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CHAPTER ]

INTRODUCTION

Optical spectroscopy is a powerful technique for investigating electronic and
vibrational properties of a variety of system and it has provided extensive information
and insights into the properties of atoms, molecules, and solids. In semiconductors, the
techniques of absorption, reflection, luminescence, and light-scattering spectroscopies
have provided invaluable information about such diverse aspects as the electronic band
structure, phonons, coupled phonon-plasma modes, single-particle excitation spectra of
electrons and holes, and properties of defects, surfaces, and interfaces. These are essential
contributions to our understanding of semiconductors, but optical spectroscopy can do
much more. Optical spectroscopy has additional unique strengths which make it capable
of providing fundamental information about norequilibrium, nonlinear, and transport
properties of semiconductors. These strengths, which have been exploited since the
1960s and have been combined with the picosecond and femtosecond laser pulses to
provide new insights into completely different aspects of semiconductors, can be
classified into four groups: (1) photo-excitation generates excitations (electrons, holes,
excitons, phonons, etc.) with non-equilibrium distribution functions, (2) optical
spectroscopy provides the best means of determining the distribution functions of these
excitations, and hence determining the dynamics of the relaxation of these excitations, (3)
combined with spatial imaging and specially designed structures, optical spectroscopy
provides the ability to investigate the transport of excitations and the dynamics of the
transport in semiconductors and their nanostructures, and (4) optical techniques provide

the ability to investigate the nonlinear properties including coherent effects in



semiconductors and thus provide insights into yet different aspects of semiconductors,
such as many-body effects, coherent effects, and dephasing phenomena.
This chapter provides basic concepts in the interpretation of data obtained by

ultrafast spectroscopy to be discussed in chapters III-VI.

Pump-probe spectroscopy

The dynamics in a pump-probe transmission experiment is determined by
coherent and incoherent response of the system. If the time scale is comparable to or
shorter than the interband polarization dephasing times of the system, one must use the
semiconductor Bloch equation (SBE) to calculate the third-order nonlinear polarization in
the appropriate direction. As the four-wave mixing signal corresponds to the third-order
polarization radiating in the diffracted direction, the pump-probe signal corresponds to
the third-order polarization radiating in the probe direction. The pump-probe signal can
be viewed as the diffraction of the pump beam in the probe direction (¢4= ¢1+¢92—91=92).
However, if the time scale of the experiment is long compared to the dephasing times, it
may be possible to achieve great simplification by ignoring the coherent effects, i.e., by
ignoring the off-diagonal components of the density matrix and considering only the
diagonal components corresponding to the population of various states.

The effects in this incoherent regime can be qualitatively divided into two general
classes: the first class encompasses many-body effects which result, for example, in a
change of the energy band structure (e.g., band-gap renormalization or a change in the
exciton binding energy), broadening of energy levels, or a change of the various matrix
elements. The second class encompasses phase-space filling effects, or changes in the
optical properties or transition rates caused by the nonequilibrium occupation of certain
states (e.g., the interband absorption at a given photon energy is reduced if the final state
is partially occupied by electrons). In general, these two effects are coupled because the
many-body effects depend not only on the total density of the photoexcited carriers or

excitons but also on their distribution functions.



The many-body effects depend strongly on the photoexcited density and the
nature of the system being investigated (e.g., excitons vs. free carriers). For excitons,
many-body effects, such as energy shifts, broadening, and bleaching induced by
screening and phase-space filling, dominate even at moderate densities. For free carriers,
on the other hand, other effects, such as band-gap renormalization and changes in the
optical matrix elements, become important only at relatively high excitation density. If
the density is high enough, both the many-body effects and the occupation effects must
be considered.

Under certain experimental conditions, it may be a good approximation to assume
that the many-body effects depend only on the photo-excitation density and are
independent of time for the time scale of interest. Furthermore, for certain spectral
regions, the change in the matrix elements for interband transitions may be small enough
to be neglected. Under these conditions, the analysis of experiments is considerably
simplified. If f(E,) and fu(E,) are the photoexcited electron and hole distribution
functions at energies E, and Ej, coupled by a photon of energy Av, then the change in the
absorption coefficient at photon energy Av is given by

Aa(hv)= [1-fe(Ee)= flEn)] ao(hv),
where ao(hv) is the absorption coefficient of the unexcited semiconductor at hv= E.+ Ej.
This is valid in a direct-gap semiconductor such as GaAs for free carriers with kinetic
energies larger than the plasma frequency where @y(hv) does not change significantly
with photo-excitation. For sufficiently small Aa(hv)d, where d is the thickness of sample
over which the change in absorption is induced,
DTS(hv)= [T(hv)— To(hv)]/To(hv) =Aa(hv)d,

where T and 7} are the transmitted intensities at #v with and without photo-excitation
respectively, and DTS is the differential transmission spectrum. With these
simplifications, the results can simply be related to the distribution of functions of
electrons and holes as a function of time. It should be emphasized that the full complexity
of the SBE and distribution function-dependent many-body effects must be considered in
the general case, and the conditions for the validity of the simplified approach must be

carefully scrutinized before applying it to a specific experiment.



Spectral properties of an electron-hole plasma due to intraband

Coulomb scattering

A. Screening

The most important physical effects in a plasma are the screening of the Coulomb
potential Vy(q, w)=V,/e(q, w), where V is the unscreened Coulomb potential and €(q, w)
is the longitudinal dielectric function, and the development of a collective plasma mode
with the frequency wy. Within the random-phase approximation (RPA) the density-
dependent function is given by the Lindhard formula

€(q, w)=1-[V,/V] Z Jix = Sikra

ek ho+1d—¢

(1

’
i1,k+q + Ef,k

€.k and f i are the e and A energies and distribution functions, respectively. Note that the
summation over the spin states is included in the k summation. If electrons and holes are
within their band in a quasithermal equilibrium, their distribution functions are given by
the Fermi distribution

fix=1/[exp{(eix—p)/kaT}+1],
where 11, is the corresponding quasichemical potential.

Since, in general, Eq. (1) can only be evaluated numerically, one obtains a
considerable simplification if one replaces the multiples in Eq. (1) by a single effective
plasmon pole. If one further disregards the dynamical aspect of screening contained in the
frequency dependence of Eq. (1), one obtains the much simpler static plasmon-pole
approximation,'”* which will be used throughout this chapter,

[e@)]™'= [1=(wp’/w)], )

where wj, is the dispersion of the effective plasmon mode.
1. 3D plasmon-pole approximation

In a three-dimensional (3D) semiconductor material one has



Vo= 4?‘(62/6019'2 (3-1)
wy = 4ne’nfegm= 16mnag’[Eo/h)* (3-2)
wg'= Wy’ [1+(q*/KO)]+(C/4) [ g’ 12m]’ (3-3)
where m is the reduced e-h mass m.m;/(m.+my), n is the plasma density, and C is a
numerical constant. The last form of wpaz expresses the plasma frequency in terms of the
exciton Bohr radius aj and the exciton Rydberg constant E0=e2/26030=h2/2m302. In an e-h
plasma these units are the natural length and energy scales, respectively. The inverse

screening length
1= [4meleo] 25—" ; )
. O,

The limiting cases of the Debye and Thomas-Fermi screening can easily be obtained
from Eq. (4). Putting the numerical constant C= 0 would result in a simple Yukawa
potential Vi(q)= 4Jre2/eg(qr2+1f(2 ). With finite C, w, reaches asymptotically the free-carrier
dispersion. This q4 terms is important in order to get good agreement with the RPA
screening, Eq. (1).

An additional simplification is reached if one uses an expansion for the chemical
potential y,(n), which is obtained’ by a re-summation of the expansion of » in power of
explui/ksT),

pi(m)= ks T [In(xinag’ )+ (1/2°)(xmac’)+{(3/16)-(12%%)} (xinag’y+ - - 1, (5)
where x= 4[n(m/m,)(Eo/ksT)]*>.

2. 2D plasmon pole approximation

In quantum wells in which the width is smaller than the exciton Bohr radius, the
translation motion perpendicular to the well is quantized. If one can limit oneself to the
lowest subband, the system is called quasi-two-dimensional (2D). In this case the

physical parameters of the plasmon-pole are given by’

Vi= 21rez/60q (6-1)
wp|2= 2ne2nq/60m= 81rtna(]2f,r[E.;)/}’:]2 (6-2)
W= Wy’ [1+(q/K]+(C/4)[hg"/2m]’ (6-3)

and



K= [4me’/e) Zgﬂ : (7

In Egs. (6) and (7), n is the 2D plasma density. In two dimensions, one can analytically
compute the density dependence of the chemical potential from the expression
n=V"'Zfix 8)
The result is
pi(n)= ksT{In[exp(yinag’)-1]}, (€))
where y= 2[n(m/m;)(Eo/ksT)].

B. Band-gap renormalization

The band gap shrinks with increasing plasma density because of the changes of
the single-particle energies due to the presence of a plasma. The band-gap shift is given
by

AEs= [V(r =0)=Wr =0)]-V"'Zq V(@) (eqt/ina)

= A+ K (10)
The first contribution is the difference of the self-interaction of a particle with and
without the presence of the plasma. Naturally, the two terms are both divergent, but the
difference yields a finite reduction of the energy gap due to the self-avoiding correlation
between equally charged particles. Therefore this term is called the Coulomb hole (CH)
contribution to the band-gap reduction. The remaining term is the screened exchange
(SX) self-energy, which also reduces the band gap. Given the screened Coulomb
potentials (3) and (4) in 3D and (6) and (7) in 2D, one can calculate AEycy by taking into
account that V(r =0)= Z, V.

One obtains in 3D the Coulomb hole contribution as

AE o 2E,a,k ’ (11)

ECH 1/2
E
1+C"? =% l(a,k)’
Fw)p]

In 2D one gets, approximately,




(12)

&CH

2 1/2
32E,na, J

AE, =-2Ea,«ln|1+ =
C(a,k)

The screened exchange term has to be integrated numerically.

In this laser theory, the renormalized single-particle energies €,x= e;x+Z;, with
Zi= (1/2)AEgc+AEgsx, will also appear in the Fermi functions together with the
renormalized quasichemical potential

fix= 1/[exp{(eix+Z; —[n+Z])/ksT}+1]= 1/[exp{(eix—p)/ksT}+1],

expressing the fact that a change of the band gap does not change the number of electrons
or holes in the conduction and valence band, respectively.

Furthermore, the renormalized e-4 energies appears as the sum in the interband-
polarization or the related susceptibility

EeskTERK= ee‘k+Ee+e;,‘k+E;,+Eg= ee‘k+eh,k+E’g.
Intraband scattering by polar optical phonons

Optical phonons in semiconductors typically have energies of the order of tens of
meV. Hence at low temperature (7 < 100 K) most electrons do not have sufficient energy
to emit optical phonons. In addition, the thermal occupation number N, of optical
phonons is very low, and consequently the probability of an electron absorbing an optical
phonon is also small. Thus, optical phonon scattering processes are negligible at low
temperatures. On the other hand, at room temperature, where there are sufficient high-
energy electrons to emit optical phonons, they tend to dominate over acoustic phonon
scattering. This is particularly true in polar semiconductors, where the Frohlich electron-
phonon interaction can be very strong. The distribution of final electronic states after
optical phonon scattering is shown schematically in Figure 1(a). While scattering by
acoustic phonons relaxes mainly the electron momentum, scattering by optical phonons

contributes to both momentum and energy relaxation.
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Figure 1. Schematic diagram for the scattering of an electron in a parabolic by emission
of (a) an acoustic phonon and (b) a longitudinal phonon showing the final electronic
states and also the range of phonon wave vectors allowed by wave vector conservation.

Adapted from Ref. 5.



The longitudinal optical (LO) phonon scattering probability (PLo) can be shown
to be

2
P [(%]qqu Id(cos O){N O[E, —(E, + E,,)]
(9" +q,")

+(Nyo +DI[E,. —(E, — E\p)]} (13)
where N, o and E) o are, respectively, the LO phonon occupation number and energy. For
simplicity we assumed that the LO phonon is dispersionless, which is usually a good
approximation since only phonons with ¢ < gy contribute significantly to Eq. (13). The
term inside the first set of parentheses comes from the Frohlich matrix element, including
screening. The terms proportional to N o and N, o+1 are identical with phonon absorption
and emission, respectively. As a result of wavevector conservation, Eq. (13) can be
expressed as

P, o« J{)q—z}fq fd(cos O) N, d[(h’q/2m)(kcos® +q)—E,, ]
(g +4q,)

+(N,, +1D)8[(h°q/2m)(~kcos® + q) + E )]} (14)

Integrating over ® results in the following expression for P o:

91 mgx A 42 max 3
0 0

41 min 42 min

where ¢imax and gimin are, respectively, the maximum and minimum values of the LO
phonon wavevector for phonon absorption (i= 1) and phonon emission (i= 2). From
Figure 1(b), one can easily identify the electron final states corresponding to the
minimum and maximum values of ¢. Since ¢max is nonzero for optical phonons, the
screening wavevector in Eq. (15) is not as important as for piezoelectric acoustic
phonons, except in the case of highly doped semiconductors. If we neglect g in Eq. (15),
P o decreases as 1/¢g and scattering by small-¢g LO phonons is more likely than by large-¢
LO phonons. In contrast to the case of acoustic phonon scattering, scattering between
electrons and LO phonons tends to relax the electron energy rather than its momentum.

