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Femtosecond pump-probe spectroscopy and time-resolved photoluminescence of an
In,Ga;_,N/GaN double heterostructure
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We report a study of the carrier dynamics in apJg&a, g2\ thin film photoexcited well above the band gap
using nondegenerate pump-probe spectroscopy and time-resolved photoluminéS&#ioefor carrier den-
sities ranging from 1Y to 10'° cm™ 2 at 10 K. At carrier densities greater thaixx40'® cm™2, optical gain
occurs across the entire band tail region afte?.5 ps time delay, when the hot carriers completely fill these
states. From TRPL measurements performed in the surface emission geometry, we observed stimulated emis-
sion (SE) with a ~28 ps decay time. Since this SE has a threshold density<dfat® cm™2, 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 SE to the recombination of an electron-hole plasma from
renormalized band-to-band transitions.
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The desire for ever higher resolution printing, read-writeand a 50 nm GaN:Si (Si10*° cm™2) cap layer. The aver-
laser sources for high-density information storage on magage In composition was measured using high-resolution
netic and optical media, and sources for secure intersatellite-ray diffraction_, assuming Vegard's law. We note that the
communications has fueled an interest in semiconductor la&ctual InN fraction could be smaller due to systematic over-
sers operating at shorter wavelengths. A long-livedestimation when using Vegard's law for this strained mate-
continuous-wave blue J&a, N quantum wel(QW) diode "l systent. Since the 1916Ga gN conduction-band edge
laser grown on a sapphire substrate was recently demo#-es at a lower energy than _the GaN:Si donor stat.es, electrons
strated at room temperatuteDespite extensive studies on rOIT the QCt)notrs W;" r?o;/e Into tt?e msGlaO-StzN re_glotrtl]. Tze bl
the optical properties of iGa N ternary alloys as the ac- sell-consistent potential seen by an efectron in the double
. o . . . . heterostructure can be modeled by an effective-mass theory
tive light-emitting medium, the optical gain and stimulated

emission(SE) mechanisms in these technologicall romis_that takes into account the exchange-correlation potential
_ . 1ologically p within the local-density approximation. We use the same nu-
ing new sources are still unclear. A major issue related t

. ST i ! Wnerical method described in Ref. 3 for modeling heavily
carrier dynamics is the many-body Coulomb mterachondoped semiconductor multiple-quantum well8QW's). At
among electrically injected or photogenerated carriers in lojq,, temperature (£10 K), most of the carriers remain
calized and extended states, given the high-carrier densitiQ%pped at the GaN:Si donor sites with only a small fraction
(larger than 18 cm™®) (Ref. 1 required to achieve lasing migrating into the InGa, N layer. The amount of charge
in present devices. transfer is determined by requiring the Fermi level to be the
In this paper, we report a study of the carrier dynamics insame across the GaN and,Ge,_,N layers(about 30 meV
an InGa_,N thin film for carrier densities varying from below the GaN conduction-band minimum that is taken to be
10'" to 10"° cm 3 photoexcited well above the band edge, zero in this calculation The resulting self-consistent poten-
using femtosecond nondegenerate pump-pr@d®@ spec- tial (solid curve and carrier densitydashed curve are
troscopy and time-resolved photoluminesce(i®PL) mea-  shown in Fig. 1. For the heavily doped GaN cap layer, donor
surements at 10 K. Through these measurements, we egrlectrons within 2.2 nm from the front GaN/&a _,N in-
plored not only the early-stage thermalization processes derface are depleted, contributing to the two-dimensional
the hot carriers, but also the spectral and temporal propertig2D) carrier density of 1.X 10*? cm™?2 in the left triangular
of the recombination processes, both as functions of carridn,Ga,_,N QW. For the less heavily doped GaN layer under
density. the InGa, _,N layer, donor electrons within 15 nm from the
The sample used in this paper is a nominally undopedack InGa, _,N/GaN interface are depleted, contributing to
0.1 um-thick Iny,gGayeN layer grown by metalorganic the 2D carrier density of 7:810'* cm™?2 in the right trian-
chemical vapor deposition at 800 °C. The structure consistgular InGa,_,N QW. The total 2D carrier density in the
of a 20 nm GaN buffer layer grown oo-plane sapphire In,Ga,_N layer is 1.85<10*? cm 2, which is not enough
followed by a 1.8 um GaN layer, a 50 nm GaN:Si (Si to substantially screen the Coulomb interaction among
~10' cm™3) layer, the 0.1um Iny,§Ga ¢ N active layer, photo-excited carriers.
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FIG. 1. Self-consistent potential profile seen by an electron -300 fs /
across the IfGa N layer (solid ling). Also shown is the carrier 0.0 1
L . . T T v T T T T T
distribution (dashed ling 3.0 31 392 33 34
Femtosecond PP spectroscopy measurements were carriec Photon Energy (eV)

out with a 1 kHz regenerative amplifi€REGEN used to _ _ o _
create pulses with a full width at half maximuWHM) of FIG. 2. Differential transmission specttaump-induced trans-

