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We have examined the carrier capture dynamics and excitation dependent charge distributions of
coupled InGaN/GaN multiple quantum well samples. We measured the temporal evolution of
time-delayed cathodoluminescence (CL) spectra to study the temperature- and excitation-dependent
transfer of carriers from a surrounding confinement region into a coupled single quantum well.
Samples possessing two different structures for the confinement region [i.e., number of quantum
wells (QWs) and varying widths] were examined with CL. In order to study state filling of the SQW
and QWs in the confinement region, we calculated the quasi-Fermi levels and carrier densities by
utilizing a model that involves self-consistent solutions of the nonlinear Poisson-Schrodinger
equation for wurtzite QWs including strain, deformation potentials, and polarization fields.
Band-edge and effective mass parameters were first obtained from a strain- and In
composition-dependent k - p calculation for wurtzite In,Ga;_,N, using a 6 X 6 k-p Hamiltonian in the
{0001} representation. The model shows that the difference in the quasi-Fermi levels between the
confinement and SQW regions decreases with increasing excitation and temperature. Likewise, a
reversal in the relative magnitude of the carrier densities between these two regions occurs at a
certain temperature and excitation. Furthermore, the results for the model describing the steady-state
excitation are consistent with those for the transient excitation in time-resolved CL, which also
exhibit a marked increase in the rate of carrier transfer to the SQW region as the temperature

increases. © 2007 American Institute of Physics. [DOI: 10.1063/1.2727437]

I. INTRODUCTION

Intense research in the optical and structural properties
of InGaN/GaN quantum wells (QWSs) and heterostructures
has led to the remarkable developments of green, blue, and
violet laser diodes in the past decade which are now com-
mercially available for applications in lighting, display, and
optical storage devices.' Notwithstanding the success story,
many questions still remain regarding stoichiometric fluctua-
tions in ternary InGaN thin films that lead to sub-micron
fluctuations in the alloy compositionz_7 and attendant varia-
tions in fields induced by piezoelectric and spontaneous
polarizations.g_ll In particular, the band profiles in coupled
InGaN QW systems will be affected by alloy fluctuations and
strain relaxation that will affect the details of the microscopic
polarization in both the QWs and adjacent barriers. Many
studies have reported the important role of the large internal
electric field in InGaN QWs, ' comparable to or much larger
than ~1 MV/cm, which induces a large red-shift in the tran-
sition energies,u’13 due to the quantum confined Stark shift
effect (QCSE),"*™" and attendant reduction in the oscillator
strength,B’IS’16 owing to the field-induced separation of the
electron and hole wave functions toward the opposite sides
of the QW. An improved understanding of the optical prop-
erties of InGaN/GaN MQWs at various temperatures and
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levels of excitation is of particular importance for the opti-
mal design of InGaN/GaN light-emitting devices. In order to
increase the efficiency of carrier collection and luminescence
in such quantum systems, issues still remain regarding on
how to best tailor the region surrounding the QW, which we
refer to as the confinement region (CR).

In this paper, we examine the carrier relaxation dynam-
ics and band filling of coupled InGaN/GaN SQW samples
possessing different QW structures in the CR. The QWs in
the CR are designed to allow for electronic coupling to the
SQW, which possesses lower energy levels relative to those
in the CR. From a fundamental perspective, it would be use-
ful to construct a detailed experimental and theoretical analy-
sis of selectively positioned InGaN QWs in the CR adjacent
to a typical optically active InGaN SQW such that carrier
transfer between the regions occurs by diffusive transport
and electronic coupling. In this way, the carrier relaxation
and transfer dynamics to the lower energy SQW can be stud-
ied by time-delayed CL spectra, which reflect snapshots of
the carrier transfer and recombination processes. In order to
study state filling of the SQW and QWs in the confinement
region, we calculate the quasi-Fermi levels and carrier den-
sities by utilizing a model that involves self-consistent solu-
tions of the nonlinear Poisson-Schrodinger equation for
wurtzite QWs including strain, deformation potentials, and
polarization fields. Band-edge and effective mass parameters
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FIG. 1. Schematic diagram of the structure for our coupled InGaN/GaN
QW samples showing the CR and SQW regions. The SQW region for both
samples S1 and S2 contains a single nominal Ing ;,GaggsN QW. The thick-
nesses for the regions shown in the diagrams are not to scale.

were first obtained from a strain- and In composition-
dependent k-p calculation for wurtzite In,Ga;_N, using a
6 X 6 k-p Hamiltonian in the {0001} representation. We have
used this model in conjunction with CL under various
steady-state excitations to better understand the carrier trans-
fer from the CR to the SQW in terms of variations in the
calculated quasi-Fermi levels and charge distributions in
both regions.

