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Time-resolved photoluminescence of IgGa;_,N/GaN multiple quantum well structures:
Effect of Si doping in the barriers
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The carrier recombination dynamics in a series gfGa _,N/GaN multiple quantum wells, nominally
identical apart from different Si doping concentrations in the GaN barriers, was studied by time-resolved
photoluminescencéPL) with excitation densities ranging from 220 nJfcto 28 wJ/ent at 10 K and 300 K.

At early time delays and with excitation densities greater thapBcn?, at which the strain-induced piezo-
electric field is screened by both photogenerated carriers and electrons from the GaN barriers, we observe a
strong InGa, _,N 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.
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Recent progress in the fabrication of InGaN/GaN multiple  The Iny 1§Ga; gN/GaN MQW samples used in this work
quantum well(MQW) devices has led to the blue laser diodewere grown onc-plane sapphire substrates by metalorganic
with a Ilfetlme of more than 10 000 h under CO_ntinUOUS'WaVEChemica|-Vapor deposmomMOCVD) A set of Samp|e3]
operation at room temperatuféne characteristic property nominally identical apart from deliberate variations in the Si

of this material system is a large Stokes shift between tha0 : ; e
. X e ping concentrationn;), were grown specifically to study
absorption edge and the photoluminesce(i) emission. the influence of Si doping in the GaN barriers. The samples

This large Stokes shift has been attributedijocarrier lo- : } )
calization due to potential fluctuations associated with thesOnSist of a 1.8zm-thick GaN base layer and a 12-period

formation of In-rich areas or islan@id and i) the presence MQW region with 3-nm-thick InGaN wells and 4.5-nm-thick

of a strain-induced piezoelectri®2) field that leads to the GaN barriers, followed by an fh/Ga odN capping layer. A
quantum-confined Stark effe6@CSB.8! It is of great in-  detailed description of the growth conditions has been pub-
terest to examine the electronic states and carrier recombintished elsewher®® The Si doping concentrations, which
tion dynamics in samples free from the influence of the PZvere obtained from secondary-ion mass spectroscopy and
effect. The PZ field can be screened out by both photogenemall measurements, are X110Y, 2x10'® and 3

ated carriers and extrinsic carriers in the InGaN active layes 1019 ¢m2 for the different samples studied. A nominally
and/or the barriers. In the latter case, the extrinsic carmer§ndoped 1g,4Ga, s N/GaN epilayer sample used for com-

originate from barrier impurity doping and move into the arison was arown by MOCVD at 800°C. The structure
active layer to satisfy the requirement of a constant FermP2"'s ts of g8 Gy N | | ' hi 50
level across the layers. Compared to the case of impurity®"'SIStS Of & L.oum Gal ‘ayer onc-plané sapphire, a su-

doping both in the well and the barriers, we expect a lowei!M-thick GaN:Si (is; ~10'® cm~?) layer, followed by the
impurity-related PL emission in the barrier-only case. While0.1 um InGaN epilayer, and a 50-nm GaN:Shg{
the dependence of the optical, electrical, and structural prop= 10 cm 3) layer. To evaluate the interface quality and
erties of strained InGaN/GaN MQW structures on Si dopingstructural parameters, the samples were analyzed with four-
concentration has been extensively studfed’ to the best crystal high resolution x-ray diffractiotHRXRD) using Cu
of our knowledge, little information is known about the in- K, radiation. The average InN molar fraction was mea-
trinsic excitonic recombination dynamics. sured by HRXRD, assuming Vegard's law. The angular dis-
In this work, a set of Ip;¢Ga, gN/GaN MQW structures tances between the satellite superlattice diffraction peaks and
with Si doping concentrations in the range ok10'—3  the GaN(0002 reflections were obtained by—26 scans.
% 10* cm™2 in the GaN barriers has been studied by meandhe spectra clearly showed higher-order satellite peaks, in-
of PL, PL excitation(PLE), and time-resolved P(TRPL) to  dicating high interface quality and good layer uniformity.
examine in detail the effect of Si doping on the optical prop-The details of this x-ray analysis were reported elsewfiere.
erties. Special attention is paid to the recombination of free The PL and PLE experiments were performed using
excitons in the InGaN active layers that is controlled by thequasimonochromatic light from a xenon lamp dispersed by a
screening of the PZ field. 0.5 m monochromator. TRPL spectroscopy was carried out
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L ity. The band edge of an InGaN/GaN MQW with Si doping
In,,.Ga, ,N/GaN:Si MQWs 10K 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-dimension&D) band gap renormaliza-
tion (BGR) caused by the same carriers. Compared to the
undoped MQW, the absorption edge of the heavily doped
MQW is blueshifted by~20 meV. This could be due to the
combination of phase-space filling, the QCSE, and BGR at
ng=3x10"° cm 3,