The momentum relaxation time of an electron due to LO phonon scattering can be

deduced from Eq. (15) using (dk /dt) = k(x,))" =Y (k'-k)P(k.k') . The result is



1/2 1/2 1/2
1 E +E E . -E E N
(e B8] f i) (B )

T k k k k

m

1/2
+(Ny +1)sinh"[ﬁJ 3.
E,
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CHAPTER II

GENERAL PROPERTIES OF THE GROUP III NITRIDES

Because several reviews of the optical properties of the group III nitrides exist in
the literature (see, for example Refs. 6 and 7) where interested readers can readily find
the a good synopsis of known optical properties, only those properties that are pertinent
to the contents of this monograph will be given here. Since the technologically important
nitride-based materials are InGaN (for blue light emitting devices) and AlGaN (for solar
blind UV detectors) with moderate to low indium and aluminum concentrations,
respectively, we will concentrate on the optical properties of the base material, GaN. This
is also made necessary because of the large band tailing that results from the
incorporation of Al and In into GaN to form A1GaN and InGaN, making the observation
of fundamental optical transitions very difficult, even in state-of-the-art high quality

crystals.

Crystal Properties

Like most semiconductor materials, the group III nitrides have a tetrahedrally
coordinated atomic arrangement that typically results in either a hexagonal (wurtzite) or
cubic (zincblende) crystal structure. In all, there are three common crystal structures
shared by the group III nitrides: The wurtzite, zincblende, and rocksalt structures. The
thermodynamically stable structure for bulk AIN, GaN, and InN at ambient conditions is

wurtzite, although the zincblende structure has been stabilized by epitaxial growth of thin

11



films on the (011) crystal planes of cubic crystal substrates such as Si, MgO, and GaAs.
The rocksalt structure can only be induced at very high pressures. Only the structural and
optical properties of the wurtzite form of the group III nitrides will be considered in this
monograph. The wurtzite crystal structure has a hexagonal unit cell, and therefore two
lattice constants, designated as ¢ and c. It contains six atoms of each type and consists of
two interpenetrating hexagonal close packed sublattices (each with one type of atom),
offset along the ¢ axis by 5/8 of the cell height (5/8 ¢). The stacking sequence of the
(0001) diatomic planes is BABAB in the <0001> direction. The space grouping of the

wurtzite structure is P6smc (C;, ). The wurtzite crystal structure is given in Figure 2. In

its wurtzite form, AIN has a molar mass of 20.495 gm/mol. Reported lattice parameters
range from 0.3111 to 0.3113 nm for a, and from 0.4978 to 0.4982 nm for ¢. The AIN
linear thermal expansion coefficient are a, = 5.27x10°° K~! for 7= 20 — 800 °C, and au
= 4.15x107® K~'. The thermal conductivity of AIN is k = 2 W/[cm °C] at room
temperature. The dielectric constants of AIN are €(0) = 9.14 and €(c0) = 4.84 at 300 K.
GaN has a molecular eight of 83.728 gm/mol and room temperature lattice parameters of
ap = 0.31892 + 0.00009 nm and ¢y = 0.51850 + 0.00005 nm. The GaN linear thermal
expansion coefficient is an = 4.15%107° K 'along the g-axis. The thermal conductivity of
GaN is k= 1.3 W/[cm °C] at room temperature, nearly equal to that of Si and about three
times that of GaAs. The dielectric constant of GaN has been measured to be in the range
€(0) = 8.9 to 9.5 at room temperature, just below that of SiC. Values reported for InN are
varied due to the absence of good quality single crystal films. InN has a molar mass of
128.827 gm/mol and the lattice parameters reported in the literature range from 0.3530 to
0.4980 nm for ap, and from 0.5960 to 0.574 nm for ¢y. For a complete review of the
structural properties of the group III nitrides, see, for example, Ref. 6. GaN is by far the
most extensively studied of the group III nitrides, but is still in need of extensive
investigation if it is to reach the level of understanding and technological status of Si and

GaAs, especially in nonequilibrium carrier dynamics.
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Figure 2. Schematic of the wurtzite crystal structure. Adapted from Ref. 8
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Band structure

When GaN crystallizes in the wurtzite form, its conduction band minimum is
located at the center of the Brillouin zone (I'-point, £ = 0) and has a I';-symmetry with a
quantum number j, = 1/2. The valence band also has its maximum at the I'-point,
resulting in a direct fundamental band gap. The top of the valence band is split into three
sub-bands as a result of crystal-field and spin-orbit coupling. These valence bands are
conventionally referred to as the A, B, and C valence bands and are a direct result of
GaN'’s wurtzite crystal structure. The A-band has I'g-symmetry, while the B and C bands
have I';-symmetry. Detailed reviews of the electronic band structure can be found in
abundance in the literature. Because only the transitions associated with the lowest
conduction band and uppermost valence bands in GaN near k = 0 are pertinent to this
monograph, they are shown in detail in Figure 4. In GaN, each valence band generates a
hydrogenic series of excitonic states. The free exciton states in GaN are adequately
described by the Wannier-Mott approximation. Spontaneous emission in ternary
compounds InGaN and AlGaN is dominated by recombination from band tail states, with
the depth of band tailing dependent on the Al and In concentrations as well as the growth
conditions. Because of this, we will concentrate in this section only on the optical
properties of GaN. This allows us to gain a better understanding of the base material
without the complications presented in the ternary compounds. The optical properties pf
the ternary compounds will be introduced as needed later in the text with appropriate

references.
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Figure 3. Structure and symmetries of the lowest conduction band and the uppermost
valence bands in wurtzite GaN at the I" point ( £ ~ 0 ). Adapted from Ref. 9.

15



CHAPTER IIT

ULTRAFAST CARRIER DYNAMICS IN GaN

Femtosecond pump-probe transmission spectroscopy was performed at 10 K to
study the nonequilibrium carrier dynamics in a GaN thin film for carrier densities ranging
from 4x10" to 10" em™. Spectral hole burning was initially peaked roughly at the
excitation energy for an estimated carrier density of 4x10" cm™ and gradually redshifted
during the excitation. Because of hot phonon effects, a very slow energy relaxation of the
hot carriers at these densities was observed. The hot carriers were strongly confined in a
non-thermal distribution and they relaxed collectively to the band edge for about 1 ps.
We also observed remarkable persistence of the excitonic resonances in GaN at carrier
densities well above the Mott density at early time delays, indicating that the excitons do

not strongly couple to the non-thermal electron-hole plasma.

Motivation

Developments in femtosecond laser technology have enabled fundamental studies
of non-equilibrium, nonlinear, and transport properties of semiconductors.'” Non-
degenerate pump-probe (PP) spectroscopy is a powerful tool for studying the transient
dynamics of hot carriers because it makes possible the observation of not only coherent
phenomena occurring during excitation, but also the non-thermal carrier distribution
reflecting the energy profile of the exciting pump pulse and its temporal evolution.

Waurtzite GaN has a direct band gap of 3.50 eV at 10 K, a large exciton binding energy of
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about 21 meV, and a large longitudinal optical (LO)-phonon energy of 92 meV. Also,
GaN is mechanically and thermally robust and has a higher damage threshold making it a
good candidate for investigating non-thermal carrier dynamics under strong excitation.
There have been a few femtosecond PP spectroscopy reports on GaN.''""* However, there
has been no direct experimental observation of the non-thermal carrier distributions
during the pump-pulse duration and their relaxation.

We present a study of non-equilibrium carrier dynamics in a GaN epilayer
photoexcited well above the bandgap using non-degenerate PP spectroscopy at 10 K with
light pulses of a duration time of ~360 fs at excitation densities both above and below the
Mott density (10" em™ for GaN at 10 K)."* We found that the photoexcited hot carriers
are strongly confined in a non-thermal distribution and their relaxation toward the band
edge is very slow, partially because of the hot phonon effect. By investigating the change
of absorption spectra at the exciton resonances while the non-thermal carriers relax, we
were able to evaluate the relative importance of long-range Coulomb screening and Pauli

blocking on the bleaching of exciton resonances.

Sample and experimental setup

The sample used in this study is a high quality 0.38 um uncoated GaN epilayer
grown by metalorganic chemical vapor deposition (MOCVD) on (0001) sapphire. An
excitonic resonance was clearly observed in this sample’s absorption measurements
above 300 K."” Femtosecond PP spectroscopy measurements were carried out using a 1
kHz regenerative amplifier (REGEN) to create 100 fs duration [full width at half
maximum (FWHM)] pulses at a wavelength of 800 nm. These pulses were fed into an
optical parametric amplifier to create pulses with a FWHM of 355 fs, measured by
difference-frequency mixing in a BBO crystal, at 329 nm (3.766 eV) with a bandwidth of
22 meV. This beam was used as the pump source to excite carriers above the GaN
bandgap. The leftover output from the REGEN was frequency doubled to 400 nm and

then used to create a broad-band continuum probe source with a FWHM of 350 fs. The
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pump and probe beams were orthogonally polarized, and the angle between them was
15°. Neutral density filters were used to attenuate the probe beam to a power sufficiently
low so that it would not alter the optical properties of the sample. The probe beam was
focused to a 150 um diameter spot on the sample, and the transmitted light was collected
and focused into a spectrometer with an attached charge coupled device (CCD) detector.
The pump spot size was focused to 300 um to minimize the variation in pump beam
intensity across the probed region. The optical delay between the pump and probe was
accurately controlled using a computerized step motor. All measurements were

performed at 10 K.
Results and discussion

Differential transmission spectrum (DTS)“’ measures the difference between the

probe transmission with and without the pump :

DTS =AT/T,=(T -T,)/T, = exp[— J;Aa(z)dz)— 1, (16)

where 7, Ty, Aa(z), and d are the transmitted probe intensity with and without the pump,
the pump-induced absorption change at depth z, and the sample thickness, respectively.
Figure 4 shows the DTS at early time delays for a peak carrier density of (a) 1x10" cm™
and (b) 4x10'® cm”, respectively. The peak carrier densities are estimated based on
theoretical modeling taking into account the band filling effect at zero time delay (see
below). For the sample thickness of 0.38 pm with an absorption coefficient of 0.8x10°
cm™ at the excitation energy, this sample is optically thick, so the carrier density depends
on the depth (z) from the sample surface, which leads to a depth-dependent absorption
coefficient @(z). The pump spectrum is shown as a dashed line and centered at 3.766 eV
(266 meV above the band gap of the excited GaN sample at 10 K). The inset in Figure
4(a) shows well resolved ls 4- and B- exciton resonances. The DTS value, which is

larger than unity, does not indicate optical gain, but rather a large induced transparency

by the strong laser excitation. Due to strong band filling effects, there is a large reduction
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of about 10* cm™ in absorption of the probe intensity. This makes 7 an order of
magnitude larger than 7p, leading to a DTS value larger than one. We take the zero time
delay to be at the approximate maximum of the pump pulse. For time delays of less than
—200 fs , there were no significant band filling effects, which is characteristic of an
unexcited sample. Coherent oscillation effects'’ around exciton resonances and in the
vicinity of the excitation energy when the probe pulse precedes the pump were not
observed in our experiment.

