to understand the mechanism of
recombination processes. Photoluminescence decay is one of optical measurements
to obtain the carrier lifetime. Catriers can be:generated by a short pulse of incident
photons with energy hv>E,. When the laser ceases, the excited carrier will
exponentially decay, as the following equation2-5:

N(t)=Noexp(-t/7) Eq. 2-5

Where, N(t) is the density of excess carrier, Ny is the density of injected carriers, t is
the delay time, and 7 is the time constant. The light intensity I(t) is given by the
following equation:

For the light intensity I(t) we have

dN@) _ Ny e

=] " Eq. 2-6
dt T 0 € g

I~ -
Because of the special properties of the exponential function, the light intensity
decays with the same time constant ¢ as the carrier population decay.

We will consider a n-type semiconductor throughout this introduction. The

recombination rate R depends nonlinearly on the departure of the carrier densities



from their equilibrium values. If we confine to linear, quadratic, and third-order terms,
then R can be written as:
R=A(n-ny) +B(pn-pony) +Cp(p2n—p02no) +Ca(pn-pong’) Eq. 2-7
Where, A is the Shockley-Read-Hall recombination coefficient, B is the radiative
recombination coefficient, C;, is the Auger recombination coefficient for holes, C, is the
Auger recombination coefficient for electrons, n=nytAn, p=potAp, ny and p, are the
respective electron and hole equilibrium densities, and An and Ap the excess electron
and hole densities. In the absent of trapping, An=Ap, allowing R to be simplified to
R~A An+B(ng+ An) An+C, (po*+2po An+ An®) An+Cy(ny™+2ny An+ An’) An  Eq. 2-8
Here, some terms containing pp have been dropped because ny >> pg in a n-type

material. The recombination lifetime is defined as

An
T =— Eq.2-9
R q

which gives

|
T
A+B(n, +An)+C, (pi +2pyAn +An*) +C:'(n] +2n, An + An?)

Eq. 2-10

Three main recombination mechanisms determine the recombination lifetime:

Shockley-Read-Hall or multiphonon recombination characterized by the lifetime 7, ,

radiative recombination characterized by 7, and Auger recombination
characterized by r,, . (details will be discussed later). The three recombination
mechanisms are illustrated in Fig. 2-2. The recombination lifetime ¢, is determined
by the three mechanisms according to the relationship

J— + + Eq 2-11

r TSRH Trad TAuger

(I) Shockley-Read-Hall recombination

During SRH recombination, electron-hole pairs recombine through the



assistance of deep-level impurities, characterized by the impurity density N, energy
level Et in the band gap, and capture cross sections ¢, and o, for electrons and
holes, respectively. The energy liberated during the recombination event is dissipated

by lattice vibrations or phonons, illustrated in Fig. 2-2(a). The SRH lifetime is given by

T, (ny+n, +An)+7 +p, +A
Tsre = oo+ 1 Al e ) Eq. 2-12
Do +hy +An

where n4, p1, T.and t,are defined as

(ET _E‘)
=n L 17 Eqg. 2-13-1
m=n el ) ] q
_(ET _E‘)
=n — 7 7 Eq. 2-13-2
po=moxpl ~EED | q
PR — Eq. 2-13-3
o,V N,
T, :; Eq. 2-13-4
O-n vth NT

and v represent the carrier velocity. Equation 7, can be simplified for low-level
and high level injection. For low-level hole injection, the excess minority carrier density
is low compared to the equilibrium majority carrier density, An << ny. Similarly
high-level injection holds when A n >> n,,.

For the low level injection,

n P 1
T ~T —+ Tn ~XT =—— E . 2'14
o g n, n, g O, Vy N, q
While, for the high level injection,
Toy T, +7, = ! + ! Eq. 2-15
o g ! Gp vth NT O-n vth NT .

(Il) Radiative recombination
During radiative recombination electron-hole pairs recombine directly from band
to band with the energy carried away by photons shown in Fig. 2-2(b). The radiative

lifetime is



Toud = ! Eq. 2-16
B(p, +n, + An)

Where, B is the radiative recombination coefficient. The radiative lifetime is inversely
proportional to the carrier density because in band-to-band processes both electrons
and holes must be present simultaneously for a recombination event to take place.

For the low level injection,

~ Eq. 2-17
B n, a

2 rad

For the high level injection,

Q

Eq. 2-18

T rad

B An

(11) Auger recombination

During the Auger recombination, illustrated in Fig. 2-2(c), the recombination
energy is absorbed by a third -carrier. Because. three carriers are involved in the
recombination event, the Auger lifetime is_inversely- proportional to the square of the

carrier density. For a n-type semiconductor, the Auger lifetime is given by
; 3 1
T C, (pg +2p, An+An®)+C, (nf +2n, An +An®)
1
C, (n; +2n, An+An?)