Il. EXPERIMENTAL DETAILS

The InGaN MQW samples were grown on ¢ plane sap-
phire by metal organic chemical vapor deposition (MOCVD)
using trimethylgallium, trimethylindium, disilane, and am-
monia as precursors, which has been described previously.17
Two InGaN MQW samples were examined in this study.
First, a 2 um-thick GaN:Si buffer layer was grown on a ¢
plane sapphire substrate at 1060 °C, followed by a deposi-
tion of a 6 nm low temperature (LT) GaN layer. The confine-
ment region (CR), the 3 nm-thick In,Ga;_ N SQW with x
=0.12, nominally, and the 15 nm-thick GaN capping layer
were grown at 800 °C. In sample SI, a 25 nm-thick
In,Ga,_,N/6 nm-thick GaN confinement layer with low
nominal indium composition y=~0.05 was deposited in the
confinement region prior to growth of the Ing;,GajggN
SQW. In the other sample (labeled as S2) two periods of a
2.5 nm-thick Ingo5Gag9sN/6 nm-thick GaN layer were de-
posited prior to the SQW. Schematic illustrations of the two
sample structures are shown in Fig. 1.

The cathodoluminescence (CL) experiments were per-
formed with a modified JEOL-5910 scanning electron micro-
scope (SEM) using a 15 keV electron beam with probe cur-
rent in the range of 0.03-40 nA."® A UV multialkali
photomultiplier tube (PMT) operating in the 185-850 nm
spectral range enabled the photon counting of the lumines-
cence that was dispersed by a 0.25 m monochromator. Mea-
surements were performed at different temperatures in the
50-310 K temperature range. In order to increase the range
of accessible excitation densities, the excitation volume was
varied by defocusing the electron beam in reproducible steps
as has been described in detail elsewhere.'? In the very low
excitation density regime, the electron beam was defocused
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to a spot with a diameter of ~90 um at the sample surface.
The defocusing approach permits measuring CL emission
with a uniform excitation density that is several orders of
magnitude smaller than what can be employed using a fo-
cused electron beam.”’ The relationship between the excita-
tion density, P, and probe current, I, can be approximated
by

_ LEy
eS

P , (1)

where E}, is the e-beam energy (15 keV), and S, is the exci-
tation area, which is 3 and 6300 ,um2 for focused and defo-
cused electron beams, respectively. For [,=400 pA, this
yields an excitation density of 200 W/cm? and 95 mW/cm?
for focused and strongly defocused e-beams, respectively.
Time-resolved CL experiments were performed with the
method of delayed coincidence in an inverted single-photon
counting mode, with a maximum time resolution of
~100 ps.l&21 Electron beam pulses of 50 ns width with a 1
MHz repetition rate were used to excite the sample. Steady-
state and time-delayed CL spectra were acquired with a spec-
tral resolution of 1 nm.

lll. RESULTS AND DISCUSSION
A. Time-resolved CL spectroscopy

In order to examine the relaxation and collection of car-
riers into the SQW time-delayed CL spectra were obtained
for samples S1 and S2 at temperatures in the 50=T
=310 K range. Figures 2 and 3 show time-delayed CL spec-
tra for samples S1 and S2, respectively, at temperatures of 50
and 260 K. All spectra are renormalized to have about the
same maximum peak height. The time windows O1-O10 and
D1-D12 denote time windows relative to the beginning of
onset and decay, respectively, of the luminescence, as re-
ferred to the beginning and end of the electron beam pulses.
The constant excitation spectra, which were measured in the
center of the 50 ns excitation pulse, are labeled In Pulse in
Figs. 2 and 3. These spectra are essentially identical to the
CL spectra obtained from CL acquired under constant exci-
tation conditions with an excitation density P=200 W/cm?.