Neglecting the PZ field, alloy potential fluctuations, and
spontaneous polarization we estimated the confinement en-
ergy levels in the 1pdGa gJN QW's by a finite potential-
well model. The electron and hole effective masses for the
INg 16Gay g N QW's are 0.2m, and 0.74m,, respectively,
as estimated by a linear interpolation between the effective
masses of 0.22m, and 0.8 m, for GaN>*! and 0.12m,
and 0.5 m, for InN.?? With a band gap energy difference of
450 meV between the GaN barri€3.5 eV) (Ref. 23, and

| ng=2x10" cm*®

L n =3x10" cm™

PL Intensity (arb. units)
PLE Intensity (arb. units)

In .Ga, N epilayer

26 27 28 29 8.0 34 32 the Iny.1dGay.gN epilayer(3.05 eV in Fig. 3 at 10 K and a
conduction to valence-band offset ratio of 3reasured by

x-ray photoemission spectroscopy for the wurtzite crystal
FIG. 1. PL and PLE spectra of a series of {fGagN/GaN  structur@,?* only the lowest confinement leveh & 1) exists
MQW's and an Ig1§Gay ¢\ epilayer at 10 K. The Si doping con- for electrons in the 3-nm-thick wells. The transition energy
centration in the GaN barriers of the MQW's ranged from 1 petween then=1 conduction anti=1 A-valence band lev-

Photon Energy (eV)

x 10 to 3x10* cm~3. The Stokes shift of the PL peak with g5 5t 10 K is estimated to be 3.14 eV, which is approxi-
;eosri’ﬁctgﬂgnz;ﬁo?]and edge is seen to decrease with increasing nQ'i'ater equal to the PLE band edge of the heavily doped
ping ' MQW sample and 20 meV larger than that of the undoped
sample, as shown in Fig. 1. The 20 meV energy difference
in the surface-emission geometry with a 1-kHz tunable femagrees well with theoretical calculatidhsof the redshift
tosecond pulsed laser system for sample excitation and @aused by the PZ fielt?.
streak camera for detection. The pulse duration time and out- Theses calculations and measurements show the basic
put wavelength from the laser system were 356d# width trend that with increasing Si doping in the GaN barriers, the
at half maximum and 371 nm(3.342 eV}, respectively. This PZ field in the InGaN wells is screened more, causing a
allowed direct excitation of the InGaN QW'’s at 10 K and blueshift, although there is much uncertainty in the calcula-
300 K. The pump spot size was 150m in diameter and the tions and measurements due to factors, such as well thick-
overall time resolution for TRPL measurements was abouhess variations and In compositional fluctuation. In fact, we
60 ps. could not observe clear quantized state transitions in these
Figure 1 shows 10 K PL and PLE spectra of the mainMQW samples’ photoreflection measurements, most likely
InGaN-related emission. The PLE detection energy was sdiecause of the large band-gap inhomogeneity. We also per-
at the main PL peak energy. For the nominally undoped (Iformed a self-consistent calculation within the effective mass
x 10" cm™3%) sample, a large Stokes shift 6£360 meV  model(similar to that described in Ref. 260 find the carrier
with respect to the band edge measured by PLE is observedistribution and potential profile for the modulation doped
This Stokes shift decreases with increasing density of eledVQW's considered here. We found that, at 10 K and without
trons from the Si donors in the GaN barriers and is found tadhe PZ field, the 2D carrier densities within each QW are
be ~250 meV for the heavily doped ¢810'° cm %)  about 4.5<10% 9x 10", and 1.4< 10" cm 2, respectively,
sample, in which a large screening of the PZ field is expectefbr ng;=1x 10, 2x 10", and 3x10*® cm™3. For the two
by the electrons even at low temperature. This indicates thatamples withng=2x10'® cm™3, practically all the impu-
the large Stokes shifts are probably due to the PZ field andty electrons in the GaN barriers migrate to the QW'’s. For
large potential variations which result from In composition the heavily doped MQW sample at 10 K, only a fraction of
fluctuations, strain fluctuations, interface roughness, crystahe impurity electrons migrate into the QW'’s, while the rest
dislocations, and other defects. The HRXRD measuremen@f them remain at their impurity sites. In this case, the Fermi
for these InGaN/GaN MQW'’s show that the Si doping in thelevel is the same for the impurity electrons and the confined
GaN barriers significantly improves the structural and inter-electrons. Under a strong PZ field- MV/cm) 2’ more
face quality, although it does not change the overall strainmpurity electrons migrate from the GaN base layer and the
state (i.e., it does not cause a relaxation of the lattice-GaN barriers on the high potential side into the InGaN QW'’s
mismatch induced strairt® Consistently, the reduced Stokes (on the low potential sideand partially screen out the PZ
shift with increasing doping concentration also results fromfield. This leads to a nonuniform distribution of carriers and
the band filling of localized states and better interface qualdifferent potential profiles for the 12 QW's.