Eq. 2-19

~
~

Where, C, is the Auger recombination coefficient for holes and C,, for electrons.
For the low level injection,

S - Eq. 2-20

z-Aluger

For the high level injection,

roox Eq. 2-21
(€, +C,) An’ q
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Fig. 2-2 Recombination mechanisms: (a) SRH, (b) radiative, (c) Auger.
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Chapter 3 Experiment

In this chapter, experimental details of sample preparation of the InN epilayers,
macro-photoluminescence (PL) spectroscopy and time resolved spectroscopy will be
described.

3.1 Sample preparations

The samples were grown by MOVPE using trimethylgallium (TMGa),
trimethylindium (TMIn) and NH3; as source materials. The main InN epilayers were
grown on GaN/sapphire (0001) with layer thickness of 500 nm. The quality of InN
epilayers could be controlled by varying the substrate temperatures (Ts) from 600 to
650°C. The source flow rates for TMIn,and NH; were 360 sccm and 15000 sccm,
respectively. The Hall measurement, of these. InN epilayers shows a highly
unintentional doping. Details of sample parameters are listed in Table 3.1. In order to
decrease the carrier concentration of InN“for-better optical quality, the InN epilayer
was grown on InGaN/GaN/sapphire (0001) with same layer thickness of 500 nm. A

schematic diagram of the sample structure was shown in Fig. 3-1.

Table 3-1 Sample parameters.

Carrier
Sample concentration Ts (°C) InN thickness Structure
(cm™)
A 4.8x10'® 625 500 nm INN/ InGaN/ GaN
B 6.4x10"® 650 500 nm InN/ GaN
C 1.1x10" 625 500 nm INN/ GaN
D 1.3x10% 600 500 nm INN/ GaN

12



3.2 Macro Photoluminescence system and Time-resolved PL system

A schematic of set-up of Macro-PL system is shown in Fig. 3-2. The 488-nm line
of an argon-ion laser (Coherent Innova 90) is used as the excitation light source. The
excitation intensity was about 5W/cm?, and the focused spot size is about 1mm?. The
laser beam was chopped and focused by a lens (f =10cm), the laser spot focused on
the sample surface. Samples were mounted at sample holder that was made of
copper. The emission lights were collected by a collecting lens (f =15cm) and the
reflective light of laser was avoided. The collected light was focused by a lens (f
=28cm) and passed through a long pass filter (1 micron) to cut off the laser signals.
Then, the signal light entered a monochromator through the entrance slit. The PL
detection system includes a grating 0.27-m monochromator (Spex 270M) equipped
with an un-cooled InGaAs phaotodetector (cut-off-wavelength at 2.05 4 m ). The
detected signals were amplified byt.astandard lock-in amplifier, and input to the
SpectrACQ2. All signals were analyzed by the SpetraMax software. Temperature
dependent PL measurements were carried out using a closed cycle cryogenic system.
The temperature was varied from 10 K to 300K by a Lakeshore 331 temperature
controller.

The setup of time-resolved PL is shown in Fig. 3-3. PL decay measurements
were made using pulsed diode lasers operating at wavelengths of 976 nm. The diode
laser produces light pulse width of about 56 ps and a repetition rate of 40 MHz. The
luminescence was directly collected onto a spectrometer and then detected by a
high-speed photomultiplier tube (PMT), which was cooled down to -60°C. PL decay
signals were analyzed using the technique of time-correlated single-photon counting
(TCSPC) by a PC plug-in time-correlated counting card. The overall temporal

resolution of the apparatus is about 300 ps.

13



3.3 Femtosecond time-resolved spectroscopy

The principle of monitoring an ultrafast event by the pump-probe technique is
illustrated in Fig. 3-4(a), where both pump and probe pulses are synchronized. For an
event, n(t), to be measurable via the pump-probe technique, its lifetime must not
exceed the separating time, 13 ns, between two pumping pulses. Since n(t) is
triggered by a laser (pump) pulse train, n(t) shows its replica with a period of 13 ns.
Assuming that the n(t) could be related to the index of reflection, the reflective (or
transmissive) intensity of probe pulses from sample will vary with n(t) while the probe
pulses temporally overlapped with n(t). However, this change due to n(t) is very small,
typically between 10° ~ 107, and is very difficult to be detected directly under the
noisy background (including laser noise, electronic noise, mechanic vibration etc.) by
photodiode. Hence, the phase-lock technique was usually used to provide a
background-free signal.