100 fs at a wavelength of 800 nm. These pulses were fed intliSsion chang& T/To) of a 0.1 um g, d5a e N active layer at
an optical parametric amplifier to create pulses with al0 K foran average carrier density 0k30' cm™? showing the
FWHM of 355 fs(measured by difference-frequency mixing ultrafast near-zero-delay dynamics. 'I_'he dashed _Ilne shows _the
in a BBO crystal at 3.345 eV(295 meV above the absorp- 'T'Lrjlmp spectrum. The DTS curves are _dlsplaced vertlca_lly for clarity.
tion edge of the excited J®a,_,N sample at 10 Kwith a e inset shows the absorptigsolid line), PL (dotted I.|ne, and
bandwidth of 25 meV. This beam was used as the pumBumID spectra for the pump-probe spectroscashed ling
source to excite carriers above the JgGa, sJN band gap.
The leftover output from the REGEN was frequency doubledvhereT, To, Aa(z), andd are the transmitted probe in-
to 400 nm and then used to create a broadband continuutensity with and without the pump, the pump-induced ab-
probe source with a FWHM of 350 fs. The pump and probesorption change at depth (measured from the front side
beams were orthogonally polarized, and the angle betweenterfacg, and the sample thickness, respectively. For an ac-
them was 15°. Neutral density filters were used to attenuattive layer thickness of 0.1um with an absorption coefficient
the probe beam so that it would not alter the optical properof 1.5x10° cm ! at the excitation energy, our sample is
ties of the sample. The probe beam was focused to aptically thick, so the photogenerated carrier density depends
150 um diameter spot on the sample, and the transmittedn the deptlz, which leads to a depth-dependent absorption
light was collected and focused into a spectrometer with amoefficienta(z). Figure 2 shows the DTS at early time de-
attached charge-coupled device detector. A pump spot sidays for an average carrier density oK30'® cm™3 in the
of 300 »m was chosen to minimize the variations in pumpactive layer, as estimated from band fillihdJsing this av-
beam intensity and to average out the effect of In composierage carrier density and assuming an exponential decrease
tional fluctuations across the probed region. The optical dein the photogenerated carrier density with depth, we estimate
lay between the pump and probe was controlled using a conthe carrier density at the front side interfa@e=0 nm) and
puterized step motor. TRPL measurements were alsat the back-side interface z€100 nm) to be 5.7
performed in the surface emission geometry using a streak 10'® cm 3 and 1.3<10*® cm ™3, respectively. We see in
camera with a monochromator. The pump spot size wathe inset that the low-density photoluminescefiee) peak
150 um in diameter and the overall time resolution for (dotted ling is significantly Stokes shifted~58 meV) with
TRPL measurements was about 60 ps. For consistency, thespect to the fundamental absorption edge. This behavior
same excitation energy was used for PP and TRPL experarises from the combined effects of the large band bending
ments. near the interfaces and In compositional fluctuafiohsn

Differential transmission spect®TS) (Ref. 4 measure this mixed semiconductor alloy. We take zero time delay to
the difference between the probe transmission with and withbe at the approximate maximum of the pump pulse. For time
out the pump: delays of less than-200 fs, no significant band-filling ef-

§ fects were observed.
exp{ _ f dZAa(Z)] 1 i The DTS at—200 fs shows a spectral hole burntfi¢hat
0