245339-2



TIME-RESOLVED PHOTOLUMINESCENCE OF ...

10 K

27.5 pdicm?

PHYSICAL REVIEW B4 245339

in the effective recombination lifetime with decreasing en-
ergy across the main PL peak is shown in Fi¢)2This

behavior can be well understood in terms of car(exciton
28-30

localizations where the carrier decay is by radiative re-
combination and also by nonradiative transfer to deeper lo-
calized states through acoustic phonon-assisted relaxation or
tunneling. Assuming the radiative decay time is independent
of energy and the density of localized states is propor-
tional to[exp(—E/Ey)] (E is the localization energywe fit
the experimental decay-time data te(E) '=r,4 (1
+exd (E— Emd/Eo]),>° where 7,4 is the radiative lifetime,
E,. is the energy analogous to a mobility edy@ndE, is
the characteristic energy describing the energy dependence
of the density of states. The best fit was obtained #gj
=0.53 ns,E=2.97 eV, andEy,=43 meV. For the un-
doped and heavily doped MQW's at the same excitation den-
sity, we obtainedr,,q values of 1.95 and 0.57 nE,,. values
of 2.90 and 2.99 eV, ané&, values of 35 and 45 meYV, re-
spectively. The blueshift of the mobility edge with increasing
Si doping concentration is consistent with the reduction of
the Stokes shift.

We note that at higher excitation densities, the time-

5.5 uJ/cm2
2

PL Intensity (arb. units)
PLE Intensity (arb. units)

Decay Time (ns)

0.0

Photon Energy (eV)

26 2.7 2.8 2.9 3.0 3.1 372

PL Intensity (arb. units)

integrated spectra of Fig(& contain two peaks. As the ex-
citation density is increased from 5Jicnt to
27.5 pJdicn?, 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

FIG. 2. (a) 10 K time-integrated PL spectra at various excitation lifetime of 70 ps, as shown in Fig(&). At early time delays
densities for an Ig,dGa, gN/GaN MQW with a Si doping concen- for the three different Si doping concentrations in the GaN
tration of 2x 10" cm~3 in the GaN barriers. The 10 K PLE spec- barriers, the temporal evolution of this high-energy PL peak
trum is shown with a dashed linéb) The effective recombination at an excitation density of 27.%J/cn? is shown in Fig. 3.
lifetime as a function of emission energy at an optical excitationThe second curve from the bottom on each graph is taken at
density of 5.5uJ/cn? for the same sample at 10 K. The solid and the peak of the TRPL decay curve. The bottom curve is at the
dotted curves are the corresponding time-integrated PL spectrutime delay that has an intensityelfimes the peak intensity.
and the best fit to the equation(E) '=r,q "(1+exd(E  For the heavily and moderately doped MQW's, the high-
—Emd/Eo]), respectively. energy peak initially occurs at 3.08 eV, and then redshifts 6