At high temperatures, emission for the constant excita-
tion spectra is dominated by the SQW luminescence, as seen
in the spectra labeled as In Pulse in Figs. 2 and 3. This is
consistent with previous results for samples possessing simi-
lar structures.'” At low temperatures both samples emit pre-
dominately from the confinement region, with a much
weaker emission that stems from the SQW. For an e-beam
energy of 15 keV, about 95% of the electron-hole pairs are
created deep in the GaN buffer layer, below the confinement
region. It is, therefore, natural to assume that the initial car-
rier capture from the GaN buffer layer into the CR is fol-
lowed by carrier transfer from the CR into the SQW. In Fig.
4, we plot the ratio of the integrated intensities of the SQW
and the CR, Igqw/Icr, versus temperature to illustrate the
thermally activated nature of the carrier transfer from the
QW:s of the CR into the SQW for both samples. Previously,
we have calculated activation energies related to such a car-
rier transfer.* Also shown in Fig. 4 are the ratios Isqw/Icr
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FIG. 2. Time-delayed CL spectra acquired for sample S1 at temperatures (a)
T=260K and (b) T=50K for the case of high excitation density, P
=200 W/cm?. The spectra are shown for various onset (Oi) and decay (Di)
time windows. All spectra are normalized to have about the same maximum
peak height. The SQW and the CR peak positions at different time windows
are indicated by vertical dashed lines. A strong red-shift of the CR emission
is seen in the decay windows at 50 K.

for the cases of a high and low excitation density (200
W/cm? and 95 mW/cm?, respectively). It is apparent that a
marked enhancement of the relative carrier transfer from the
CR to the SQW occurs at high excitation densities. This can
be explained by (i) band filling of the QWs of the CR at
higher excitation densities, which will facilitate a thermally
enhanced escape of carriers from the QWs of the CR and (ii)
a saturation of nonradiative recombination channels in the
SQW as the excitation density is increased. The band filling
of the QWs of the CR and attendant changes in the quasi-
Fermi levels that favor carrier transfer from the CR to SQW
will be presented in the model discussed in Sec. III B. The
saturation of nonradiative channels has been demonstrated
by considering the excitation dependence of the decay life-
time for similar samples.22 These previous results showed
that the nonradiative lifetime, 7yr, has an excitation depen-
dence in which 7wy increases with the excitation density at
high temperatures.22
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FIG. 3. Time-delayed CL spectra acquired for sample S2 at temperatures (a)
T=260K and (b) 7=50K for the case of high excitation density, P
=200 W/cm?. The spectra are shown for various onset (Oi) and decay (Di)
time windows. All spectra are normalized to have about the same maximum
peak height. The SQW and the CR peak positions at different time windows
are indicated by vertical dashed lines. A strong red-shift of the SQW emis-
sion is seen in the decay windows at 50 K.

In the time-delayed spectra of Figs. 2 and 3, the initial
rise of the GaN peak indicates that most of the electron-hole
pairs are created deep in the GaN buffer layer, below the CR,
due to the large e-beam energy of 15 keV. The rapid rise of
the CR peak at the shortest time window O1 (centered at 250
ps) reflects the rapid capture of carriers into QWs of the
confinement region from the GaN buffer layer. For sample
S2 at low temperatures, the initial rapid rise of the GaN and
the CR peaks is followed by a relatively slow rise of the
SQW peak with peak intensity close to zero at the shortest
onset (Oi) time windows, as seen in Fig. 3(b). The increase
in CL intensity of the SQW peak is well correlated with a
relative decrease in CL intensities of the GaN and CR peaks
in the decay (Di) windows and is attributed to the carrier
transfer from QWs of the CR into the SQW. At higher tem-
peratures (~260 K), a much more rapid rise of the SQW
peak in the onset time windows corresponds to a more effi-
cient carrier transfer from the CR into the SQW, as is seen
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FIG. 4. The ratio of the integrated CL intensities of the SQW and the CR,
Isqw/Icg, vs temperature. The graph illustrates the thermally activated na-
ture of the carrier transfer from the QWs of the CR into the SQW for both
samples S1 and S2.

for both samples in Figs. 2(a) and 3(a). In contrast to sample
S2, sample S1 shows a rapid rise of the SQW peak even at
low temperatures, as seen in Fig. 2(b), most likely due to a
more efficient carrier transfer into the SQW.

