PHYSICAL REVIEW B VOLUME 62, NUMBER 11 15 SEPTEMBER 2000-I

Phonon-wind-based transport in InGaAs-InP quantum well under intense optical excitation
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The microluminescence surface scan technidd8ST) is used to investigate the lateral transport of pho-

tocarriers in a thin InGaAs-InP quantum well, under high optical excitation inte(@igyto 30 KW/cn?) and

in the temperature range from 7 to 200 K. The size of the in-plane photocarrier distribution depends on both
optical excitation intensity and temperature. A phonon-wind-driven mechanism is used to explain the behavior
of the distribution at temperatures below 15 K. Further, the attenuation of the phonon flux during the photo-
carrier cloud expansion plays a key role in the phonon-wind mechanism. Finally, it is found that the phonon
wind becomes quenched at high optical excitation intensity, which is probably correlated to an increasing
carrier velocity greater than the sound velocity.

. INTRODUCTION nally undoped sample consists of a Qf-thick InP buffer

layer epitaxially grown on top of an InP substrate, followed
Investigation of the transport of photoexcited carriers inpy a 110 A wide InGaAs QW and terminated with a 600 A
bulkl’2 and thin Iayer semiconductor materi?a—I% has at- thick InP cap |ayer_ The Samp|e was mounted in a

tracted a lot of interest due to both fundamental and technQemperature-controlled optical cryostat and optically excited
logical reasons. Experimental techniques which incorporatgsing a CW Af -ion laser tuned at 514 nm, which provides

spatial as well as time-resolved capabilities have been usethergy excitation above the InP band gap. The laser beam is
to study the underlying mechanisms governing the tWos,q 504 down to a s:m-diameter spot, and the lateral pho-
dimensional2D) transport of photocarriers. Though experi- toluminescencé€PL) measurements had a resolution of about

ments involving the effect of the temperature, layer thick- : ; LT
ness, optical egxcitation intensity andpphoton engrgy havg pm. The radla_l PL intensity dlstrlbutlt_)n IS chopped, syn-
been carried out, several aspects related to the 2D-transpcg?ronou.3|y amplified and measyred using a nltrogen-cooled
properties of photocarriers remain unclear. Special attentioff€'manium detector, as described elsewhrt the first

has been devoted to the investigation of the diffusion of phoMOMeNt, nonresonant photoexcitation creates highly ener-
tocarriers under lofv® and higH® optical excitation re- 9€tic free electrons and free holes all across the structure,
gimes, where quite different behaviors have been observedthich are quickly captured by the InGaAs single QW. Ther-
Carrier diffusion in GaAs-AlGaAs quantum wellQW's) malization with the lattice is achieved mostly through emis-
has been investigated through time-of-flighfTOF) sion of longitudinal optical and acoustic phonons, the excess
measurements® and pump-probe techniqué$,as a func- carrier density and gradient give rise to spontaneous radia-
tion of temperature, layer thickness, optical excitation intendive recombination and lateral carrier diffusion. Spontaneous
sity and photon energy. In the microluminescence surfaceecombination is the main source of the PL signal. As the
scan techniquéMSST) used in this work, a tightly focused ~ photogenerated carrier density is assumed to be much higher
laser bean{few microns widg is used to excite the sample than any residual dopant density, we have assumed the

surface, and the lateral spread of electrons and holes is obhotoinduced hole densitgp) to match the photoinduced
served by scanning the microluminescence image at the systectron densityrf).

tem’s focal plané? In this work, the lateral size of the pho-
toexcited carrier cloud is investigated under different
conditions, from which important information concerning the ll. RESULTS AND DISCUSSIONS

2D-transport mechanism is obtained. An undoped InGaAs- The gptical excitation intensity was set at a level strong

;np single QIW was used to perform tge experiments at difynq,9h to produce areal carrier densities in the range %f 10
erent optical excitation intensitig$) and temperaturesTy. to 10° cm~2, where recombination is predominantly radia-