and 16 meV, respectively, by the time the TRPL decay curve

For the InGaN epilayer sample, we observe two peaks ieaches its maximum intensity. On the other hand, for the
the PLE spectrumsee Fig. 1L The low energy peak at undoped MQW, the high-energy peak initially occurs at 3.04
~3.04 eV corresponds to the bulk excitonic enhancemen€V, and then redshifts 37 meV by the time the TRPL reaches
The high energy peak at3.12 eV requires some explana- maximum intensity. For all three MQW's, the high-energy
tion. Since the InGaN layer is between the heavily Si-doped€eak does not gradually redshift to the main PL peak, which
GaN layers, charge transfer at the interfaces creates triangi$ located below the mobility edge. Rather, this high-energy
lar QW's at the InGaN/GaN interfacéeefer to Fig. 1in Ref. peak disappears into the extended states, leaving only a
26), and their first quantum confined level is about 80 mevshoulder on the main PL peak, as shown in the bottom curve
above the sharp bottom of the deepest triangular QW. Thign each graph in Fig. 3. This behavior indicates that the
80 meV may account for the high-energy peak observed ifiigh-energy peak is related to radiative recombination of an
the PLE spectrum. intrinsic bound state controlled by the QCSE.

Figure 2 Showia) the optica| excitation density depen- This high-energy peak is attributed to the recombination
dence of the time-integrated PL spectra for the moderatelgf then=1 A andB excitons, which are related to tH&]
doped MQW andb) the spectral dependence of the PL de-—l“? and F\{ (upper bang- F$ interband transitions in the
cay time at an excitation density of 58J/cn? at 10 K. At  InGaN layer, respectively. The large strain-induced PZ field
excitation densities less than 5&J/cn?, the main PL peak perpendicular to the QW layers-(1.2 MV/cm for a similar
blueshifts with increasing excitation density, mostly due toundoped sample, according to Ref.) 2§ much larger than
the band filling of localized states by the photogeneratedhe classical exciton ionization field of 6<8.0° V/cm
carriers. For excitation densities higher than u3/cnf, [=Eg/eag, whereEg is the zero-field exciton binding en-
this PL peak slightly redshifts and narrows. A large increaseergy of 22 meV andhg is the excitonic Bohr radius of 3.4
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56 27 28 29 30 341 32 Ing16Ga g N/GaN MQW's with Si doping concentrations ¢&) 3
Photon E v X 10* and (b) 2x10* cm2 in the GaN barriers at the indicated
oton Energy (eV) optical excitation densities and at 10 K.