DTS=AT/Ty=
0 is initially peaked at the high-energy tail of the pump pulse.
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At —100 fs, a broad low-energy tail arises from the fast
interaction of photoexcited carriers with the previously exist- 1.5
ing electrons, illustrated in Fig. 1. We clearly observed two
successive LO-phonon emission processes via thaliEho
interaction at 0 and 100 fs time delays. At O 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 ap-
proximately equal to the expected,aGay gN LO-phonon
energy of 89 meV, which is estimated by a linear interpola-
tion of the values of 92Ref. 11 and 74 meV(Ref. 12 for
GaN and InN, respectively. However, the successive LO- ___
phonon emission does not necessarily mean that relaxation ‘TE
processes of the hot carriers can be explained by a simple ©
LO-phonon cascade model. Considering the nonthermal car- ‘%5
rier distribution on this time scale of less than 200 fs, and the T
decrease in the joint density of states with decreasing photon 3
energy (which causes the DTS values to incréasmly 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 okda0'" cm3.13

As shown in Fig. 2, the cooling processes of most of the
carriers begin after the initial buildup of carriers by the
pump. Carrier-carrier interactions that cause the gradual
broadening of the nonthermal carrier distribution and
electron-phonon scattering by both the lich and the
deformation-potential mechanisms provide the most relevant
relaxation processes. Compared to the rapid hot carrier redis-
tribution in GaAs(Ref. 14 over a wide energy range within 295 300 3.05 310 3.15 3.20
100 fs at a lower excitation density, Fig. 2 shows that the hot
carriers relax very slowly toward the band edge. This is
mainly caused by the hot phonon effégsince the electrons FIG. 3. Absorption spectra near the fundamental absorption
lose energy to LO-phonons very slowly when the LO-gqqe of an Ip,Gay N active layer as a function of time delay for
phonons are as hot as the electrons. Previously, a slow h@{erage carrier densities ofa) 4x10® cm ™3 and (b) 4
carrier relaxation in this material due to the hot phonon ef-x 1617 ¢cm~3. The solid lines represent the values taken without the
fect has been reported at 300'K. pump (ao). The arrows indicate the effective mobility ed¢eee

The carrier dynamics near the absorption edge of theex).
sample is shown in Fig. 3 as a function of time delay for
average carrier densities ¢f) 4x10® cm 2 and () 4 %10 cm 3, and has a maximum value of1.2
X 10 cm 3. The arrows indicate the effective mobility x10* cm ! at 2.5 ps. Previous studies of PP spectroscopy
edgé’ (E.,) of the sample, which was determined by theon bulk GaAs(Ref. 19, GaAs/ALGa, _,As MQW’s (Ref.
excitation energy dependence of the PL peak position as d&0), and InGa _,N/GaN MQW'’s(Ref. 21 also showed op-
tailed in Ref. 18. For an average carrier density of 4tical gain near the band edge. Assuming that a single round-
X 10*® cm™3, the average interparticle distance of about 3trip condition in the sample growth direction is satisfied and
nm is approximately equal to the exciton Bohr radius inthat there is no loss due to absorption in theGa _,N
GaN. Thus, the hot carriers of Fig(a form an electron-hole active layer, a threshold gain for vertical-cavity SE was
plasma(EHP), while a coexistence of correlated statex-  found to be 18 cm™? for 20% reflectivity at both side in-
citons and uncorrelated electron-hole pairs is possible at théerfaces and a gain lengtlactive layer thicknegs of
average carrier density of Fig(l8. As the hot carriers relax 0.1 xm.?? Since this threshold gain value is one order of
toward the band edge, the band gap reduces, leading to imagnitude larger than the experimentally observed optical
duced absorption near and below the absorption edge appeaslue of ~1.2x10* cm™! at an average carrier density of
ing after~1.3 ps, as shown in Figs(& and 3b). Subse- 4x10® cm™ 23, it may not be possible to achieve vertical-
quently, the induced absorption reduces and turns intgavity SE from optical pumping except under extremely
optical gain(or induced transparengylue to band filling by  high-excitation densities. At 3 ps in Fig(8, there are still
the hot carriers. The weak modulation in the resulting gairavailable states belo®,,, but most of the carriers are situ-
spectra comes from the Fabry-Perot modes of the sampl&ted at energies above 3.04 eV. This means that the total
structure. As shown in Fig.(8), optical gain across the en- density of localized states due to In compositional fluctuation
tire band tail is evident at an average carrier density of 4is less than & 10" cm™ 3. To be consistent, the TRPL mea-

(a) n=4x10"% ecm”

Photon Energy (eV)
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(b) n=3x10" ¢m "