During the decay stage of the luminescence, narrowing
and red-shifting of both the CR and SQW emissions are ob-
served at low temperatures, as seen in Figs. 2(b) and 3(b).
The strongest red-shift in the CR peak position of ~80 meV
was observed for sample S1 in Fig. 2(b), consistent with the
presence of the single 25 nm-thick QW in the confinement
region. It is well accepted that InGaN QW systems have
large internal electric fields that induce a large red-shift in
the transition energies, resulting from the QCSE. This effect
is consequently more pronounced for thicker QWs.13 For
spectra acquired under steady-state and approximately con-
stant excitation conditions (labeled as In Pulse in Figs. 2 and
3), the carrier density in the QWs under high excitation can
be sufficient to partially screen the internal field.>%° During
the decay stage of the luminescence, the screening of the
field decreases due to the loss of excess carriers by various
decay processes and carrier spectral diffusion into lower-
energy states.”” The increase in the internal electric field
leads to a red-shifting of the QW emission, as seen in Figs.
2(b) and 3(b). At higher temperatures, the CR emission in all
samples decays rapidly in the time windows D1-D4, owing
to nonradiative processes and a high transfer and quantum
capture rate into the SQW, as seen in Figs. 2(a) and 3(a).

In order to further study the temporal behavior, the initial
onset and decay curves of the CR and SQW peak emissions
were measured at different temperatures and excitations. To
quantify the initial increase in the CL intensity with time, the
onset rate, which is defined as r=Aln(I;;)/At, is given by
the slopes of the tangents to the onset curves for the semilog
plots of the CL transients in Fig. 5. The initial onset rates
measured at 7=50 K and high excitation, P=200 W/ cm?,
for sample S2 are 1.8 and 3.0 ns™! for the SQW and CR
emissions, respectively, as shown in Fig. 5. The results re-
veal that the onset rates of the CR emission with 7~3 ns~!
are considerably greater than that of the SQW emission with
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FIG. 5. CL transients (intensity vs time) of the CR and SQW peak emis-
sions. The transients show the onset and decay of the CR and SQW peak
luminescence for samples S1 and S2, as labeled. The transients were ac-
quired under high excitation density, P=200 W/cm? at T=50 K. Initial on-
set rates r and decay times 7, obtained by a linear fit from the slopes of the
onset and decay curves, are indicated for each sample.

r=~2ns"'. This further supports the notion of fast carrier

capture into the CR region from the GaN buffer layer fol-
lowed by a slow carrier transfer through or over the barriers
into the SQW. This behavior is responsible for the slow rise
of the SQW peak at low temperatures, as observed in the
time-delayed spectra. The larger initial onset rates of the CR
and SQW emissions were found for sample S1 (as shown in
Fig. 5), consistent with the existence of a single QW in the
CR for this sample. Likewise, the initial luminescence decay
times 7 are measured from the slopes in the decay part of the
In(I;) versus time transients of the CR and SQW peaks, as
indicated in Fig. 5. The initial decay lifetimes of the SQW
peak emission measured at 7=50 K and high excitation are
9.5 and 30.3 ns for samples S1 and S2, respectively. Such
differences in decay times were previously attributed to dif-
ferences in the polarization field between samples possessing
otherwise similar QW widths and In compositions.22 Signifi-
cantly shorter decay lifetimes of the CR peak luminescence
measured at 7=50 K indicate that carrier transfer into the
SQW is efficient even at low temperatures.