FIG. 3. Time-resolved PL spectra ofgliGay g N/GaN MQW's
with GaN barrier Si doping concentrations ) 3x 10, (b) 2 cannot exist any longer. Thus, the temporal behavior of the
X108, and (c) 1x 10" cm™® at an excitation density of 27.5 high-energy PL peak shown in Fig. 3 may be understood as
wJdlent and 10 K, showing the screening of the piezoelectric fieldQCSE-controlled excitonic recombination. Previously, an
by electrons from Si donors in the GaN barrier and by photogenerelectric field applied perpendicular to the plane of a GaAs/
ated carriers. The arrows indicate the effective mobility edge foraAlGaAs QW sample was shown to redshift the excitonic
each sample. The PL curves are displaced vertically for clarity. absorption peak by up to 2.5 times the zero-field binding
energy. This redshift was observed for an applied field
nm in GaN(Ref. 23]. Therefore, the PZ field separates the strength of 50 times the ionization field—the maximum field
electron-hole pairs and drastically reduces their overlap inteat which the excitons could still be resolv&dCompared to
gral at low carrier densities. The average areal carrier denSitﬁhe exciton peak position in the moderate|y and heav"y
at an excitation power density of 27 &J/cn? is estimated doped MQW's, the exciton peak in the undoped MQW is
to be 1.4<10' cm™? (7x10' cm™*in 3D). This value is  redshifted by 40 meV. With an estimated carrier density of
below the Mott density in GaN, which is given in the first 7 10'® cm 3, the PZ field still exists in the undoped
approximation byny = 1/m(a5”)?=1.1x 10" cm %, where  sample and causes a redshift of its excitonic transition. It has
ag’(=ag/2) is the 2D Bohr radius of the exciton. Immedi- been reported that the exciton binding energy in GaAs/
ately after excitation, a large number of photogenerated exAlGaAs QW's increases with decreasing well thickness and
citons and the electrons from the GaN barriers screen the Pig only about two times the 3D value when the well thickness
field. As radiative recombination proceeds, the screening efis the same as the 3D Bohr raditfs> Since the InGaN/GaN
fect is reduced and the transition energies as well as th®IQW samples studied here hava 3 nmwell thickness,
oscillator strength of excitons are lowered. When the fieldwhich is less than the GaN exciton Bohr radius, an exciton
ionization is dominant over the screening effect, the excitonginding energy of 60 meV in the well at zero PZ field is
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: T T T T FIG. 6. Time-resolved PL spectra of theglGa gN/GaN
0.0 0.5 1.0 1.5 2.0 MQW’s with Si doping concentrations @&) 3x 10'°, (b) 2x 10,
Time Delay (ns) and(c) 1x10Y cm™2 in the GaN barriers at an optical excitation
) density of 27.5uJ/cn? at room temperature. The arrows indicate
FIG. 5. Time decays of the whole InGaN PL peak of {he effective mobility edge for each sample at RT. The PL curves
Ino.16Gay eN/GaN MQW's with Si doping concentrations &) 3 4re displaced vertically for clarity.
X 10, (b) 2x 10* and(c) 1x 10" cm 2 in the GaN barriers, at
the designated excitation densities. The indicated effective reconkiaad of from the exciton levels with a transition energy of
bination lifetimes were obtained by curve fitting to doukfier ex- ~3.08 eV. The much shorter effective lifetime of the exci-
citation densities of 27.5 and 5J/cnf) and single (for i transition shows that the exciton recombination lifetime

1.1 pJfent) exponential decays. of 70 ps is dominated by a short nonradiative component.
The excitation power density dependence of the PL spec-
reasonable for our InGaN/GaN MQW:'s. tra for the(a) heavily and(b) moderately doped samples at