10 ps

FIG. 4. Absorption spectra and
their corresponding differential
transmission spectra near the band
tail region of an Ig 1§Gay g\ ac-
tive layer as a function of time de-
lay for average carrier densities of
(@, b 3x10® cm 3 and(c, d 1
X107 cm 3. The arrows indi-
cate the effective mobility edge.

o (10°cm’™)
DTS (AT/T)

2.95 3.00 3.05 3.10 3.15 3.00 3.05 3.10 3.15

Photon Energy (eV) Photon Energy (eV)

surements seen below show that the PL peak position does Figure 5 showga) the carrier density dependence of the
not shift up to an average carrier density ok 10" cm 3,  time-integrated PL spectra arib) their corresponding tem-
but it has a significant blueshift at an average carrier densitporal responses. The effective PL lifetimesg, (@nd ;) as
of 5x 10 cm™2 due to band filling of the localized states. determined by single(for average carrier densities 2
Therefore, we estimate the total density of localized states inx 106, 1x 10, and 5x<10*” cm %) and double(for 2
this sample to be between X110 cm 2 and 4 x10®and 1x10 cm %) exponential fittings are indicated
x 10t cm 3. in Fig. 5(b). We observed SE above an average carrier den-
The energy relaxation rate of hot carriers dependssity of 1x10*® cm 3. Above the SE threshold density, the
strongly on the number of available lower-energy states anthtegrated PL intensity exhibits a superlinear growth as the
decreases quickly with decreasing energy within the bandarrier density increases. Compared to other Ill-V semicon-
tail due to the reduced density of the final states. Absorptiomuctors, the observed SE threshold density is rather large, but
spectra and their corresponding DTS near the band tail rethis can be easily attributed to the large effective masses in
gion at time delays from 10 to 50 ps are shown in Fig. 4. Thethis system, which make it difficult to reach population
recovery from bleaching effects at an average carrier densitiversion?* According to Ref. 25, the filling of localized
of 1x10Y cm 2 is much slower than at 810 cm 3  band-edge states is a prerequisite for achieving lasing in
[note the bleaching across the entire tail region at 2.5 ps im,Ga_,N QW laser diodes. Because the SE lifetimes are
Fig. 3@]. This indicates that a very fast and efficient carrierless than our system resolution 60 ps, we obtained the
depopulation process, i.e., SE, exists at an average carridecay constants using a deconvolution technique.
density of 3x10'® cm 3. At average carrier densities Spontaneous emission can be attributed to the well-known
greater than X 10*® cm3, our TRPL measurement results phenomenon of recombination of localized carri@sexci-
show that most of the carriers disappear through SE with #¢on9 in random potential wells induced by In compositional
~28 ps decay timésee below. On the other hand, it takes fluctuationsS=® since the strain-induced piezoelectric efféct
about 1.8 ps for the hot carriers to relax to the absorptionn an 80-nm-thick layer of IgGa, _,N is much smaller than
edge, as shown in Fig. 3. Compared to this time scale, thin an InGa,_,N/GaN MQW?” With the laser tuned to the
relaxation processes shown in Fig. 4 are very slow. In factabsorption edge of 3.05 eV shown in Fig. 3, we performed
we see in Fig. &) a clamping of carrier relaxation nekg,,  time-integrated four-wave mixing on this sample at low-
at an average carrier density oik1L0'” cm™ 3, though the excitation densities. We found that the signal at 10 K is not
localized states belovie.,, are able to accommodate most sensitive to detuning, which results from In compositional
electron-hole pairs produced at this density. This may bdluctuation, and it has a polarization dephasing time of 150 fs
evidence for an analogous mobility edge in the Mott-assuming a homogeneous broadening similar to €akhis
Anderson picture of localizatidiin view of hot carrier re-  indicates that the absorption enhancement near the band edge
laxation. is due to the excitonic ground state. The dephasing time of
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FIG. 6. The effective recombination lifetim@etermined by
Time (ns)

curve fitting to exponential decags a function of emission energy
for average carrier densities (d) 1x 10", (b) 5x 10", and(c) 2
x10*® cm~3. The solid lines are the corresponding time-integrated
BL spectra. The arrow indicates the effective mobility edge.