The DTS at a time delay of 74 = —200 fs shows a spectral hole burning'® which is
initially peaked roughly at the excitation energy. While the population of excited carriers
increases during the pump duration (from —200 fs to 200 fs), the spectral hole burning
shows fast broadening and distinct shifts of 47 meV [Figure 4(a)] and 38 meV [Figure
4(b)] toward the bandgap. The fast broadening of the non-equilibrium carrier distribution
at this time scale is most likely caused by carrier-carrier scattering, such as electron-
electron, electron-hole, and hole-hole collisions. Because the initial excess electron
energy is about three times larger than the hole energy and because of the larger electron-
to-hole effective mass ratio in GaN compared to GaAs, the transfer of energy to the
colder hole system via electron-hole scattering could result in this fast broadening of the
hole burning. The redshift of the spectral hole on this time scale of less than 200 fs cannot
be ascribed to a relaxation of the carrier distribution through LO-phonon emission,
because the redshift is much smaller than the LO-phonon energy of 92 meV, and the
deformation-potential scattering is not strong enough to cause such a redshift at an early
time delay. We neglect the carrier diffusion effect, because the diffusion constant for a

GaN/AlGaN double heterostructure within 2 ps at 10 K was reported to be small."
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Figure 4. Differential transmission spectra (pump-induced transmission change A7/7)
in a 0.38 um GaN/sapphire sample at 10 K for peak carrier densities of (a) 1x10" em™
and (b) 4x10'® cm™ showing ultrafast near-zero-delay dynamics. The dashed line shows
the pump spectra. The DTS curves were displaced vertically for clarity. The inset in
Figure 4(a) shows the absorption spectra for the sample at 10 K.
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To investigate the carrier dynamics, we adopt a simplified model which takes into
account the carrier-carrier scattering with static screening and various electron-phonon
scattering processes. We have considered the electron-phonon scattering by both the
Frohlich and the deformation-potential mechanisms. We found that at a peak carrier
density of n = 4x10" c¢m™, for energies near the pumping energy, the carrier-carrier
scattering rate is around 80 (460) ps'1 for electrons (holes), while the electron-LO phonon
scattering rate is around 60 ps. The hole-LO scattering rate is negligible, since the hole
energies are smaller than the LO-phonon energy and therefore, no LO-phonon emission
process is possible. At n = 1x10" ¢m™, these rates change to 50 (300) ps'land 50 ps™,
respectively. Thus, both mechanisms are important for the energy relaxation of carriers.
The screening effect reduces both the carrier-carrier scattering and electron-LO phonon
scattering, but not substantially. Without carrier screening, the electron-LO phonon
scattering rate is around 80 ps', which is consistent with the result reported in Ref. 20.
Since the electron-LO phonon scattering rate is much higher than the decay rate of LO-
phonons (around 0.2 ps*])2I even at the highest density considered here, we expect that a
large number of non-equilibrium (hot) LO-phonons is generated during the carrier
relaxation. It is well known that the presence of hot phonons substantially reduces the

2% since the equivalent temperatures of the hot

energy relaxation rate of electrons,
electrons and hot phonons are close to each other. Thus, it is not surprising that our
electron energy relaxation is slow (around 100 meV/ps). In this study, we concentrate on
the simulation of the PP spectra at early times during the carrier build up. For a time
delay less than 100 fs, the carrier distribution remains peaked at the same position in
momentum space, with a gradual broadening due to the carrier-carrier scattering.

The nonlinear transmission change cannot be readily interpreted in terms of band
filling alone. The complex superposition of bandgap renormalization, band filling, and
screening of the Coulomb interaction between correlated states (excitons) and
uncorrelated electron-hole pairs must be taken into account.”> We attribute the spectral
hole redshift at early times to bandgap renormalization and exciton effects. A weak
induced absorption at 74 = —200 fs in Figures 4(a) and 4(b) is seen just above the

excitation energy. This could be due to Coulomb enhancement by exciton effects. The

induced absorption disappears with increasing carrier density when electron-hole plasma
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screening of the Coulomb potential overwhelms the attractive electron-hole interaction.
There have been a few reports on induced absorption above the excitation energy for
GaAs.*?” They attributed the induced absorption to many-body correlation from
Coulomb interaction. In general, exciton effects result in a small redshift of the spectral
hole to lower energies.”>® However, this effect alone does not explain our result, since
the spectral hole moves toward the band edge during the pump duration, contrary to what
is observed in GaAs.”® We consider the momentum (k) dependence of the bandgap
renormalization AE(k), taking into account the actual carrier distribution. The k-
dependence of the bandgap renormalization is calculated first in the Hartree-Fock
approximation and then with the addition of the Coulomb-hole effect.”” We then have
AE(K) =~Zq vq f(k+q) / €(@)~Zq vq (€(q) ' -€0™) (17)
where vq = 4re’/q?, € is the low-frequency dielectric constant, €(q) is the static dielectric
function including the polarization due to free carriers, and f(k) is the non-equilibrium
carrier distribution function. The first term is the screened Hartree-Fock approximation
and the second term is the Coulomb-hole correction. The dielectric screening in the static

limit is approximately given by Lindhard's expression

_ f(k) - ik + q)
=22 B g)-E)

: g+ 2k|
m— [in Ty fik) k dk, (18)

where, in the long-wavelength limit, we have
e(q)= € (1+qo*/q?) with qo’=(2¢’m*/h’rey ) [ (k) dk. (19)
Note that qo reduces to the Thomas-Fermi wave vector in the degenerate limit when f(k)
becomes the Fermi distribution function at zero temperature.
We found that the non-equilibrium carrier distributions can be approximated by

the Gaussian distribution

fu(k)= A(z) [exp{-a(k’~k,*)*}+ exp{-a(k’~k?)*}], (20)
fii(k)= A(z) [exp{-a(k’~k,>)*}], (1)
fia(k)= A(z) [exp{-a(k’~k:*)*}]. (22)

where the subscripts e, hl, and h2 label the electrons, holes in the 4 band, and holes in

the B band, respectively. The amplitude of the carrier distribution is assumed to be
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proportional to the light intensity at depth z. Thus, we have the following form A(z) =
Aoe™, where a is the absorption coefficient at the pump energy. The peak carrier density
which we used throughout this paper is given by n = 2[f.(k)dk/(27)* at a depth of z = 0.
The centering positions k; and k; are determined by the relation

Ee(ki)+ Eni(ki)= Ee(k2)* Ena(k2)= hw, (23)
where %w is the absorbed photon energy. For illustration, we show in Figure 5 the k-
dependent band renormalization for the 4 band transitions for a carrier density n(z) =

(4x10"™ cm™) e with the depth set at z = d/4.
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Figure 5. Calculated band renormalization for the 4 band transition due to non-
equilibrium carrier distributions as a function of momentum at a depth z = d/4 for a peak
carrier density of 4x10'® cm™, at time delays of #g = —200, —100, and 0 fs. The dotted
lines represent the screened Hartree-Fock approximation. The solid lines also include the
Coulomb-hole correction.
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The band renormalization for the B band transitions is quite similar to that of the
A band transitions. Using the z-dependent band renormalization and non-equilibrium
carrier distributions given above, we calculated the z-dependent absorption coefficient
a(z) and DTS according to Eq. (16). The absorption coefficient for the A-band transitions,
including phase-space filling and neglecting screening, is given by

a(hw)= (C/hw) [6(hw—Eg—Ex) + 6(hw—E—Ex/4)/8

2
2n°X
+

o 2k(1-fe(k)—fh(k)) 6(Aw—E(k)—-En(k)-AE(k)-AEn(k) 24)

where C is a constant, E, is the energy gap between the renormalized valence band (4 or
B band) and the conduction band, Ex is the exciton binding energy, x = [Ex/(hw—Eg)]"?.
The z dependence for fi(k). fu(k), AE., AE;, and @ was kept implicit in the above
equation. The absorption coefficient for the B-band transitions is given by the same
expression, except that the band gap E, is increased by the A-B splitting by spin-orbit
interaction and the constant C is increased by 20% in order to reproduce the line-shape of
the experimental spectrum near the exciton energy. Note that we included the
contributions from the ground state, the first excited state, and the continuum states (with
the phase-space filling effect). In our initial simulation, due to band renormalization, an
appreciable DTS occurs near the exciton energy, in disagreement with our experiment.
However, the DTS predicted near the pump energy is in reasonable agreement with
experiment. This suggests that the band renormalization in the correlated exciton states is
greatly suppressed due to the charge neutrality of the exciton. Since a full many-body
theory is not available at the present, we introduce a phenomenological suppressing
factor {1—exp[—(Ec(k)+En(k)—E¢)/4Ex]}. This factor greatly reduces the band
renormalization for exciton continuum states with low energy, while the high energy
states are unaffected. This is reasonable, since the high-energy exciton continuum states

are much less correlated. With this correction, the final simulated absorption spectra

averaged over the sample depth, [ j ;a(z)dz] /d, and the DTS are shown in Figure 6, and

are seen to be in reasonable agreement with experiment. For comparison, the DTS at 14 =
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0 fs without including the correction factor is shown as the short-dotted curve, and is in

poor agreement with experiment near the exciton transition energy.
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Figure 6. (a) Measured absorption and DTS at time delays of 74 = =200, —100, and 0 fs
and at a peak carrier density of 4x10" cm™. The dotted o lines are the values taken
without the pump beam. (b) The same as (a), except theoretically calculated (see text).
The DTS curves are displaced vertically for clarity in both cases.
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In contrast to GaAs, intervalley scattering does not occur in GaN for an excitation
energy of 3.766 eV,"” so electrons excited from the three valence bands into the
conduction band reside in the I' valley for all time delays. Compared to the rapid hot
carrier redistribution in GaAs®” and CdSe®' over a wide energy range within 100 fs at
much lower excitation density, Figure 7(a) shows that the hot carriers in GaN relax
extremely slowly toward the band edge and are strongly restrained in a non-thermal
distribution for ~ 0.7 ps, as shown by their rather narrow spectral peak. No LO phonon
replica is observed for 74 < 0.7 ps, indicating a strong suppression of electron-LO phonon
interaction. The detailed mechanism for this suppression remains unclear. One possible
mechanism involves the anisotropy factor (Ix), which appears in the coupling matrix
element and is proportional to the overlap of Bloch states of different wave vectors. This
factor could be much less than 1 if the difference between & and k' is large. Assuming that
electron-LO phonon scattering is blocked at early time delays, we can get insight into the
role of carrier-carrier (CC) interaction in the initial thermalization through a comparison
of our experimental results with a previous study of PP spectroscopy on bulk GaAs at 15
K, in which the carriers were excited well above the band gap similarly to our
experimental conditions.*” At a carrier density of 7x10'” cm™, the GaAs showed that the
effective energy exchange among the carriers leads to an ultrafast thermalization by about
100 fs. At a high peak carrier density of 4x10" cm™ in GaN, our simulation results using
screened CC interactions alone showed that the CC scattering already leads to a Fermi-
Dirac distribution for the hot carriers (with a temperature consistent with the total kinetic
energy of the carriers) at #y = ~0.5 ps. Including the electron-LO phonon scattering clearly
produces a LO phonon replica at 92 meV below the initial peak. This is inconsistent with
our experimental result, which shows a non-thermal carrier distribution up to ~1 ps. This
experiment suggests that there are other mechanisms that block the electron-LO phonon
interaction and impede the carrier-carrier scattering. The mechanisms for such a

surprisingly slow thermalization process is still unclear.
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Figure 7. Spectrally resolved transmission changes as a function of time delay at peak
carrier densities of (a) 1x10" cm™ and (b) 4x10'"" cm™. The spectra were recorded 200 fs
apart and displaced vertically for clarity.
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We were able to clearly observe LO-phonon emission processes at time delays
from 0.7 to 1.3 ps with a peak carrier density of 1x10" ecm™, as shown in Figure 7(a). At
tqd = 0.9 ps, a shoulder arises at 3.56 eV because of the emission of single LO-phonons
from the electron-hole plasma, which is peaked at 3.65 eV at 14 = 0.7 ps. With continuing
LO-phonon emissions via the screened Frohlich interactions, the shoulder grows and
redshifts with increasing time delay. It is worth noting that the non-thermal carrier
distribution at 74 = 1.1 ps in Figure 7(a), which appears as two separate peaks as a result
of the LO-phonon emission, does not disappear very quickly. This indicates strong
competition between the LO-phonon scattering process (including both emission and
absorption) and the carrier-carrier scattering process, since they have comparable rates.
At a peak carrier density of 4x10'” cm™, the carrier relaxation is almost completed at 74 =
1.8 ps, as shown in Figure 7(b). However, at a peak carrier density of 1x10" cm'3, many
hot carriers are located at 3.60 eV at 74 = 1.7 ps, which means that the hot phonon effects
are evident at high carrier density.