The modulation was commonly applied to the pump pulse train to make sure that
the signal merely came from the n(¢) induced by pump pulses. Then, the probe pulse
train was also modulated by the n(z) on the constant intensity of the probe pulse train,
i.e. a AC signal (Al(?)) is added to a DC signal (Iy(z)). This signal was detected by the
photodiode and fed to the lock-in amplifier, which was phaselocked to the
accusto-optic modulator. The lock-in amplifier merely extracted the AC signal (Al(?)),
of which frequency was exactly equal to the modulating frequency and in-phase with
the modulator. Additionally, the DC component (/y(¢)) was detected by the multimeter.
By varying the time delay (1) between pump and probe pulses, Al(r) would change as
a function of time delay. Therefore, the temporal evolution of n(#) could be measured
by assuming that the relation between n(¢) and Al(¢) is linear. Finally, the AC signal

(AI(f)) should be normalized by the DC component (I/(r)) for the whole curve to

14



eliminate the zero-point drift due to the long-term fluctuations of the laser intensity.

According to the relation

AR . Rpump open Rpump closed [(Tz) pum v (Tl) punp closed ]
R R B I,
pump closed (7) sy <losed Eq . 3-1

1

(]r )pump open - (]r )pump closed AI

(I r ) pump closed 1 0

where (1)pump open = (Zi) pump closed @NA  (L)pump closed =10, ON€ could obtain the relative

changes in reflectivity AR/R (or transmissivity A7/T) of the order of 10 by directly
measuring the Al/l,. It is noted that AR/R is independent of the intensity of incident light
(1)), and therefore allows us to make a comparison between various measurements.
Fig. 3-4(b) depicts the experimental setup in this study. The femtosecond pulses
from Ti:sapphire laser went through two prismsto pre-chirp the pulses. Two lenses
were used to reduce the diameter of the laser.beam which was enlarged by the prisms.
The beamsplitter reflected 50 %.of light in_the pump channel, whereas the remnant
was transmitted and served as the probe. Both' pump and probe beams went through
two acousto-optic modulators (AOM), respectively. But, only one in the pump beam
was driven by the RF driver and modulated the pump beam at given frequency. After
the delay stage, the halfwave (A2) plate, and the polarizer, the pump beam was
focused on the surface of sample with 125 pm in diameter by the 200 mm lens. On the
other hand, the probe beam only went through the N2 plate and polarizer after the
AOM and was focused on the surface of samples with 84 um in diameter by the 150
mm lens. The spatial overlap of pump and probe beams on the sample was monitored
by a CCD camera. The reflection of the probe beam was received by the photodiode.
The delay stage (delay time, t) was controlled by a computer to measure (AR/R(?)).
The light source used in this study was a mirror-dispersion-controlled Ti:sapphire

oscillator (Mode: C20) fabricated by Femto Lasers in Vienna. Here, we used a

15



Coherent Innova 90 Ar” laser as the pump source. The pump power was 4.6 W and
the average output power of the mirror-dispersion-controlled Ti:sapphire oscillator was
700 mW with 20 fs in the pulsewidth, 800 nm in the center wavelength, and 75 MHz in

the repetition rate.
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Chapter 4 Results and Discussion

In this chapter, the photoluminescence spectra and absorption spectra of InN
epilayers were investigated in order to study the recombination mechanisms.
Temperature-dependent PL spectra were analyzed to obtain the activation energy.
Furthermore, time-resolved spectroscopy and power-dependent PL spectra were
used to investigate the information about carrier recombination processes.

4.1 Emission and absorption properties of InN epilayers

Fig. 4-1 shows the typical PL spectra of the InN epilayer with high electron
concentration at low temperature. The strong PL emission near 0.7 eV is consistent
with the observations of other groups in recent years [1-5]. As the free-electron
concentration increases, both-the emission 'width and peak energy increase
simultaneously. The peak energy and full_width-at half maximum (FWHM) are
measured as 0.719 eV and 57 meVforsample A;0.739 eV and 73 meV for sample B,
0.764 eV and 82 meV for sample C, and 0.784 eV and 90 meV for sample D at 15K.
These emission energies are slightly higher than the reported band gap energy of
0.69 eV [11], indicating a bandfilling effect due to the presence of high electron
concentration. As shown in this figure, the spectral shape of the emission band is
highly asymmetric, and the phenomenon is reasonably explained by the existence of
the deep acceptors, shallow acceptors, and Urbach tails [11]. The dashed lines in Fig.
4-1 are absorption spectra measured at 15K. The absorption edge and PL peak
energy both blue shift as free-carrier concentration increases due to the strong
Burstein-Moss effect. The absorption edges in these spectra are larger than the peak
energies of PL spectra, because absorption occurs significantly above the Fermi-level