Although the temporal behavior of the excitonic PL peak10 K and 90 ps time delay is shown in Fig. 4. With decreas-
can be well explained in terms of the PZ field-induceding excitation density, a rapid reduction in the excitonic tran-
QCSE, the time-integrated PL of InGaN/GaN MQW'’s is sition intensity is observed in both cases as a result of field
quite different from that of GaAs/AlGaAs MQW's. Since the ionization. At the lowest excitation density of 1,2J/cn? in
band tail states are much larger in an InGaN ternary alloyFig. 4(a) for the heavily doped sample, we cannot see an
than in pure GaAs, the excitons in InGaN/GaN QW's nonra-appreciable PL peak from excitonic recombination. Thus, the
diatively transfer to the deeper localized states. As seen itnGaN carrier density is too low at this excitation density to
Fig. 2(a), even at an excitation density of 27 &J/cnf, most  screen the PZ field, which significantly reduces the oscillator
of the photoexcited carriers radiatively recombine from deestrength of excitons. This indicates that most of the electrons
localized states with a transition energy 6f2.92 eV in-  remain trapped at the GaN:Si donor sites with only a small
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fraction migrating into the InGaN active layer at 10 K, evenrequirement of a constant Fermi level across the layers, es-
for a Si doping concentration of>310'° cm 2 in the GaN  pecially for the heavily doped MQW?s. In the TRPL mea-
barriers. The excitonic PL peak linewidth at an excitationsurement of the heavily doped MQW at RT and at an exci-
density of 27.5 uJ/cn? in Fig. 3(b) is much broader than in tation density of 27.5uJ/cn?, we could not observe the
Fig. 3(@). At this excitation density in both samples, we ex- pronounced excitonic PL peak shown in Figa)3 because
pect the PZ field to be screened out by the photogenerateglrong screening by the migrated electrons would prohibit
carriers and the electrons from the GaN barriers. We founghe formation of the excitons. Instead, we observe a broad
that the optical properties of the samples studied here are NBkak at higher energigsanging from 3.14 to 3.18 eV as
consistent with their structural quality. The maximum lumi- shown in Fig. 6a). The onset of this peak is close to the 10
nescence intensity and the lowest stimulated emission thresik- hand edge of 3.14 eV, indicating that it is due to unbound
old by nanosecond pulse excitation in the side pumping gestates. We, therefore, attribute this peak to recombination of
ometry were observed for the moderately doped samplene high-density electron plasntdue to doping with the
which means it possesses the highest quantum eﬁ'c'en%otogenerated holes.
among the three samples studied Hefus, at the same  The exciton recombination behavior at RT and at an ex-
excitation density, the broader exciton PL linewidth in thecjtation density of 27.5uJ/cn? for moderately doped and
moderately doped sample is mainly due to the substantiallmndoped MQW’s is shown in Figs.(i6) and c). Their be-
larger number of photogenerated electron-hole pairs. Thgayior is similar to that at 10 K shown in Figs(s and 30).
broadening of the exciton PL peak in Figib}tis also as- By the same method used for 10 K, the lowest transition
cribed to the larger alloy and layer thickness fluctuations INenergy between tha=1 conduction anch=1 A-valence
the moderately doped MQW than the heavily doped onepang |evels at RT is estimated to be 3.07 eV, which is
which isgconsistent with HRXRD measurements for these_409 mev larger than the exciton PL peak in Figb)s The
MQW'S-l i RT exciton PL peak intensity is relatively weaker than that at
Figure 5 shows the PL time decafaf the whole InGaN 19 k| at the same excitation density, most likely due to ther-
peak with indicated effective lifetimes determined by single ya| dissociation.
(for an excitation density of 1.JuJ/cnf) and doublefor 5.5 In conclusion, we have systematically investigated the
and 27.5uJ/cn?) exponential fittings for the@ heavily  carrier  recombination properties of a series of
doped,(b) moderately doped, an) undoped InGaN/GaN |, Ga .N/GaN:Si MQW structures with different Si dop-
MQW's. For the 5.5 and 27.quJ/cnt excitation densities, ing concentrations in the GaN barriers, using TRPL at vari-
the first decay component results from fast exciton recombigs excitation power densities. At excitation densities greater
nation, while th_e sr—;cond component gorresponds to localizeghgy 5 wdlcn?, a strong excitonic PL peak in the extended
carrier recombination which results in the main PL peak.states is observed for all three MQW’s and its temporal evo-
Compared to Figs.(8) and 3b), the longer effective exciton |ytion as a function of the GaN barrier Si doping is well
lifetimes in Fig. c) result from a reduction in oscillator gescribed by a QCSE-controlled excitonic recombination
strength caused by the PZ effect, as shown in Fig. 3. Theyechanism. When the PZ field is almost screened by photo-
undoped MQW has a much longer localized carrier lifetimegenerated carriers and by the electrons from the Si donors in
than the heavily and moderately doped MQW's. This can bghe GaN barriers, the excitonic PL peak at 10 K is located
attributed to larger degree of localization and a smaller den=_gg mev below the band edge determined by PLE mea-

sity of electrons from the Si donors in the GaN barriers. g rements for the nGasN (3 nmiGaN (4.5 nm
Because the Si shallow donor level has an ionization OMQW,S studied here. '

energy of only~22 meV3* at room temperatur¢RT), a
large number of thermally activated electrons in the GaN This work was supported by BMDO, AFOSR, ONR, and
barriers migrate into the InGaN active layer to satisfy theNSF.
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