The presence of electrons and holes reduces the effective electron-hole attraction,
not only through screening, but also through Pauli blocking (phase-space filling and
short-range exchange effects). Both effects are always simultaneously present, but their
relative importance changes with the dimensionality of the system.” Figure 8 shows
absorption spectra near the band edge of GaN as a function of time delay at carrier
densities both (a) above and (b) below the Mott density. Below the Mott density, as
shown in Figure 8(b), exciton resonances saturate in a way which maintains the peak
energy position through a balance between the reduction of the exciton binding energy
and a redshift produced by the bandgap renormalization.** On the other hand, at a peak
carrier density of 4x10" cm™ (higher than the Mott density), a redshift of 10 meV at 14 =
1.6 ps is seen in Figure 8(a), indicating that the redshift produced by the bandgap
renormalization dominates over the reduction of the exciton binding energy. Using the
long-wavelength approximation [e(q)= € (1+qo’/q’)] in Eq. (19), we estimate the long-
range Coulomb screening effects by the non-thermal carriers on the exciton resonances.
The screening length (qo) at a peak carrier density of 4x10" em™ decreases by only a
factor of 2 from 200 fs to 1.8 ps. Further, we could not observe appreciable exciton

bleaching effects, until 1 ps when the carriers began to fill the near-band-edge states,
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indicating that long-range Coulomb screening by the non-equilibrium carriers does not
provide the main contribution to the exciton bleaching. This could originate from the fact
that the excitons do not strongly couple to non-thermal electron-hole plasma owing to

overall charge neutrality. Similar delayed exciton bleaching was also observed in CuCl.>
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Figure 8. Absorption spectra near the band edge of GaN as a function of time delay for
peak carrier densities of (a) 4x10'® cm™ and (b) 4x10" em™. The spectra were recorded
at 200 fs intervals from 1 ps to 1.8 ps. Note the induced absorption below the band edge.



Summary

In conclusion, we studied the hot carrier dynamics in a GaN epilayer excited well
above the band edge at 10 K under high carrier densities. A spectral hole was initially
peaked roughly at the excitation energy and gradually redshifted during the pump
duration. We attributed the redshift of the hole to a combination of exciton effects and
bandgap renormalization, which takes into account the non-equilibrium carrier
distribution. Energy relaxation and thermalization of the hot carriers are extremely slow,
due to blocking of the electron-LO phonon interaction and a large reduction in carrier-
carrier scattering. At about 900 fs, LO-phonon emission processes via the screened
Frohlich mechanism were clearly observed at a peak carrier density of 1x10' cm™. We
found that phase-space filling and short-range exchange effects based on the Pauli
exclusion principle play a more important role in the exciton bleaching than long-range

Coulomb screening.
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CHAPTER IV

THE EXCITONIC OPTICAL STARK EFFECT IN GaN

The dynamic Stark effect of excitons in GaN was studied using femtosecond
pump-probe spectroscopy with various polarization configurations and pump detunings at
10 K. For high intensity pump pulses tuned well below the exciton resonances, a strong
polarization dependence of the Stark effect on different pump and probe polarization
configurations was observed. For the two different circular polarization configurations,
the experimental results for GaN are qualitatively similar to those of GaAs/AlGaAs
multiple quantum well structures (MQWS), due to similarities between the Bloch-state
eigenfunctions of the MQWS heavy-hole (light-hole) subband and the GaN A (B) band
Furthermore, similar to bulk GaAs, the dynamic Stark effect in GaN also depends on the
relative linear pump and probe polarizations, which reflects 3-dimensional nature of bulk

GaN.

Motivation

Since the pioneering observation of the resonant optical Stark effect (OSE) in
bulk Cu;O semiconductor,” the nonlinear interaction between a strongly oscillating
electromagnetic field and optically saturable electronic transitions in semiconductors has
been extensively studied, not only for physical interests, but also because of potential
applications in optoelectronic devices. The various experiments have shown that the

amount of the excitonic Stark shift, splitting, and bleaching depend sensitively on
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excitation conditions, such as detuning, pulse duration, excitation intensity, relative
pump-probe (PP) polarizations, and PP time delay.’’™ According to Ref. 44, the
excitonic optical nonlinearities result from anharmonicity in both the exciton-exciton and
the exciton-photon interactions which depend directly on the excitation polarization and
the density of virtual excitons. They showed that the photogenerated virtual excitons give
rise to exactly the same physical processes as real ones, which allows for a physical
interpretation of all the experimental observation. The dominant interaction is attributed
to the fact that excitons are composite bosons made from fermions which obey the Pauli
exclusion principle. Another approach to explain the Stark effect is based on a coupling
between the exciton and all semi-virtual biexcitons. Each biexciton is made from one real
electron-hole (e-h) pair by the probe and one virtual e-h pair by the pump.45 This other
approach gives the same result as Ref. 35 at a large pump detuning.

There has been tremendous interest in GaN and related materials, due to the
fabrication of GaN-based blue laser diodes.*® Many types of linear’’ and nonlinear*®
optical spectroscopy techniques have been used to study these wide-band-gap
semiconductors. Recently, extremely slow energy relaxation and thermalization of the hot
carriers in GaN, photoexcited well above the band gap, were observed by femtosecond
PP spectroscopy.49 Although there have been extensive studies of the excitonic OSE in

3639 {0 the best of our knowledge, no studies have been performed

other semiconductors,
on GaN with excitation below the excitonic resonances.

We present a study of the OSE in a wurtzite GaN photoexcited well below the
excitonic resonances with various polarization configurations, using non-degenerate PP
spectroscopy at 10 K. We found a pronounced polarization dependence of the excitonic
Stark effect on different circular pump and probe polarization configurations. By
investigating the change of absorption spectra at the exciton resonances for ¢* and o~
polarized probe beams, while keeping a constant 6™ pump polarization and intensity, we
were able to evaluate the splitting of a degenerate exciton hidden inside the exciton
linewidth, as a function of polarization. We also observed a distinct difference in the

excitonic absorption for the co- and cross-linearly polarized pump and probe beams,

indicating the 3-dimensional (3D) nature of bulk GaN.
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Sample and experimental setup

The sample used in this study is a high quality 0.38 um-thick wurtzite GaN
epilayer grown by metalorganic chemical vapor deposition on a c-plane sapphire. An
excitonic resonance was clearly observed in this sample’s absorption above 300 K.° Our
experimental setup is based on a 1 kHz regenerative amplifier (REGEN) to create 100 fs
duration (FWHM) pulses at a wavelength of 800 nm. These pulses were fed into an
optical parametric amplifier to create tunable excitation pulses below the excitonic
resonances in GaN. This beam was used as the pump source with a FWHM of 260 fs and
a bandwidth of 13 meV. The leftover output from the REGEN was frequency doubled to
400 nm and then focused onto a quartz crystal to create a broad-band continuum probe
source with a FWHM of 200 fs. Neutral density filters were used to attenuate the probe
beam to a sufficiently low intensity, so that it would not alter the optical properties of the
sample. The pump and probe beam were, in turn, co-linearly (xx), cross-linearly (xy), co-
circularly (6*c"), and opposite-circularly (c*¢™) polarized. The probe beam was focused
to a 100 um diameter spot on the sample, and the transmitted probe was collected and
focused into a spectrometer with an attached charge-coupled device detector. The pump
spot size was focused to 250 um to minimize the variation in the pump beam intensity
across the probed region. The optical delay between the pump and the probe was
accurately controlled using a computerized step motor. All measurements were

performed at 10 K.

Results and discussion

Differential absorption (Ae) measures the difference between the probe

absorption with and without the pump:
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Aa(w)=t(w)—ao(w)=Znao(w-A)w-ay(w)=—[ZnA](day(w)/dw) (25)
where A,, 1, and @o(w) are the Stark shifts induced by the pump, and the relative
interband transition weights depending on the pump and probe polarizations, and the
unperturbed linear absorption, respectively.”* The solid line in Figure 9(a) is the
unperturbed linear absorption spectrum of GaN at 10 K. The valence band in GaN is split
into three sub-bands by the crystal field and spin-orbit coupling, giving rise to three
excitonic levels labeled 4, B, and C, respectively. All experiments were performed with
the probe beam wavevector along the c-axis of the GaN, so the C-exciton transition was
theoretically forbidden and was not observed in the absorption spectrum. On the other
hand, the 4- and B-excitons appear fully with the same binding energy of ~21 meV.*’
Note that the B-exciton oscillator strength is about 1.2 times larger than that of the A4-
exciton in this GaN sample. This can be partially attributed to the compressive biaxial
strain resulting from lattice and thermal-expansion mismatches between the GaN epilayer
and the sapphire substrate.*”" Another contribution to the B-exciton oscillator strength
comes primarily from an overlapping of the B-exciton transition with the A-exciton
excited states and the 4 band absorption tail,*’ due to the small energy separation (~9
meV) between the 4- and B-exciton transitions and their relatively broad absorption
linewidths (~11 meV) for this sample.

Because of a large reduced mass in GaN, which leads to a broad exciton envelope
function, we observed a substantial one-photon carrier generation with pump pulses of a
few uJ, even at 50 meV detuning from the 4-exciton resonance. To minimize one-photon
carrier generation by the pump pulses and to study the true optical Stark effect, we used
large detunings. We took the zero time delay to be at the approximate maximum of the
pump pulse. As seen in Figure 9(a), the amount of the B-exciton oscillator strength
reduces with increasing pump intensity, and the B-exciton resonance blueshifts linearly at
0 ps time delay (Atq). This is consistent with theoretical predictions that the Stark shift is
proportional to the pump intensity and inversely proportional to the pump detuning for a
large detuning.*** Physically, this Stark shift is predominantly caused by the nonlinear
exciton-photon interaction since the effect of exciton-exciton interaction on the Stark
shift plays a minor role in bulk semiconductors.”’ We note that CuCl has an exciton

redshift when the pump is detuned just below the bi-excitonic resonance and is polarized
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the same as the probe.** This CuCl transient excitonic redshift was attributed to the large
molecular biexciton binding energy of 28 meV” ? and the Coulomb interaction between
excitons and virtual biexcitons. However, the GaN biexciton binding is only 5.7 meV>’
and the pump detunings used here are far from the bi-excitonic resonance, so the
Coulomb interaction between the excitons and the virtual biexcitons is not strong enough
to cause such a redshift. While a pure excitonic Stark shift of exciton, i.e., a shift of the
absorption spectrum without any loss of oscillator strength, has been reported for
GaAs/AlGaAs MQWS at a low excitation intensity and moderate detuning, Figure 9(b)
shows a large and transient exciton bleaching in GaN as a result of phase space filling
(PSF) and screening effects by pump-generated virtual excitons. The bleaching and shift
exist during an intense pulse, except for a small and long-lived component that is mainly
caused by a large two-photon absorption (TPA) in GaN.>*> This transient bleaching
indicates that, in our experimental conditions, PSF and screening effects due to the virtual
exciton populations dominate over an increased exciton binding energy, which causes an
increased exciton oscillator strength and is due to a larger blueshift in the exciton
continuum states than in the bound states, in the presence of virtual excitons. According
to Refs. 56 and 57, the amount of exciton bleaching increases almost linearly with
decreasing pump duration at a constant energy per pulse, while the blueshift of the
excitonic resonance is nearly independent of the pump duration. Therefore, the large
exciton bleaching in Figure 9(b) also indicates that the pump duration is shorter than the
exciton dephasing time of 300 fs in GaN.*® This is in agreement with a coherent
oscillatory structure'” in the differential absorption around the excitonic resonances at Aty