The presence of slower decay components in the CL
transients of Fig. 5 is a result of a partial screening of the
polarization field in the QWs during the initial part of the
decay.zzf26 As the carrier density decreases during the decay,
the screening of the field is reduced, leading to a longer
decay time for carriers remaining. Such screening was found
to occur in a variety of similar InGaN/GaN QW structures
under high excitation at low temperatures.22 The slower com-
ponents near the rising edge of the CL transients for the
SQWs of both samples, as observed in Fig. 5, reflect an
accumulation of carriers that are initially captured in the CR
and subsequently tunnel to the SQW. For temperatures
greater than ~100 K, a combination of tunneling and ther-
mal re-emission occurs during the transfer of carriers from
the QWs of the CR to the SQW.?
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FIG. 6. Flow chart illustrating the details of the model calculations of the
excitation dependent eigenstates and quasi-Fermi levels for the coupled
InGaN/GaN QW structures of S1 and S2. The model involves self-
consistent solutions of the nonlinear Poisson-Schrodinger equation for
wurtzite QWs including strain, deformation potentials, and polarization
fields.

B. Calculations of eigenstates, quasi-Fermi levels,
and carrier densities

In order to model our luminescence data theoretically, to
determine values of electric field in the QWs of the CR and
SQW, and to model nonlinear effects associated with carrier
capture from the CR into the SQW, we solved self-
consistently the Schrodinger and Poisson equations, within a
single band effective mass approximation. By doing so, we
calculate the electron and hole wave functions and energy
levels while taking into account the modifications of the po-
tential profile caused by the accumulation of carriers in QWs
of the CR and SQW. We have previously described some of
the details of this modeling in Ref. 22. We also illustrate our
modeling procedure with a flow chart in Fig. 6. Band-edge
and effective mass parameters were first obtained from a
strain- and In composition-dependent k-p calculation for
wurtzite In.Ga;_ N, using a 6 X6 k-p Hamiltonian in the
{0001} representation.28 The relevant parameters in the k-p
method for a wurtzite crystal include the A;, which are simi-
lar to the Luttinger parameters in a zinc-blende crystal; the
D;, which are the deformation potentials for the In,Ga;_ N
layers; c;;, the elastic constants; and Eijs the strain tensor
elements.”® The k- p parameters for In,Ga;_,N were obtained
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by linearizing between those for InN and GaN for a given
composition x. The strain tensor components, g;;, along with
the piezoelectric tensor elements, d;;, and spontaneous po-
larization parameter, Py, are also used to calculate the polar-
ization of the well (barrier) material along the (0001) axis.”
All numerical parameters that were employed in our k-p and
polarization calculations are available elsewhere.”” We show
a flow chart in Fig. 6 describing the procedure and order of
our self-consistent approach for solving the nonlinear
Poisson-Schrodinger equation. The calculations for the
coupled MQW-SQW system include the effects of strain,
deformation potentials, and piezo-electric field to obtain
the excitation-dependent eigenstates, quasi-Fermi levels, and
carrier densities.

After a determination of the valence band energy disper-
sions for a given In composition, the heavy- and light-hole
effective masses for dispersion along (0001), mj, and mj,
and the average in-plane effective masses, m;), and m;;, were
determined. Our calculations yield mj,=(1.1+0.327x
+0.231x%)m, and mj,=(1.099+0.339x+0.222x%)m, for 0
<x<1 and m})=(1.628+0.022x-0.132x*)m, and m))
=(0.267-0.082x)m, for x<0.2. The electron effective
masses for dispersion in the QW x—y plane and along the
QW 7 direction are obtained by a linearization between val-
ues for InN and GaN as m,’=(0.23-0.13)m, and m:>=(0.19
—0.08)m0.3 % The conduction to valence band offset in wurtz-
ite In,Ga;_,N is assumed to be independent of x, and is taken
as AE,/AE,=70/30, as has been proposed recently by dif-
ferent researchers.’®>” We take the unstrained In,Ga;_ N
bandgap at an arbitrary temperature as>

107372

E™Cu-N() = pinGa-Ng) - ————
g (7) 8 ©) (1196 +7)