at low temperature. Fig. 4-2(a) schematically shows the difference between the
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absorption mechanism and PL mechanism. In order to understand the relationship
between the absorption edge and the carrier concentration, our measurement results
were compared with the theoretical calculation in Fig. 4-2(b). The solid line is the
calculated band gap assuming a nonparabolic dispersion for the conduction band and
including the band-renormalization effects [22]. The dotted-dashed line is the same
calculation but without including the band-renormalization effects. The dotted line is
the result of a calculation assuming a parabolic conduction band, and the solid circle
are experimental data observed by J. Wu et al. The open squares are absorption edge
at room temperature of our samples, they are consistent with the theoretical results
that including conduction band nonparabolicity and band-renormalization effects.

In order to identify the mechanism of PL quenching, the temperature
dependence of the integrated PL intensity of InN epilayers are shown in Fig. 4-3. All of
the experimental data were fitted with the following model involving two activation

mechanisms described by [23, 24]

I'=1[1+C, exp(= Eal/kBT) +C,exp(-E,, /kBT)]il Eq. 4-1

where [ is the integrated PL intensity, 7, is the integrated PL intensity at 15 K, C; and
C, are the fitting constants, Ea1 and E4; are the activation energies at two different
temperature regions. Ea; of these samples are about 8 meV for the low temperature
range, and are roughly the same with Esy~5-10 meV that demonstrated as the binding
energy of shallow acceptor and/or Urbach tail. E,, of these samples are about 60 meV
for the high temperature range, also are close to E43,~50-55 meV that indicated as the
binding energy of the holes trapped by deep acceptors. The activation may be
attributed to electrons or holes thermally detrapped from shallow and deep acceptor
states into valance band [11].

Fig. 4-4 shows the integrated PL intensity on the logarithmic scale as a function
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of the excitation power for sample A, B,C and D. The dependence is characterized by

Iy, =p1) Eq. 4-2
where lp_ is the integrated PL intensity, Il is the intensity of the excitation, B is a
coefficient which depends on temperature and the exponent m can be used to
characterize the emission mechanism [25, 26]. If the relation between Ip. and I
displays a linear dependence (m=1), indicating that most of the injected carriers
recombine radiatively. However, if the exponent m becomes 2/3, indicating the ideal
value for Auger process that carriers recombine nonradiatvely. In this figure, all
dashed lines are linear dependence (m=1) and the symbols stars, circles, triangles
and squares are experiment results of samples A, B, C and D, respectively. Thus, the
power dependence measurements at low temperature (15K) reveal that the radiative

recombination dominates in theseInN samples.

4.2 Carrier dynamics of InN epilayers

In order to understand more about the carrier recombination dynamics, the
time-resolved spectroscopy was used to measure the decay time of our InN samples.
Fig. 4-5(a) shows the measured time resolved differential reflectance signals as a
function of time delay. The excitation was a 800nm and femtosecound pulse laser.
The pumping fluence was fixed at 120pJ/cm?. The reflectivity decay are fitted by a
single exponential exp(-t/ 7 ), to obtain the decay time r for our measurements.
Lifetime are fitted as 133ps for sample A, 65ps for sample B, 45ps for sample C and
27ps for sample D. The dependences of carrier lifetimes on the carrier concentrations
are illustrated in Fig. 4-5(b), results from other groups were also included for
comparison [14]. For samples investigated here, the carrier lifetime is found almost

inversely proportional to the free carrier concentration. It is well known that the
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recombination of the photogenerated carriers through three different processes:

Shockley-Read-Hall or multiphonon recombination characterized byr,, , radiative

recombination characterized by r,, and Auger recombination characterized by

T e - 10US, the carrier lifetime is described by [18]