= —0.3 ps, when the probe precedes the pump.
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Figure 9. (a) Absorption spectra of a 0.38 pum-thick GaN sample near the 4- and B-
exciton resonances at a time delay of 0 ps at 10 K with co-linearly polarized pump and
probe pulses for different indicated pump intensities. The pump is detuned from the 4-
exciton resonance by 159 meV, and the pump pulse has a FWHM of 12.7 meV. The solid
line is the absorption spectrum without the pump. (b) Time-resolved differential
absorption spectra (Aa) for co-linear polarization at a pump intensity of 32 pJ;’cmz. The
A« at first decrease with time due to bleaching, as shown by the solid curves with time
delays of Atg = -0.3, -0.2, -0.1, and O ps. Then, the spectra recovery, as shown by the
dashed curves with at Aty = 0.1, 0.2, 0.3, and 0.5 ps.
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Under irradiation of a resonant (nonperturbative) or off-resonant (perturbative)
electromagnetic field, semiconductor excitons (which are degenerate states when made
from the bare conduction and valence bands) not only shift but also split due to different
optical Stark shifts in the various conduction and valence levels. Although excitonic
Stark splitting has been clearly observed in a single quantum well in the nonpertubative
regime,43 the GaN Stark shifts are very small compared to the broad exciton linewidth in
the perturbative regime, so it is difficult to directly observe the splitting in GaN. To
investigate the GaN excitonic splitting hidden inside the exciton linewidth, we used
various pump and probe polarization configurations to separately identify conduction and
valence band exciton shifts, as was done in bulk GaAs and GaAs/AlGaAs MQWS.3 .
Figure 10 shows a pronounced dependence of the OSE on the relative linear pump and
probe polarization configurations at Azg = 0 ps. The fact that Aa is nearly same for the xx
and the xy configurations at Azq = 0.5 ps, when the pump is completely off, indicates that
the pump intensity was the same for both cases, since the long decay component of Ax is
mainly due to TPA. The xx to xy signal ratio at the 4 (B)-exciton resonance is about 1.5
(1.8) and does not depend sensitively on pump intensity. With the same virtual exciton
population (i.e., a completely degenerate and radiation-broaden Fermi distribution at zero
temperature)44 in the xx and xy configurations, this polarization dependent exciton
bleaching results from the different blueshifted 4- and B- excitonic transition weights for
x- and y-polarized probe beams on the basis of perturbation theory.** In 2D
GaAs/AlGaAs MQWS, which has Bloch-state eigenfunctions similar to those of GaN,
the OSE does not depend on the relative linear pump and probe pe‘larizations.37 On the
other hand, in 3D bulk GaAs, a similar behavior of the OSE has been reported,39
indicating that this dependence originates from the 3D nature of bulk GaN.
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Figure 11 shows Aa for 6'c" and 6o~ polarization configurations at a pump
detuning of 140 meV below the 4 exciton resonance. A distinctive A« difference between
the c'c" and "o~ configurations indicates the excitonic Stark splitting of degenerate
exciton states by the 6" -polarized pump, as illustrated in Figure 12. Wurtzite GaN Bloch-
state eigenfunctions near the Brillouin zone center are designated |/ = 0, s = +1/2> for the
s-like conduction band, |j = 3/2, m = £3/2> = |l = £1; s = +1/2> for the 4 valence band,
132, £1/2> = [(E°s=AE 5= E°)]'"? 115 F1725> + [(E c-AIN(E c— E°5)]'" 10; £1/2>for
the B valence band, and [1/2, 12> = —[(E’s-AJNE’s— E°0)]"* 10; 12> +
[(EOC—XE)K(EOC— EJ‘(J,g)]l’*2 |+1; F1/2> for the C valence band.”® Here, E%; (EOC) is the
optical transition energy at the zone center from the B (C) valence band to the conduction
band and A, depends on the deformation potentials and the strain tensors.*® Except for the
interband transition amplitudes for the B and C valence bands, the above GaN
eigenfunctions are the same as those of GaAs MQWS. In the 6™ configuration, the
larger bleaching of the B-exciton resonance is due to (i) a larger number of pump-excited
o' A-excitons than ¢’ B-excitons and (ii) a stronger B-exciton oscillator strength than
that of the 4-exciton, as shown in Figure 9(a). For a 6™ or 6™ -polarized probe beam, the
ratio of 4- to B-excitonic oscillator strength in GaN is found to be (E’s— E‘OC);‘(EOB—M),
using typical selection rules. According to Ref. 50, this value at zero strain is slightly
larger than 1 and gradually increases with increasing compressive biaxial strain.
Compared to the excitonic Stark effect in GaAs/AlGaAs MQWS with the same co- and
opposite-circular pump and probe polarizations,”’ Figure 11 shows much larger bleaching
at the B-exciton resonance. Considering the 3 : 1 ratio of the heavy and light hole
oscillator strengths in 2D GaAs/AlGaAs MQWS, this difference between the material
systems is expected. As seen in Figure 7, with ¢* pumping, a ¢ probe with a kinetic
angular momentum of +1 can detect both conduction and valence band Stark shifts
induced by the pump, but a ¢~ probe with a kinetic momentum of —1 can only detect
conduction band Stark shifts. From Figure 11, we can sketch the relative Stark shifts

shown in Figure 12. The conduction band Stark shifts are larger than the valence band
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Stark shifts, and the |/ = 0; s = +1/2> conduction band Stark shift is larger than the sum of
the |/ = 0; s = —1/2> conduction and |j = 0; m = —1/2> valence band Stark shifts.
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Figure 11. Differential absorption spectra at Aty = 0 ps for opposite- (¢* and ¢~ for the
pump and probe, respectively) and co-circular (¢ for both the pump and probe beams)
polarizations. The pump pulse is detuned 140 meV below the 4-exciton resonance with

an intensity of 20 pJ/cm’.
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Figure 12. Optical selection rules of the 4 and B excitonic transitions.
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Summary

In conclusion, we studied the dynamic excitonic Stark effect in GaN at 10 K with
various pump and probe polarization configurations in the nonperturbative regime. For
the linear polarization configurations, the differential absorption spectra clearly show the
3-dimensional nature of bulk GaN. We also observed a pronounced difference in the
excitonic absorption for co- and opposite-circularly polarized pump and probe beams,
evidencing the splitting of degenerate excitonic states in GaN as well as their blueshifts
under irradiation of a non-resonant pump field, similar to 2-dimenional GaAs/AlGaAs

multiple quantum wells.
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CHAPTER V

FEMTOSECOND PUMP-PROBE SPECTROSCOPY AND TIME-RESOLVED
PHOTOLUMINESCENCE OF AN InGaN/GaN
DOUBLE HETEROSTRUCTURE

In this chapter a study of the carrier dynamics in an Ing;3Gagg;N thin film
photoexcited well above the band gap using non-degenerate pump-probe spectroscopy
and time-resolved photoluminescence (TRPL) for carrier densities ranging from 107 to
10" cm™ at 10 K is presented. At carrier densities greater than 4x10'® cm?, optical gain
occurs across the entire band tail region after ~2.5 ps time delay, when the hot carriers
completely fill these states. From TRPL measurements performed in the surface emission
geometry, we observed stimulated emission (SE) with a ~28 ps decay time. Since this SE
has a threshold density of 1x10"® em™, which is larger than the total density of localized
states, and the SE spectra at early time delays are quite different from the spontaneous
emission spectra, we attribute the stimulated emission to the recombination of an

electron-hole plasma from renormalized band-to-band transitions.

Motivation

The desire for ever higher resolution printing, read-write laser sources for high-
density information storage on magnetic and optical media, and sources for secure inter-
satellite communications has fueled an interest in semiconductor lasers operating at

shorter wavelengths. A long-lived continuous-wave blue InGaN quantum well (QW)
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diode laser grown on a sapphire substrate was recently demonstrated at room
temperature.’” Despite extensive studies on the optical properties of InyGa; 4N ternary
alloys as the active light-emitting medium, the optical gain and stimulated emission (SE)
mechanisms in these technologically promising new sources are still unclear. A major
issue related to carrier dynamics is the many-body Coulomb interaction among
electrically injected or photogenerated carriers in localized and extended states, given the
high carrier densities (larger than 10" em?)® required to achieve lasing in present
devices.

In this chapter, we report a study of the carrier dynamics in an InGaN thin film for
carrier densities varying from 10'7 to 10" ¢cm™ photoexcited well above the band edge,
using femtosecond non-degenerate pump-probe (PP) spectroscopy and time-resolved
photoluminescence (TRPL) measurements at 10 K. Through these measurements, we
explored not only the early-stage thermalization processes of the hot carriers, but also the
spectral and temporal properties of the recombination processes, both as functions of

carrier density.

Sample and experimental setup

The sample used in this study is a nominally undoped 0.1 pum-thick Ing 8Gag N
epilayer grown by metalorganic chemical vapor deposition at 800 °C. The structure
consists of a 20 nm GaN buffer layer grown on c-plane sapphire followed by a 1.8 pum
GaN layer, a 50 nm GaN:Si (Si ~10"® cm‘3) layer, the 0.1 um Ing ;3Gag g>N layer, and a 50
nm GaN:Si (Si ~10" cm™) cap layer. The average In composition was measured using
high-resolution x-ray diffraction, assuming Vegard's law. We note that the actual InN
fraction could be smaller due to systematic overestimation when using Vegard's law for
this strained material sys‘[em.60
Since the Ing;3Gagg;N conduction band edge lies at a lower energy than the

GaN:Si donor states, electrons from the donors will move into the Ing;3Gag ;N region.

The self-consistent potential seen by an electron in the double heterostructure can be
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modeled by an effective mass theory that takes into account the exchange-correlation
potential within the local density approximation. We use the same numerical method
described in Ref. 61 for modeling heavily doped semiconductor multiple quantum wells
(MQWs). At low temperature (T~10 K), most of the carriers remain trapped at the
GaN:Si donor sites with only a small fraction migrating into the InGaN layer. The
amount of charge transfer is determined by requiring the Fermi level to be the same
across the GaN and InGaN layers (about 30 meV below the GaN conduction band
minimum, which is taken to be zero in this calculation). The resulting self-consistent
potential (solid curve) and carrier density (dashed curve) are shown in Figure 13. For the
heavily doped GaN cap layer, donor electrons within 2.2 nm from the front GaN/InGaN
interface are depleted, contributing to the 2-dimensional (2D) carrier density of 1.1x10"
cm™ in the left triangular InGaN QW. For the less heavily doped GaN layer under the
InGaN layer, donor electrons within 15 nm from the back InGaN/GaN interface are

depleted, contributing to the 2D carrier density of 7.5x10"" em™ in the right triangular

InGaN QW. The total 2D carrier density in the InGaN layer is 1.85x10"% cm™, which is
not enough to substantially screen the Coulomb interaction among photo-excited carriers.
Femtosecond PP spectroscopy measurements were carried out with a 1 kHz
regenerative amplifier (REGEN) used to create pulses with a full width at half maximum
(FWHM) of 100 fs at a wavelength of 800 nm. These pulses were fed into an optical
parametric amplifier to create pulses with a FWHM of 355 fs (measured by difference-
frequency mixing in a BBO crystal) at 3.345 eV (295 meV above the absorption edge of
the excited InGaN sample at 10 K) with a bandwidth of 25 meV. This beam was used as
the pump source to excite carriers above the Ing3Gagg:N band gap. The leftover output
from the REGEN was frequency doubled to 400 nm and then used to create a broad-band
continuum probe source with a FWHM of 350 fs. The pump and probe beams were
orthogonally polarized, and the angle between them was 15°. Neutral density filters were
used to attenuate the probe beam so it would not alter the optical properties of the sample.
The probe beam was focused to a 150 um diameter spot on the sample, and the
transmitted light was collected and focused into a spectrometer with an attached CCD
detector. A pump spot size of 300 um was chosen to minimize the variations in pump

beam intensity and to average out the effect of In compositional fluctuations across the
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probed region. The optical delay between the pump and probe was controlled using a
computerized stepper motor. TRPL measurements were also performed in the surface
emission geometry using a streak camera with a monochromator. The pump spot size was
150 um in diameter and the overall time resolution for TRPL measurements was about 60

ps. For consistency, the same excitation energy was used for PP and TRPL experiments.
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Figure 13. Self-consistent potential profile seen by an electron across the InGaN layer
(solid line). Also shown is the carrier distribution (dashed line).
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Results and discussion

Differential transmission spectra (DTS)'’ measure the difference between the

probe transmission with and without the pump:

DTS = AT/ Ty = (T-To) / Ty = [exp(- [ Aa(z) dz)] - 1,

where 7, 7y, Aa(z), and d are the transmitted probe intensity with and without the pump,
the pump-induced absorption change at depth z (measured from the front side interface),
and the sample thickness, respectively. For an active layer thickness of 0.1 um with an
absorption coefficient of 1.5x10° cm™ at the excitation energy, our sample is optically
thick, so the photo-generated carrier density depends on the depth z, which leads to a
depth-dependent absorption coefficient o(z). Figure 14 shows the DTS at early time
delays for an average carrier density of 3x10"® cm™ in the active layer, as estimated from
band ﬁlling.£ Using this average carrier density and assuming an exponential decrease in
the photo-generated carrier density with depth, we estimate the carrier density at the front
side interface (z =0 nm) and at the back side interface (z =100 nm) to be 5.7x10'® cm™
and 1.3x10"® cm?, respectively. We see in the inset that the low-density
photoluminescence (PL) peak (dotted line) is significantly Stokes shifted (~58 meV) with
respect to the fundamental absorption edge. This behavior arises from the combined
effects of the large band bending near the interfaces and In compositional fluctuations®*®®
in this mixed semiconductor alloy. We take zero time delay to be at the approximate

maximum of the pump pulse. For time delays of less than -200 fs, no significant band

filling effects were observed.