2)
EP9=N(0) = 0.7x +3.5(1 - x) - 2.72x(1 - x),

where EM™S41-N(0) is the unstrained In,Ga,_ N bandgap at
T=0 K.» The strain-induced increase in the bandgap is
given by solutions from the k-p calculations which included
the deformation potentials for a particular strain tensor.”’
To construct an initial potential profile we used the fol-
lowing assumptions: (i) The potential energies on the far
right and far left of the MQW structure are the same>° and
(ii) the potential drop over the confinement region is inde-
pendent of that over the SQW and capping layer and is equal
to zero. The second assumption (ii) allows for a decoupling
of the CR and SQW regions and enables the determination of
the internal electric field in the QWs for these regions inde-
pendently. From (i) and (ii) with an additional assumption

that the electric displacement is conserved along the growth
35,37

axis, we obtain
CR
ECR = _ EgLg _ Lg(Pg—Py)
v LR (eSRLg+ e5LSY)’
(3)
ESQW _ EcLc  L(Pp=P W)
W

TV T (5Lt g3V

where Ly, Lg, and L. are the well, barrier, and capping layer
widths, respectively, ey (ep) is the well (barrier) static di-
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electric constant, Ey, (Eg/E() is the electric field in the well
(barrier/capping layer), and Py, (Pp) is the polarization of the
well (barrier) material, which includes both the piezoelectric
and spontaneous polarizations. Superscripts denote the SQW
and CR regions, respectively. Using Eq. (3), we estimate
values of the electric field in the QWSs of the CR with 5% In
composition as 0.15 and 0.54 MV/cm for samples S1 and
S2, respectively. For the SQW with a 12% In composition,
the estimated value of the electric field is ~1.57 MV/cm.
We have previously shown that a refinement of these fields is
possible by considering the temperature dependence of the
radiative lifetime of the SQW emission, changes in the actual
In composition x in comparison to the nominal compositions
attempted during growth, and screening of the fields in the
CR regions as a function of excitation density.22 Rather than
focus on refinements in In composition and field, we will
focus here on the calculated temperature- and excitation-
dependent behavior of the electron and hole quasi-Fermi lev-
els in the CR and SQW regions.

The energy levels and single-particle electron and hole
wave functions, #,,,(z), were determined by slicing the struc-
tures into thin layers and using a finite-element technique,
modified for the case of variable effective masses, to find
solutions to the Schrodinger equation for a particle subject to
an electric field.”***%% For a given excess carrier concen-
tration n, using the two-dimensional density of states which
is proportional to the appropriate in-plane effective masses,
we calculate the population of each quantized state and the
quasi-Fermi levels for electrons and holes. The electron and
heavy- light-hole carrier densities, n; and nj‘h’”‘, in these
quantized states can be determined by integrating the product
of the 2D density of states and the Fermi-Dirac function. The
quasi-Fermi levels, ¢, ,, are determined by solutions of the
following equations:

. 4mmy E! - ¢, .
m= kT In| 1 +exp T -E+¢,(,

4amy) B
n = hzhh lh{kT ln{ 1+ exp(cﬁh—kT;
hi I
- ¢h + E j } ’ (4)
e Shh Sin

where S,, S;;,, and S;, give the number of energy states con-
sidered in the calculations for electrons, heavy holes, and
light holes, respectively. In this calculation all bound states
were included, and resulted in 17 electron and 32 heavy- and
light-hole states as calculated for sample S1. The spectrum of
energy states associated with the single-electron and hole
wave functions, as computed numerically, can be separated
according to their localization in QWs of the CR and SQW.
Using these eigenvalues, quasi-Fermi energies for electrons
and holes in the CR and SQW were separately determined
for a given steady-state carrier density using Eq. (4).
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Given the population of each quantized level, we calcu-
late the modification of the potential by solving Poisson’s
equation
V _ [p2) + pn(2) + pu(2)]

dz? ggg

(5)

where the average three-dimensional charge densities of
electrons, heavy holes, and light holes, p,(z), pu(z), and
pin(z), are given by

s

pe(2) = — e né| Y (2)
i=1

2
s

Shn

() = e 2 nl" [y 2P, (6)
=

Sin

pul2) = e 2 |y .
j=1

The total three-dimensional charge densities of electrons and
holes at any arbitrary position along the MQW growth direc-
tion z are obtained by summing the charge densities calcu-
lated for the CR and SQW. The technique that was employed
to solve Poisson’s equation subject to the Dirichlet boundary
conditions, V(z) —0 as z— =+, is a Fourier-series expansion
of the potential and three-dimensional charge density.40