1 1 1 1
— = + +

T TSRH Trad TAuger
1

= +B _(n+n)+C
oV Nde_/'ect

Eq. 4-3

2
Auger (7’1 + nO)

This equation was mentioned in chapter 2 in more details. In this equation, ¢ is the
carrier capture cross section, v is the carrier velocity, Ngetect represents the defect
density, n is the photogenerated carrier density, n, is the free-electron concentration,
Brag represents the radiative recombination coefficient and Cayger represents the Auger
recombination coefficient. From this equation, we realize that the carrier lifetime is
inversely proportional to n, and ng? for radiative recombination and nonradiative Auger
recombination respectively, and-the defect related -nonradiative SRH recombination
rate is proportional to the defect density. Thus, the inverse proportionality between
free electron concentration and carrier decay time, observed in Fig. 4-5(b), reveals
that the Auger recombination does not contribute significantly to the carrier
recombination. In addition, we calculate the Auger recombination coefficient by using

the equation that derived by Ridley [27, 28],

* m* m* m*
27'2e*m, (kT)"*[(—%) + (—9)] (1+—9)E,
m m,

mh
" ' xexpl——— ]
(0, 0+ CoN P Eq. 4-4

h

*

_ 2
CAuger - W/ n;

The Auger coefficient Cauger = 3.74x10° (cmP®s™) for room temperature can be
obtained. The calculated result implies that the Auger process has a that weak

influence on the decay time, it is coincident with the phenomenon we observed
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previously.

In contrast to the PL spectrum that indicates several mechanisms of emisssion
due to the existence of deep acceptor, shallow acceptor and Urbach tail investigated
recently, the reports of carrier recombination dynamics are lack. Thus, we monitored
the decay of the PL intensity at different energy of the emission light excited by a
976nm pulse laser. Fig. 4-6(a) shows several time-resolved PL spectra of sample B
(carrier concentration~6.4x10'® cm™) monitored at several different energy and 15K.
The measured decay times are significant different. The fitted decay times monitored
at different photon energies and measured at 15K are plotted in Fig. 4-6(b). with PL
spectrum measured at 15K. The lifetime increases with decreasing detection photon
energy. This behavior is a characteristic of exciton localization effect, where the decay
of excitons should consider the radiative recombination and also the transfer process
to the low-energy tail of the localized states.- Theoretical analysis [29, 30] of the PL
decay time as a function of emission energy was achieved by assuming the density of
tail state is the form of exp(-E/Ey),” where Eg represents the localization depth. The

relation between decay time ¢ and emission energy E is fitted using

r(E) = Crad Eq. 4-5
L+ expl(E ~E,,.)/ E,]

where 7 4 is the radiative lifetime, Ene the energy for which the recombination lifetime
equals the transfer time. We obtained 7 . ~1.046 ns, E,;,. ~0.765 eV and E; ~10 meV.
From this result, the degree of localization (Ey) induced by the band tail state is
obtained and very close to the activation energy (or the binding energy of shallow
acceptors ~ 5-10 meV [11]) which was mentioned earlier.

Fig. 4-7 shows the relation between decay time and emission energy at different
temperatures. As the temperature was increased, the decay time at the low energy

side decrease significantly and the slope becomes gentle.
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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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in degenerate semiconductors.
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reference [22]. Open squares are our data points.
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Fig. 4-3 Temperature dependence of the integrated PL intensity of sample A to
sample D. Ea; and E,, are activation energies obtained by equation 4-1.
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Chapter 5 Conclusion

In this study, we investigated the properties of PL and absorption spectra of InN
epilayers with carrier concentration from 4.8x10'® to 1.3x10" cm™. Blue shifts of
absorption edge and PL peak energy due to the strong Burstein-Moss effect when the
carrier concentration increases were observed. Our experimental data are consistent
with the theoretical calculation. Typical PL spectra with a highly asymmetric line shape
were observed, they indicate the existence of band tail and impurity states. Further,
activation energies are obtained from the temperature dependent PL measurements.
From the integrated PL intensity versus inverse temperature plot, two activation
energies were obtained from the numerical. fitting. The smaller one is around 7~10
meV and the larger one is about 50~60-meV. These activation energies correspond to
the binding energy of shallow acceptors including Urbach tail and the binding energy
of deep acceptors, respectively.“The power-dependent PL study shows the linear
correlation between the integrated PL'intensity and the excitation power for all
samples, indicating the radiative recombination process dominate at low temperature
in our InN epilayer system.

In our study of carrier recombination dynamics, the decay time at room
temperature dectreases from 133ps to 27ps when the carrier concentration increases.
The carrier lifetime is inversely proportional to carrier concentration (ng), and reveals
the Auger process does not contribute significantly. The carrier lifetime, which
includes the transfer time and recombination time, monitored at the emission energy
of shallow acceptor is about twice of the lifetime measured at the energy of 10 meV
above. The energy is consistent with the localization energy obtained from the fitting

of an empirical tail model. When the temperature was increased, the decay time at low
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energy side decreased abruptly and the slope became mild. This phenomenon is

attributed to the escape of localized carriers.
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