* Because of a large uncertainty in the quantum efficiency of the electron-hole pair
generation and experimental difficulties in measuring the reflectance and transmittance of
sample, we calculated the carrier density using the band filling factor [1-fe-f;] (see p. 22
in Ref. 10), assuming a simple parabolic band structure and equal occupation
probabilities [fe=f;] of electrons and holes. In both PP and TRPL measurements, we
measured nominal excitation energy densities. After comparison between the calculated
carrier density from the band filling factor and the measured nominal excitation energy
density, we obtained a calibration factor. Then, carrier densities in TRPL measurements
were determined with the calibration factor.
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Figure 14. Differential transmission spectra (pump-induced transmission change A7/Tj)
of a 0.1 um Ing;3GaggN active layer at 10 K for an average carrier density of 3x10'®
cm™ showing the ultrafast near-zero-delay dynamics. The dashed line shows the pump
spectrum. The DTS curves are displaced vertically for clarity. The inset shows the
absorption (solid line), PL (dotted line), and pump spectra for the pump-probe
spectroscopy (dashed line).
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The DTS at -200 fs shows a spectral hole burning'® which is initially peaked at
the high-energy tail of the pump pulse. At -100 fs, a broad low energy tail arises from the
fast interaction of photoexcited carriers with the previously existing electrons, as shown
in Figure 14. We clearly observed two successive LO-phonon emission processes via the
Frohlich interaction at 0 and 100 fs time delays. At 0 fs, a broad peak at 3.25 eV arises
from the emission of single LO-phonons, and at 100 fs, another broad peak occurs at 3.18
eV because of two successive LO-phonon emissions. The spacing is approximately equal
to the expected Ing;3GaggN LO-phonon energy of 89 meV, which is estimated by a
linear interpolation of the values of 92 meV® and 74 meV®’ for GaN and InN,
respectively. However, the successive LO-phonon emission does not necessarily mean
that relaxation processes of the hot carriers can be explained by a simple LO-phonon
cascade model. Considering the non-thermal carrier distribution on this time scale of less
than 100 fs, and the decrease in the joint density of states with decreasing photon energy
(which causes the DTS values to increase), only a small fraction of the hot carriers should
be involved in the successive LO-phonon emissions. Similarly observed LO-phonon
replicas during the pump duration was previously reported in GaAs at a carrier density of
8x10" cm>.2

As shown in Figure 14, the cooling processes of most of the carriers begin after
the initial buildup of carriers by the pump. Carrier-carrier interactions which cause the
gradual broadening of the non-thermal carrier distribution and electron-phonon scattering
by both the Frohlich and the deformation-potential mechanisms provide the most relevant
relaxation processes. Compared to the rapid hot carrier redistribution in GaAs®® over a
wide energy range within 100 fs at a lower excitation density, Figure 14 shows that the
hot carriers relax very slowly toward the band edge. This is mainly caused by the hot
phonon effect,” since the electrons lose energy to LO-phonons very slowly when the LO-
phonons are as hot as the electrons. Previously, a slow hot carrier relaxation in this
material due to the hot phonon effect has been reported at 300 K.

The carrier dynamics near the absorption edge of the sample is shown Figure 15
as a function of time delay for average carrier densities of (a) 4x10'® cm™ and (b) 4x10"
cm™. The arrows indicate the effective mobility edgeﬁg (Eem) of the sample, which was

determined by the excitation energy dependence of the PL peak position as detailed in
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Ref. 70. For an average carrier density of 4x10'® cm™, the average inter-particle distance
is about 3 nm, which is approximately equal to the exciton Bohr radius in GaN. Thus, the
hot carriers of Figure 15(a) form an electron-hole plasma (EHP), while a coexistence of
correlated states (excitons) and uncorrelated electron-hole pairs is possible at the average
carrier density of Figure 15(b). As the hot carriers relax toward the band edge, the band
gap reduces, leading to induced absorption near and below the absorption edge appearing
after ~1.3 ps, as shown in Figures 15(a) and (b). Subsequently, the induced absorption
reduces and turns into optical gain (or induced transparency) due to band filling by the
hot carriers. The weak modulation in the resulting gain spectra comes from the Fabry-
Perot modes of the sample structure. As shown in Figure 15(a), optical gain across the
entire band tail is evident at an average carrier density of 4x10'® cm™, and has a
maximum value of ~1.2x10* em™ at 2.5 ps. Previous studies of PP spectroscopy on bulk
GaAs’', GaAs/AlGaAs MQWs'?, and InGaN/GaN MQWs"* also showed optical gain
near the band edge. Assuming that a single round-trip condition in the sample growth
direction is satisfied and that there is no loss due to absorption in the InGaN active layer,
a threshold gain for vertical-cavity SE was found to be 10° em™ for 20 % reflectivity at
both side interfaces and a gain length (active layer thickness) of 0.1 |,1m.?4 Since this
threshold gain value is one order of magnitude larger than the experimentally observed
optical value of ~1 2x10* em™ at an average carrier density of 4x10" em?, it may not be
possible to achieve vertical-cavity SE from optical pumping except under extremely high
excitation densities. At 3 ps in Figure 15(b), there are still available states below Ep,, but
most of the carriers are situated at energies above 3.04 eV. This means that the total
density of localized states due to In compositional fluctuation is less than 4x10" em™. To
be consistent, the TRPL measurements seen below show that the PL peak position does
not shift up to an average carrier density of 1%10" em™, but it has a significant blueshift
at an average carrier density of 5%10'7 em™ due to band filling of the localized states.
Therefore, we estimate the total density of localized states in this sample to be between

1x10" ¢m™ and 4x10'7 cm™.
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Figure 15. Absorption spectra near the fundamental absorption edge of an Ing3Gag goN
active layer as a function of time delay for average carrier densities of (a) 4x10" cm”
and (b) 4x10'7" cm™. The solid lines represent the values taken without the pump (o).
The arrows indicate the effective mobility edge (see text).
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The energy relaxation rate of hot carriers depends strongly on the number of
available lower energy states and decreases quickly with decreasing energy within the
band tail due to the reduced density of the final states. Absorption spectra and their
corresponding DTS near the band tail region at time delays from 10 to 50 ps are shown in
Figure 16. The recovery from bleaching effects at an average carrier density of 1x10"
cm™ is much slower than at 3x10'® cm™ [note the bleaching across the entire tail region
at 2.5 ps in Figure 15(a)]. This indicates that a very fast and efficient carrier depopulation
process, i.e. SE, exists at an average carrier density of 3x10" cm™. At average carrier

3, our TRPL measurement results show that most of

densities greater than 1x10'® cm’
carriers disappear through SE with a ~28 ps decay time, as seen below. On the other
hand, it takes about 1.8 ps for the hot carriers to relax to the absorption edge, as shown in
Figure 12. Compared to this time scale, the relaxation processes shown in Figure 16 are
very slow. In fact, we see in Figure 16(d) a clamping of carrier relaxation near E.n, at an
average carrier density of 1x1 0'7 em™, which indicates that the localized states below Eep
are able to accommodate most electron-hole pairs produced at this density. This may be

evidence for an analogous mobility edge in the Mott-Anderson picture of localization” in

view of hot carrier relaxation.
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Figure 16. Absorption spectra and their corresponding differential transmission spectra
near the band tail region of an Ing3Gays,N active layer as a function of time delay for
average carrier densities of (a, b) 3%10" cm™ and (c, d) 1x10'7 cm™. The arrows indicate
the effective mobility edge.
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Figure 17 shows (a) the carrier density dependence of the time-integrated PL
spectra and (b) their corresponding temporal responses. The effective PL lifetimes (1o and
1) as determined by single (for average carrier densities 2x10'®, 1x10'7, and 5x10"7 cm”
%) and double (for 2x10" and 1x10" cm'3) exponential fittings are indicated in Figure
17(b). We observed SE above an average carrier density of 1x10'® cm™. Above the SE
threshold density, the integrated PL intensity exhibits a super-linear growth as the carrier
density increases. Compared to other III-V semiconductors, the observed SE threshold
density is rather large, but this can be easily attributed to the large effective masses in this
system, which make it difficult to reach population inversion.”® According to Ref. 77, the
filling of localized band-edge states is a prerequisite for achieving lasing in InGaN QW
laser diodes. Because the SE lifetimes are less than our system resolution of ~60 ps, we
obtained the decay constants using a de-convolution technique. The spontaneous
emission peak position does not shift up to an average carrier density of 1x10"’ cm™, but
it has a significant blueshift at an average carrier density of 5%10" cm™ due to band

filling of the localized states.
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Figure 17. (a) Time-integrated PL spectra and (b) their time-resolved PL intensities at
various carrier densities. The PL spectra at different carrier densities in Fig. 14(a) have
been rescaled as indicated. The average threshold carrier density for stimulated emission

was found to be 1x10"™ ecm™,
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Spontaneous emission can be attributed to the well-known phenomenon of
recombination of localized carriers (or excitons) in random potential wells induced by In

6263 since the strain-induced piezoelectric effect’® in bulk

compositional fluctuations,
InGaN is much smaller than in an InGaN/GaN MQW." Figure 18 shows time-integrated
four wave mixing on this sample at low excitation powers with the laser tuned to the
absorption edge of 3.05 eV shown in Figure 15. We found that the signal at 10 K is not
sensitive to detuning, which results from In compositional fluctuation, and it has a
polarization dephasing time of 150 fs assuming a homogenous broadening similar to
GaN.*® This indicates that the absorption enhancement near the band edge is due to the
excitonic ground state. The dephasing time of excitonic continuum states is expected to
be much smaller. For instance, the dephasing time in pure GaAs was found to be less than
11 5.3 Therefore, piezoelectric fields should play only a minor role in this bulk material
system. According to a simple model,”” the density of states in the band tail quickly
decreases with increasing activation energy, resulting in a lower density of final states for
acoustic phonon-assisted relaxation or tunneling.®"** Thus, the average spatial separation
between sites with deeper potential wells increases.®® This causes a smaller tunneling
probability per available site, and hence a longer effective PL lifetime at lower energy.
For carriers with energies above E.n, the decay is most likely dominated by the rapid

nonradiative transfer to lower localized states. As a result, the time-resolved spectrum

shifts toward lower energy with increasing time delay, as shown in Figures 19(a) and (b).
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absorption edge of the Ing 13Gag g>N active layer for three excitation powers.
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The temporal PL traces for carrier densities above the SE threshold density show
in Figure 17(b) two distinct decay constants: a short component for fast SE and a long
component for subsequent spontaneous emission. Consistent with the occurrence of
optical gain over a wide spectral region and the fast recovery from bleaching effects
above the SE threshold density seen in PP spectroscopy, SE occurs from 2.95 eV to well
above the absorption edge with decay constants of 27-28 ps, as shown in Figure 19(c).
Figure 20 shows the detailed temporal evolution of the both (a) SE and (b) spontaneous
emission. The top curve on each graph is taken at the peak of the TRPL decay curve. The
maximum PL intensity in the TRPL decay curve at an average carrier density of 1x10"
em”™ occurs about 28 ps faster than at an average carrier density of 5%10"7 cm™.
Considering our system resolution, the actual temporal evolution of the SE can be faster
than the time delays in the Figure 20(a). If the spontaneous emission and SE originate
from the same mechanism, they should have similar spectral shapes. However, the SE
spectra at early time delays and the spontaneous emission spectra shown in Figure 20 are
quite different, indicating that the SE does not result from recombination of carriers in
localized states. The temporal behavior of the SE peak shown in Figure 20(a) can be well
understood in terms of an EHP recombination from renormalized band-to-band
transitions, where one expects such a blueshift as the number of carriers decreases
through the SE with increasing time delay. This is consistent with our previous

conclusion that the total density of localized states is less than 4x10"7 cm's, and thus, SE

must be dominated by carriers in extended states at these high densities.
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The top curve on each graph is taken at the peak of the time-resolved PL decay curve.
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We note that a previous study of SE as a function of excitation length for an
InGaN/GaN MQW by nanosecond pulse excitation in the side pumping geometry was
performed in Ref. 56, where the SE was shown to result from the recombination of
carriers in localized states. Ref. 56 also shows that the SE threshold density quickly
decreases and the peak position redshifts with increasing excitation length (from 500 to
2500 pm) due to reabsorption in the photoexcited region. Since the experimentally
observed optical gain value of ~10* cm™ shown in Figure 12(a) is not enough to allow SE
in the sample growth direction, we consider the SE observed in this study to be in-plane
traveling light which is scattered vertically by unintentionally formed crystal
imperfections. The degree of localization in InGaN active layers depends very much on
the mean In molar fraction and the growth conditions. For the same InGaN/GaN double
heterostructure (DH) used in this study and an InGaN/GaN MQW sample which has the
same InN fraction and similar Si doping concentration in the barriers, Ref. 25 shows that
the band tail states are significantly larger in the InGaN/GaN MQW than in the
InGaN/GaN DH. This is most likely due to the increased number of interfaces in the
MQW compared to the DH, which leads to larger potential fluctuations. Therefore, both a
small total density of localized states and a high SE threshold density resulted from a
much small optical gain length by the crystal imperfections contribute to the fact that an
EHP recombination from the renormalized band-to-band transition is responsible for SE

in the InGaN/GaN DH discussed in this work.
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Summary

In conclusion, we studied the hot carrier dynamics in an InGaN thin film
photoexcited well above the band edge at 10 K under high carrier densities. At a carrier

) s —_—
, we clearly observed two successive LO-phonon emission

density of 3%10'® cm
processes via the Frohlich interaction at 0 and 100 fs time delays. As the hot carriers
relax, optical gain across the entire band tail and even above the absorption edge occurs
at 2.5 ps time delay. This gain results in stimulated emission which has a ~28 ps decay
time constant and a threshold density of 1x10'8 cm'3, which is larger than the total
density of localized states induced by In compositional fluctuations. We attribute the
stimulated emission to the recombination of an electron-hole plasma from renormalized

band-to-band transitions.
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CHAPTER VI

TIME-RESOLVED PHOTOLUMINESCENCE OF InGaN/GaN MUTIPLE
QUANTUM WELL STRUCTURES: EFFECT OF Si DOPING
IN THE BARRIERS

The carrier recombination dynamics in a series of In,Ga;«N/GaN multiple
quantum wells, nominally identical apart from different Si doping concentrations in the
GaN barriers, was studied by time resolved photoluminescence (PL) with excitation

densities ranging from 220 nJ/cm®to 28 pJ/cm® at 10 K and 300 K. At early time delays

and with excitation densities greater than 5 pJ;’cmz, at which the strain-induced
piezoelectric field is screened by both photogenerated carriers and electrons from the
GaN barriers, we observe a strong InGaN PL peak initially located 60 meV below the
absorption edge and well above an effective mobility edge. This peak decays quickly
with an effective lifetime less than 70 ps and disappears into the extended states while it
gradually redshifts. The amount of this PL peak redshift decreases with increasing Si
doping in the GaN barriers, suggesting that the peak is due to radiative recombination of

free excitons in the screened piezoelectric field.