FIG. 5. (a) Time-integrated PL spectra angh) their time-
resolved PL intensities at various carrier densities. The PL spectr,
at different carrier densities in Fig(& have been rescaled as indi-

cated. The average threshold carrier density for stimulated emission
was found to be X 10*® cm3. The temporal PL traces for carrier densities above the SE

threshold density show in Fig.(% two distinct decay con-
excitonic continuum states is expected to be much smallestants: a short component for fast SE and a long component
For instance, the dephasing time in pure GaAs was found téor subsequent spontaneous emission. Consistent with the
be less than 11 f& Therefore, piezoelectric fields should occurrence of optical gain over a wide spectral region and
play only a minor role in this 0.um-thick InGa,_,N ma- the fast recovery from bleaching effects above the SE thresh-
terial system. According to a simple modélthe density of old density seen in PP spectroscopy, SE occurs from 2.95 eV
states in the band tail quickly decreases with increasing ado well above the absorption edge with decay constants of
tivation energy, resulting in a lower density of final states for27—28 ps, as shown in Fig(®. Figure 7 shows the detailed
acoustic phonon-assisted relaxation or tunneifit}. Thus,  temporal evolution of both théa) SE and(b) spontaneous
the average spatial separation between sites with deeper pemission. The top curve on each graph is taken at the peak of
tential wells increase® This causes a smaller tunneling the TRPL decay curve. The maximum PL intensity in the
probability per available site, and hence, a longer effectivefRPL decay curve at an average carrier density of 1
PL lifetime at lower energy. For carriers with energies abovex 10'° ¢cm™2 occurs about 28 ps faster than at an average
Eem, the decay is most likely dominated by the rapid nonra-carrier density of % 10" cm 3. Considering our system
diative transfer to lower-localized states. As a result, theesolution, the actual temporal evolution of the SE can be
time-resolved spectrum shifts toward lower energy with in-faster than the time delays in Fig(aJ. If the spontaneous
creasing time delay, as shown in Figga)éand Gb). emission and SE originate from the same mechanism, they
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FIG. 7. Temporal evolution ofa) stimulated emission at an
average carrier density 0’410'° cm™2 and(b) spontaneous emis-
sion at an average carrier density 0k 307 cm 2. The top curve
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We note that a previous study of SE as a function of
excitation length for an kGa, _,N/GaN MQW by nanosec-
ond pulse excitation in the side pumping geometry was per-
formed in Ref. 9, where the SE was shown to result from the
recombination of carriers in localized states. Reference 9
also shows that the SE threshold density quickly decreases
and the peak position redshifts with increasing excitation
length (from 500 to 2500m) due to reabsorption in the
photoexcited region. Since the experimentally observed op-
tical gain value of~10* cm ! shown in Fig. 3a) is not
enough to allow SE in the sample growth direction, we con-
sider 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
In,Ga 4N active layers depends very much on the mean In
molar fraction and the growth conditions. For the same
In,Ga, _,N/GaN double heterostructurddH) used in this
study and an lgGa_N/GaN MQW sample that has the
same InN fraction and similar Si doping concentration in the
barriers, Ref. 9 shows that the band-tail states are signifi-
cantly larger in the IgGa, _,N/GaN MQW than in the
In,Ga, _,N/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 small optical gain length due to the
crystal imperfections contribute to the fact that an EHP re-
combination from the renormalized band-to-band transition
is responsible for SE in the |&a _,N/GaN DH discussed in
this paper.

In conclusion, we studied the hot carrier dynamics in an

on each graph is taken at the peak of the time-resolved PL decay Ga, _,N thin film photoexcited well above the band edge

curve.

should have similar spectral shapes. However, the SE spect
at early time delays and the spontaneous emission spect

shown in Fig. 7 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 Fi
7(a) can be well understood in terms of an EHP recombin

at 10 K under high-carrier densities. At a carrier density of
3x10® cm3, we clearly observed two successive LO-
Eﬁonon emission processes via thélffich interaction at 0

hd 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 stimu-

a%ated emission that has-a28 ps decay time constant and a

threshold density of ¥ 10'® cm™3, which is larger than the

tion from renormalized band-to-band transitions, where ON&otal density of localized states induced by In compositional

tehxrgi(:tﬁ tshtécgg v?/:ghe?nhé?egzi;hetimgn;;;Of'l?rigliesrigﬁ;rsigsﬁ ctuations. We attribute the stimulated emission to the re-
9 9 Y- ombination of an electron-hole plasma from renormalized

with our previous conclusion that the total density of local- L o
ized states is less thanx4l0'” cm 3, and thus, SE must band-to-band transitions.
be dominated by carriers in extended states at these high This work was supported by BMDO, AFOSR, ONR, and

densities.
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