The exciton binding energies £ in QWs of the CR and
SQW were determined by substitution of respective single-
electron and hole wave functions, computed numerically us-
ing a finite-element technique, into a radial eigenvalue equa-
tion that involves the electron-hole relative motion in an
effective in-plane Coulomb pote:11tial.30’41 We used the
method of finite differences to solve the eigenvalue equation
for Eg. The calculated exciton binding energies in samples
S1 and S2 are 2 and 5 meV, respectively, for the CR and are
approximately 26 meV for the SQW. It was previously es-
tablished that the exciton binding energy approaches zero for
temperatures 7> Ep/kp and for carrier densities on the order
of ~10"" em™2.*? Such densities are easily accessible in QWs
of the CR for the high excitation densities used in this study.

The calculated self-consistent potential profile together
with the electron and heavy-hole energies, quasi-Fermi en-
ergy levels, probability densities for the electrons and holes,
¢:,h(z) W, 4(z), for the various labeled states and charge den-
sities are shown in Figs. 7 and 8, respectively, for samples S1
and S2 at T=58 K and P=200 W/cm?. In order to facilitate
comparisons between the valence- and conduction-band po-
tential profiles and different charge-density functions, the
valence-band potential is shown inverted. A large potential
drop between the confinement region and the SQW, owing to
the difference in quasi-Fermi energies, as seen in Figs. 7 and
8, further justifies the observed efficient carrier transfer from
QWs of the CR into the SQW for this excitation density. At
low and intermediate temperatures, when emission from the
confinement region dominates in the spectra, as seen from
Figs. 2(b) and 3(b), the relationship between the steady-state
carrier density ncg in the confinement region and the excita-
tion density P can be approximated by
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FIG. 7. The self-consistent calculation of the electron and hole potential
profiles for the structure of sample S1 at 7=58 K and high excitation den-
sity, P=200 W/ cm?. The carrier densities in the CR and SQW, determined
by model calculations, are indicated. Valence- and conduction-band poten-
tial profiles are shown by thick solid lines. Electron and heavy-hole ener-
gies, probability densities for the electrons and holes, i, ,(z)#, ,(z), for the
various labeled states, and quasi-Fermi energies are shown by thin solid
lines. The electron and heavy-hole charge-density functions, p,(z) and
pun(z), respectively, are shown by dashed lines. In order to facilitate com-
parisons between the valence- and conduction-band potential profiles and
different charge-density functions, the valence-band potential is shown
inverted.

~ Lo )

3E,

ncr

where E, is the bandgap of GaN, and 7qyw is the carrier
lifetime in QWSs of the CR. We estimated the steady-state
carrier sheet densities, ncg, in the confinement region at 7'
=58 K and P=200 W/cm? as 4.4X 10'" and 1.8 X 10" for
samples S1 and S2, respectively. Carrier densities in the CR
and SQW at larger temperatures were then determined by
comparison of simulated and experimental CL spectra, as
described in Ref. 22.

From the model, we calculated the quasi-Fermi levels
and carrier densities in the CR and SQW as a function of
temperature for the high and low excitation densities, as
shown for sample S2 in Fig. 9. In Fig. 9(a), the differences in
electron and hole quasi-Fermi levels between the CR and
SQW regions, A¢p,=,;— ¢,, and Ad,= b, — Py, are shown
versus temperature. As the temperature increases, these cal-
culations show that A¢, and A¢, decrease in magnitude,
indicative of an increased equilibration of the carrier densi-
ties between the CR and SQW regions. Thus, from the de-
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FIG. 8. The self-consistent calculation of the electron and hole potential
profiles for the structure of sample S2 at 7=58 K and high excitation den-
sity, P=200 W/cm?. The caption of Fig. 7 also provides a description of the
additional features.

termination of the quasi-Fermi levels, steady excitation is
expected to result in an enhanced carrier transfer to the SQW
as the temperature is increased, consistent with the results of
the CL intensity ratios of Fig. 4 for steady-state excitation.
Furthermore, as the excitation density is increased from
95 mW/cm? to 200 W/cm?, A¢, and A, decrease at a
faster rate with temperature, consistent with the expectation
that band filling in the CR should lead to an enhanced carrier
equilibration between the CR and SQW regions.