Motivation

Recent progress in the fabrication of InGaN/GaN multiple quantum well (MQW)
devices has led to the blue laser diode with a lifetime of more than 10,000 hours under

continuous wave operation at room temperature.’® One characteristic property of this
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material system is a large Stokes shift between the absorption edge and the
photoluminescence (PL) emission. This large Stokes shift has been attributed to (i) carrier
localization due to potential fluctuations associated with the formation of In-rich areas or

y 62-65.70,84
islands

and (ii) the presence of a strain-induced piezoelectric (PZ) field which
leads to the quantum-confined Stark effect (QCSE).”®7%86 It is of great interest to
examine the electronic states and carrier recombination dynamics in samples free from
the influence of the PZ effect. The PZ field can be screened out by both photogenerated
carriers and extrinsic carriers in the InGaN active layer and/or the barriers. In the latter
case, the extrinsic carriers originate from barrier impurity doping and move into the
active layer to satisfy the requirement of a constant Fermi level across the layers.
Compared to the case of impurity doping both in the well and the barriers, we expect a
lower impurity-related PL emission in the barrier-only case. While the dependence of the
optical, electrical, and structural properties of strained InGaN/GaN MQW structures on

d,g?'92 to the best of our knowledge,

Si doping concentration has been extensively studie
little information is known about the intrinsic excitonic recombination dynamics.

In this chapter, a set of Ing;3GaggN/GaN MQW structures with Si doping
concentrations in the range of 1x10"" = 3%10" em™ in the GaN carriers has been studied
by means of PL, PL excitation (PLE), and time-resolved PL (TRPL) to examine in detail
the effect of Si doping on the optical properties. Special attention is paid to the

recombination of free excitons in the InGaN active layers which is control ed by the

screening of the PZ field.

Samples and experimental setup

The Ing13GagsN/GaN MQW samples used in this work were grown on c-plane
sapphire substrates by metalorganic chemical vapor deposition (MOCVD). A set of
samples, nominally identical apart from deliberate variations in the Si doping
concentration (ns;), were grown specifically to study the influence of Si doping in the

GaN barriers. The samples consist of a 1.8 um thick GaN base layer and a 12 period
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MQW region with 3 nm thick InGaN wells and 4.5 nm thick GaN barriers, followed by a
Alg07Gago3N capping layer. A detailed description of the growth conditions has been
published elsewhere.”” The Si doping concentrations, which were obtained from
secondary-ion mass spectroscopy and Hall measurements, are 1x10'7, 2x10'%, and
3%10" ecm™ for the different samples studied. A nominally undoped Ing3Gagg:N
epilayer sample used for comparison was grown by MOCVD at 800 °C. The structure
consists of a 1.8 um GaN layer on c-plane sapphire, a 50 nm thick GaN:Si (ng; ~10'®
cm™) layer, followed by the 0.1 um InGaN epilayer, and a 50 nm GaN:Si (ns; ~10"
cm ) layer. To evaluate the interface quality and structural parameters, the samples were
analyzed with 4-crystal high resolution x-ray diffraction (HRXRD) using Cu Ka,
radiation. The average InN molar fraction was measured by HRXRD, assuming Vegard’s
law. The angular distances between the satellite superlattice diffraction peaks and the
GaN (0002) reflections were obtained by w—26 scans. The spectra clearly showed higher-
order satellite peaks, indicating high interface quality and good layer uniformity. The
details of this x-ray analysis were reported elsewhere.”

The PL and PLE experiments were performed using quasi-monochromatic light
from a xenon lamp dispersed by a 0.5 m monochromator. TRPL spectroscopy was carried
out in the surface emission geometry with a 1 kHz tunable femtosecond pulsed laser
system for sample excitation and a streak camera for detection. The pulse duration time
and output wavelength from the laser system were 355 fs (full width at half maximum)
and 371 nm (3.342 eV), respectively. This allowed direct excitation of the InGaN QWs at
10 K and 300 K. The pump spot size was 150 um in diameter and the overall time

resolution for TRPL measurements was about 60 ps.

Results and discussion

Figure 21 shows 10 K PL and PLE spectra of the main InGaN-related emission.
The PLE detection energy was set at the main PL peak energy. For the nominally
undoped (1 x10"" cm™) sample, a large Stokes shift of 360 meV with respect to the band
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edge measured by PLE is observed. This Stokes shift decreases with increasing density of
electrons from the Si donors in the GaN barriers and is found to be 250 meV for the
heavily doped (3x10"” em™) sample, in which a large screening of the PZ field is
expected by the electrons even at low temperature. This indicates that the large Stokes
shifts are mainly due to large potential variations, which result from In composition
fluctuations, strain fluctuations, interface roughness, crystal dislocations, and other
defects. The HRXRD measurements for these InGaN/GaN MQWs show that the Si
doping in the GaN barriers significantly improves the structural and interface quality,
although it does not change the overall strain state (i.e., it does not cause a relaxation of
the lattice-mismatch induced strain).”* Consistently, the reduced Stokes shift with
increasing doping concentration results mainly from the band-filling of localized states
and better interface quality. The band edge of an InGaN/GaN MQW with Si doping in the
GaN barriers is determined by a competition between the screening of the QCSE due to
electrons from the GaN barriers and the 2-dimensional (2D) band gap renormalization
(BGR) caused by the same electrons. Compared to the undoped MQW, the band edge of
the heavily doped MQW is blueshifted by ~20 meV, indicating that the reduction of the
QCSE is slightly larger than the BGR at ng; = 3x1 0" cm™.
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Figure 21. PL and PLE spectra of a series of Ing3GagsN/GaN MQWs and an
Ing 18Gag N epilayer at 10 K. The Si doping concentration in the GaN barriers of the
MQWs ranged from 1x10'" to 3x10" em™. The Stokes shift of the PL peak with respect
to the PLE band edge is seen to decrease with increasing Si doping concentration.
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Neglecting the PZ field, alloy potential fluctuations, and spontaneous polarization
we estimated the confinement energy levels in the Ing 13Gag soN QWs by a finite potential
well model. The electron and hole effective masses for the Ing 13GaggN QWs are 0.2 m.
and 0.75 me, respectively, as estimated by a linear interpolation between the effective
masses of 0.22 m. and 0.8 m. for GaN,”>*® and 0.12 m. and 0.5 m, for InN.”” With a band
gap energy difference of 450 meV between the GaN barrier (3.5 eV)® and the
Ing.18Gag g2 N epilayer (3.05 eV in Figure 21) at 10 K and a band-offset ratio of 3 : 7 for
the conduction and valence bands (measured by a x-ray photoemission spectroscopy on
the wurtzite crystal structure),” only the lowest confinement level (n = 1) exists in the
conduction band for the 3 nm thick well layers. The transition energy between the n = 1
conduction and n = 1 4-valence band levels at 10 K is estimated to be 3.14 eV, which is
the same as the PLE band edge of the heavily doped MQW sample and 20 meV larger
than that of the undoped sample, as shown in Figure 21. Considering the lowest quantum-
confined level redshift caused by the PZ field,” this energy difference is reasonable and
agrees well with theoretically calculated results for the 3 nm thick InGaN/GaN.”
However, we could not observe clear quantized state transitions in these MQW samples’
photo-reflection measurements, most likely because of the large bandgap inhomogeneity.

Figure 22 shows (a) the optical excitation density dependence of the time-
integrated PL spectra for the moderately doped MQW and (b) the spectral dependence of
the PL decay time at an excitation density of 5.5 puJ/em”at 10 K. At excitation densities
less than 5.5 pJ/em? the main PL peak blueshifts with increasing excitation density,
mostly due to the band filling of localized states by the photogenerated carriers. For
excitation densities higher than 5.5 u.lfcmz, this PL peak slightly redshifts and narrows. A
large increase in the effective recombination lifetime with decreasing energy across the
main PL peak is shown in Figure 22(b). This behavior can be well understood in terms of

6881 where the carrier decay is by radiative recombination

carrier (exciton) localization
and also by nonradiative transfer to deeper localized states through acoustic phonon-
assisted relaxation or tunneling. Assuming the radiative decay time is independent of
energy and the density of localized states is proportional to [exp(-E/Eg)] (E is the

localization energy), we fit the experimental decay time data to 7 '(E) =
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Thid ) {1+exp[(E~Emc)ng]},8' where T4 is the radiative lifetime, En. is the energy
analogous to a mobility edge,*” and Ej is the characteristic energy describing the energy
dependence of the density of states. The best fit was obtained for 7,,¢= 0.53 ns, Epe = 2.97
eV, and Ey = 43 meV. For the undoped and heavily doped MQWs at the same excitation
density, we obtained 7,54 values of 1.95 and 0.57 ns, Ey,. values of 2.90 and 2.99 eV, and
Ey values of 35 and 45 meV, respectively. The blueshift of the mobility edge with

increasing Si doping concentration is consistent with the reduction of the Stokes shift.
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Figure 22. (a) 10 K time-integrated PL spectra at various exc1tat10n densmes for an
Ing.18Gag g N/GaN MQW with a Si dopmg concentration of 2x10"® in the GaN
barriers. The 10 K PLE spectrum is shown with a dashed line. (b) The effective
recombination lifetime as a function of emission energy at an optical excitation density of
5.5 pJch for the same sample at 10 K. The solid and dotted curves are the
correspondlng time-integrated PL spectrum and the best fit to the equation 7~ YE) =
Tead {1 + exp[(E—Eme)/Eo]}, respectively.
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We note that at higher excitation densities, the time-integrated spectra of Figure
22(a) contain two peaks. As the excitation density is increased from 5.5 pJ/em? to 27.5
p_lfcmz, the higher energy peak, which occurs 60 meV below the estimated lowest
quantum-confined transition energy of 3.14 eV, rises much faster than the lower energy
main PL peak and decays fast with a recombination lifetime of 70 ps, as shown in Figure
22(b). At early time delays for the three different Si doping concentrations in the GaN
barriers, the temporal evolution of this high energy PL peak at an excitation density of
21.5 pJa’cm2 is shown in Figure 23. The second curve from the bottom on the each graph
is taken at the peak of the TRPL decay curve. The bottom curve is at the time delay
which has an intensity 1/e times the peak intensity. For the heavily and moderately doped
MQW:s, the high energy peak initially occurs at 3.08 eV, and then redshifts 6 and 16
meV, respectively, by the time the TRPL decay curve reaches its maximum intensity. On
the other hand, for the undoped MQW, the high energy peak initially occurs at 3.04 eV,
and then redshifts 37 meV by the time the TRPL reaches maximum intensity. For all
three MQWs, the high energy peak does not gradually redshift to the main PL peak,
which is located below the mobility edge. Rather, this high energy peak disappears into
the extended states, leaving only a shoulder on the main PL peak, as shown in the bottom
curve on each graph in Figure 23. This behavior indicates that the high energy peak is

related to radiative recombination of an intrinsic bound state controlled by the QCSE.
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Figure 23. Time-resolved PL spectra of Ing5Gag 52 N/GaN MQWs with GaN barrier Si
doping concentrations of (a) 3x10", (b) 2x10'%, and (c) 1x10' ¢cm™ at an excitation
density of 27.5 p.lr’cm2 and 10 K, showing the screening of the piezoelectric field by
electrons from Si donors in the GaN barrier and by photogenerated carriers. The arrows
indicate the effective mobility edge for each sample. The PL curves are displaced
vertically for clarity.



This high energy peak is attributed to the recombination of the » = 1 4 and B
excitons, which are related to the I’y — I'“; and I'; (upper band) — I'"; interband
transitions in the InGaN layer, respectively. The large strain-induced PZ field
perpendicular to the QW layers (~1.2 MV/cm for a similar undoped sample, according to
Ref. 100) is much larger than the classical exciton ionization field of 6.5x10* V/ecm (=
Epleas, where Ep is the zero-field exciton binding energy of 22 meV and ap is the
excitonic Bohr radius of 3.4 nm in GaN'?). Therefore, the PZ field separates the electron-
hole pairs and drastically reduces their overlap integral at low carrier densities. The
average areal carrier density at an excitation power density of 27.5 pJ/cm? is estimated to
be 1.4x10'> cm™ [7’><10”3 em™ in 3D]. This value is below the Mott density in GaN,
which is given in the first approximation by ny = 1/z(ag’>)* = 1.1x10" cm™, where
ag’’(= ap/2) is the 2D Bohr radius of the exciton. Immediately after excitation, a large
number of photogenerated excitons and the electrons from the GaN barriers screen the PZ
field. As radiative recombination proceeds, the screening effect is reduced and the
transition energies as well as the oscillator strength of excitons are lowered. When the
field ionization is dominant over the screening effect, the excitons cannot exist any
longer. Thus, the temporal behavior of the high energy PL peak shown in Figure 23 may
be understood as QCSE-controlled excitonic recombination. Previously, an electric field
applied perpendicular to the plane of a GaAs/AlGaAs QW sample was shown to redshift
the excitonic absorption peak by up to 2.5 times the zero-field binding energy. This
redshift was observed for an applied field strength of 50 times the ionization field — the
maximum field at which the excitons could still be resolved.” Compared to the exciton
peak position in the moderately and heavily doped MQWs, the exciton peak in the
undoped MQW is redshifted by 40 meV. With an estimated carrier density of 7x10'®
cm ™, the PZ field still exists in the undoped sample and causes a redshift of its excitonic
transition. It has been reported that the exciton binding energy in GaAs/AlGaAs QWs
increases with decreasing well thickness and is only about 2 times the 3D value when the
well thickness is the same as the 3D Bohr radius,m"")2 since the InGaN/GaN MQW

samples studied here have a 3 nm well thickness, which is less than the GaN exciton

78



Bohr radius, an exciton binding energy of 60 meV in the well at zero PZ field is
reasonable for our InGaN/GaN MQWs.

Although the temporal behavior of the excitonic PL peak can be well explained in
terms of the PZ field-induced QCSE, the time-integrated PL of InGaN/GaN MQWs is
quite different from that of GaAs/A1GaAs MQWs. Since the band tail states are much
larger in an InGaN ternary alloy than in pure GaAs, the excitons in InGaN/GaN QWs
nonradiatively transfer to the deeper localized states. As seen in Figure 22(a), even at an
excitation density of 27.5 pJ/cm?, most of the photoexcited carriers radiatively recombine
from deep localized states with a transition energy of 2.92 eV instead of from the exciton
levels with a transition energy of ~3.08 e¢V. The much shorter effective lifetime of the
excitonic transition shows that the exciton recombination lifetime of 70 ps is dominated

by a short non-radiative component.

i)



-3

(a) n =3x10"" cm 10 K
t,=90 ps

T

- 27.5 wJlem?

5.5 uJ/cm?

1.1 },I,J/CITIZ

I (b)n8i=2)<‘1018 cm™ 10 K
t,=90 ps

PL Intensity (arb. units)

27.5 nJlem?

26 2.7 2.8 2.9 3.0 3.1 3.2
Photon Energy (eV)

Figure 24. PL spectra at a time delay of 3 = 90 ps for the Ing 18Gag s2N/GaN MQWs with
Si doping concentrations of (a) 3x10" and (b) 2x10" cm™ in the GaN barriers at the
indicated optical excitation densities and at 10 K.
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The excitation power density dependence of the PL spectra for the (a) heavily and
(b) moderately doped samples at 10 K and 90 ps time delay is shown in Figure 24. With
decreasing excitation density, a rapid reduction in the excitonic transition intensity is
observed in both cases as a result of field ionization. At the lowest excitation density of
1.1 l.L.L’cm2 in Figure 24(a) for the heavily doped sample, we cannot see an appreciable PL
peak from excitonic recombination. Thus, the InGaN carrier density is too low at this
excitation density to screen the PZ field, which significantly reduces the oscillator
strength of excitons. This indicates that most of the electrons remain trapped at the
GaN:Si donor sites with only a small fraction migrating into the InGaN active layer at 10
K, even for a Si doping concentration of 3%10'" cm™ in the GaN barriers. The excitonic
PL peak linewidth at an excitation density of 27.5 pJ/ecm? in Figure 23(b) is much broader
than in Figure 23(a). At this excitation density in both samples, we expect the PZ field to
be screened out by the photogenerated carriers and the electrons from the GaN barriers.
The maximum luminescence intensity and the lowest stimulated emission threshold by
nanosecond pulse excitation in the side pumping geometry were observed for the
moderately doped sample, which means it possesses the highest quantum efficiency
among the three samples studied here.®® Thus, at the same excitation density, the broader
exciton PL linewidth in the moderately doped sample is mainly due to the substantially
larger number of photo-generated electron-hole pairs. The broadening of the exciton PL
peak in Figure 24(b) is also ascribed to the larger alloy and layer thickness fluctuations in
the moderately doped MQW than the heavily doped one, which is consistent with
HRXRD measurements for these MQWSs.”*

Figure 25 shows the temporal response of the PL intensities with the indicated
effective lifetimes which were determined by single (for an excitation density of 1.1
pl/em?) and double (for 5.5 and 27.5 wJ/ecm?) exponential fittings for the (a) moderately
and (b) undoped InGaN/GaN MQWs. For the 5.5 and 27.5 ul/cm? excitation densities,
the first decay component results from fast exciton recombination, while the second
component corresponds to localized carrier recombination which results in the main PL
peak. Compared to Figure 25(a), the longer effective exciton lifetimes in Figure 25(b)

result from a reduction in oscillator strength caused by the PZ effect, as shown in Figure
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23. The undoped MQW has a much longer localized carrier lifetime than the moderately
doped MQW. This can be attributed to less potential fluctuations and a smaller density of

electrons from the Si donors in the GaN barriers.
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Figure 25. Time-resolved PL intensities of Ing;3Gagg:N/GaN MQWs with Si doping
concentrations of (a) 2x10'® and (b) 1x10'7 ¢cm™ in the GaN barriers at the indicated
excitation densities. The indicated effective recombination lifetimes were obtained by
curve fitting to double (for excitation densities of 27.5 and 5.5 ;.L]f’cmz) and single (for 1.1

p.]f’cmz) exponential decays.



Because the Si shallow donor level has an ionization of energy of only 22 meV,'”
at room temperature (RT), a large number of thermally activated electrons in the GaN
barriers migrate into the InGaN active layer to satisfy the requirement of a constant Fermi
level across the layers, especially for the heavily doped MQWs. In the TRPL
measurement of the heavily doped MQW at RT, we could not observe the pronounced
excitonic PL peak shown in Figure 23(a), because strong screening by the migrated
electrons would prohibit the formation of the excitons. We found that the optical
properties of the samples studied here are not consistent with their structural quality.
While better interface quality was shown with increasing Si doping in the barriers, the
stimulated emission threshold density of the heavily doped MQW sample was 3 times
larger than that of the undoped and moderately doped MQWs with nanosecond pulse
excitations in the side pumping geometry at RT.

The exciton recombination behavior at RT and at an excitation density of 27.5
p..l:’cm2 is shown in Figure 26 for the (a) moderately doped and (b) undoped MQWs, and
is similar to the behavior at 10 K shown in Figures 26(b) and (c¢). By the same method
used for 10 K, the lowest transition energy between the » = 1 conduction and n = 1 A4-
valence band levels at RT is estimated to be 3.07 eV, which is 40 meV larger than the
exciton PL peak in Figure 26(a). The RT exciton PL peak intensity is relatively weaker

than that at 10 K, at the same excitation density, most likely due to thermal dissociation.
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Figure 26. Time-resolved PL spectra of the Ing;3GapgN/GaN MQWSs with Si doping
concentrations of (a) 2x10"® and (c) 1x10" ecm™ in the GaN barriers at an optical
excitation density of 27.5 p.l,f’cm2 at room temperature. The PL curves are displaced
vertically for clarity.
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Summary

In conclusion, we systematically investigated the carrier recombination properties
of a series of Ing;sGagsN/GaN:Si MQW structures with different Si doping
concentrations in the GaN barriers, using TRPL at various excitation power densities. At
excitation densities greater than 5 wl/em?, a strong excitonic PL peak in the extended
states is observed for all three MQWs and its temporal evolution as a function of the GaN
barrier Si doping is well described by a QCSE—controlled excitonic recombination
mechanism. When the PZ field is almost screened by photogenerated carriers and by the
electrons from the Si donors in the GaN barriers, the excitonic PL peak at 10 K is located
60 meV below the band edge determined by PLE measurements for the Ing13Gags:N (3
nm)/GaN (4.5 nm) MQWs studied here.
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CHAPTER VII

SUMMARY

The wide bandgap group III nitride semiconductors are technologically important
materials due to their applications as green/blue light emitting devices and cw blue laser
diodes. Although blue laser diodes based on the InGaN ternary alloy are commercially
available, very little information exists on ultrafast carrier dynamics of these material
systems. Understanding of various non-equilibrium, nonlinear, and transport properties of
theses semiconductors becomes critically important in high speed optoelectronic device
fabrication. This thesis serves to considerably extend the knowledge base of the optical
properties of these semiconductors under strong optical excitation densities.

This thesis contains the first direct observation of the non-equilibrium carrier
distributions during the pump duration and their relaxation in GaN photoexcited well
above the bandgap. A spectral hole was initially peaked roughly at the excitation energy
and gradually redshifted during the pump duration. We attributed the redshift of the hole
to a combination of exciton effects and bandgap renormalization, which takes into
account the non-equilibrium carrier distribution. Extremely slow energy relaxation and
thermalization of the hot carriers in GaN were found at 10 K, due to blocking of the
electron-LO phonon interaction and a large reduction in carrier-carrier scattering. It also
includes a study of the excitonic optical Stark effect in GaN photoexcited well below the
excitonic resonances with various pump and probe polarization configuration and
provides comprehensive knowledge of it through a comparison with bulk GaAs and 2-
dimensional GaAs/AlGaAs multiple quantum well structure cases.

The content of this thesis also include a study of the carrier dynamics in an InGaN

thin film for carrier densities varying from 10'” to 10" cm™ photoexcited well above the
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band edge, using femtosecond non-degenerate pump-probe spectroscopy and time-
resolved photoluminescence measurements at 10 K. Through these measurements, we
explored not only the early-stage thermalization processes of the hot carriers, but also the
spectral and temporal properties of the recombination processes, both as functions of
carrier density. Based on an experimentally observed optical gain value in pump-probe
transmission measurement, we concluded that it may not possible to achieve vertical-
cavity stimulated emission from optical pumping expect under extremely high excitation
densities.

Finally, we addressed free excitonic recombination dynamics in a series of
InGaN/GaN multiple quantum wells, nominally identical apart from different Si doping
concentrations in the GaN barriers, using time-resolved photoluminescence with
excitation densities ranging from 220 nJ/em? to 28 sz’cmz at 10 K and room temperature.
At excitation densities greater than 5 ;.Lb’cmz, a strong photoluminescence peak in the
extended states observed for all three multiple quantum wells and its temporal evolution
as a function of the GaN barrier Si doping were well described by a quantum-confined
Stark effect —controlled excitonic recombination mechanism. Although the temporal
behavior of the excitonic photoluminescence peak can be well explained in terms of the
piezoelectric field-induced quantum-confined Stark effect, the time-integrated
photoluminescence of InGaN/GaN MQWs is quite different from that of GaAs/AlGaAs
multiple quantum wells. Since the band tail states are much larger in an InGaN ternary
alloy than in pure GaAs, the excitons in InGaN/GaN multiple quantum wells non-

radiatively transfer to the deeper localized states.
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