These results are further confirmed by a comparison with
the temperature dependence of the carrier densities in the CR
and SQW regions (ncg and ngqy, respectively), as shown in
Fig. 9(b). The results demonstrate that an inversion of the
carrier density occurs where ngqw becomes greater than ncg
at certain onset temperatures, Tgy; and Tons, Which depend
on the excitation densities P;=200W/cm?> and P,
=95 mW/cm?, respectively. Since Ton; <Tonzs the model
calculations demonstrate that an increased excitation results
in a lower temperature at which equilibration occurs between
the carrier densities for the CR and SQW regions. A further
increase in temperature, independent of the excitation den-
sity, results in an inversion of the carrier density where ngqw
becomes greater than ncg. Thus, the model nicely illustrates
the influence of temperature and excitation on the steady-
state carrier statistics for these coupled QW structures. For
the structure of sample S1, the calculated values for Ad,,
Ay, negrs nsqw> Toni» and Toy, for varying temperatures
and excitations exhibit a similar trend in comparison to the
results for sample S2 in Fig. 9 and are, therefore, not shown.

Downloaded 11 May 2007 to 132.72.138.1. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



093515-8 Khatsevich et al.
390 5
@ $2 P =200 W/em
360} 1 2
‘—"—"‘A&h P =95 mW/cm
330F A
o~ A
> 300F P) ®) 2
8ol TATAY, e AY,
> = i~
20 —o0— A —A— A
E 25k ¢h ¢e/o/0
|83 ./.
oF ././
os| === Ap=0e10ep
-50 1 . 1 . I . |h_¢.h1_¢|h2
20}
® P) (P,)
18- —O Ngaw — N 3
16 X107

Carrier density (1010 cm'z)
SN

S N SN
L]

1 . : 1
120 160 200 40 280 320

T (K)

FIG. 9. The calculated differences in electron and hole quasi-Fermi levels
between the CR and SQW regions, A¢p, =, — ., and Ad,=, — P, Vs
temperature in (a) and the carrier densities in the CR and SQW regions (n¢cg
and ngqy. respectively) vs temperature in (b). As the temperature increases,
these calculations shown that A¢, and A¢, decrease in magnitude, indica-
tive of an increased equilibration of the carrier densities between the CR and
SQW regions.

IV. SUMMARY AND CONCLUSIONS

We have examined the carrier capture dynamics and
excitation-dependent ~ carrier  statistics of  coupled
InGaN/GaN multiple quantum well samples. We measured
the temporal evolution of time-delayed CL spectra to study
the temperature and excitation-dependent transfer of carriers
from a surrounding confinement region into a coupled single
quantum well. Samples possessing two different structures
for the confinement region (i.e., number of QWs and varying
widths) were examined with CL. A sample possessing a
single QW in the CR (sample S1) exhibited a more rapid
transfer and collection of carriers into a coupled SQW in
comparison to that for a sample possessing two QWs in the
CR (sample S2). In order to study state filling of the SQW
and QWs in the confinement region, we calculated the quasi-
Fermi levels and carrier densities by utilizing a model that
involves self-consistent solutions of the nonlinear Poisson-
Schrodinger equation for wurtzite QWs including strain, de-
formation potentials, and polarizaion fields. Band-edge and
effective mass parameters were first obtained from a strain-
and In composition-dependent k-p calculation for wurtzite
In,Ga,;_,N, using a 6 X 6 k-p Hamiltonian in the {0001} rep-
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resentation. The model shows that the difference in the
quasi-Fermi levels between the confinement and SQW re-
gions decreases with increasing excitation and temperature.
Likewise, a reversal in the relative magnitude of the carrier
densities between these two regions occurs at a certain tem-
perature, which decreases as the excitation density is in-
creased. Furthermore, the results for the model describing
the steady-state excitation are consistent with those for tran-
sient excitation in time-resolved CL which also exhibit a
marked increase in the rate of carrier transfer to the SQW
region as the temperature increases. Thus, we show similar
and important features in the temperature dependence of the
carrier transfer between the coupled QWs of a surrounding
confinement region and a target SQW for both transient ex-
citation and steady-state excitations in the InGaN/GaN sys-
tem.
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