In particular, we focus our attention in the high optical eXCi-tive In a semiconductor QW, the carrier system will be ex-

tation and low temperature conditions. Under such condigjionic at low carrier density and electron-hole plasma like at

tions, our data are consistent with a phonon-wind driving thg,; ; ; P ; :
P : _ igh carrier density. This will result in a change of the carrier
2D distribution of photocarriers>"®The attenuation of the g y g

. . .= type within the spatial carrier distribution; at the center, the
phonon flux during the photocarrier cloud expansion iS in-ca rier system will be an electron-hole plasma, and in the
cluded mto th‘? phonon-wind mechanism, thus accounting fo5vings, there will be predominantly excitons. The two species
the relationship between theory and experiment. have different transport properties, what makes the spatially

Il EXPERIMENT resolved Iumines_cen_ce spectra useful, since it can digtinguish

between an excitonic and an electron-hole plasma like sys-

The lattice-matched InGaAs-InP single QW used in thistem. Due to signal decrease we were not able to obtain spec-
work was grown by Vapor Levitation EpitaXy.The nomi-  tra at the tail of the distribution, where it should be excitonic
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FIG. 1. PL spectra taken at different positions on the spatial < o/o
carrier distribution. The spatial profile of the carrier distribution —=— 0.3 kW/em®
with width A is shown in the inset. Spectruaris taken at the center 251 \ —o0—13.0 kW/em®
of the carrier distribution while spectrumis taken at about the half | 2
i —x— 8.0 k€W/cm
width. a0 L . L
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like. We have observed in Fig. 1 that the luminescence spec- TK)

tra are not excitonic up to the half width of the distribution.

As a result, the transport properties do not change apprecia- fG, 2. Spatial carrier distribution) as a function of the tem-

bly in the same spatial range. perature, at different optical excitation intensities. Lines are only
A typical spatial profile of the carrier distribution, which guides to the eyes. The abrupt increasé dielow 15 K was asso-

is obtained from the square root of the spectrally integratediated with the increase of the diffusivity due to the phonon-wind

PL intensity, is shown in the inset of Fig. 1. The quantity mechanism. The temperature dependenca afnder high optical

is the full width at half maximum(FWHM) of the carrier excitation intensity is shown in the inset.

distribution. The photocarriers are mainly confined in the

InGaAs layer, so that the carrier transport can be describecrease with increasing temperature. On the other hand, if

by a two-dimensional diffusion equation. In the steady-statestatic impurities represent the only particle scattering mecha-

regime, the diffusion equation describing the ambipolamism, the diffusivityD should be proportional to the particle

plasma in polar coordinates reddls thermal velocity, and therefor®oTY28 Considering that

the radiative lifetime of the particles isxT%2'? one con-

19| an| n 5 cludes that. = D 7= T. On these grounds, we conclude that
Torl ar —G(r)—;—Bn ' @D in the temperature range 50 KT< 200 K the carrier

plasma presents a diffusive behavior were static impurities
whereD is the effective diffusion coefficient; is the effec-  are the dominant scattering centers. Further, the assumption
tive carrier lifetime, andB is the radiative recombination of a phonon-wind is introduced in the low temperature range
coefficient. G(r) is the photocarrier generation term pro- (T<15 K), once this mechanism pushes the carriers away
vided by a Gaussian-shaped laser spot. As long as both ttieom the optical excitation region, thus spreading up the
linear and quadratic terms are kept in the right-hand side oflasma expansion. The reduction Anup to 15 K, whenT
Eqg. (1), numerical simulation shows that a Gaussian functiorincreasessee Fig. 2, is consistent with the picture of a sharp
represents a reasonable solution figr). The carrier diffu- decrease of the diffusion coefficient as a result of the thermal
sion length {=+/D7) is then obtained from the best simu- damping of the phonon-wind-driven force. Specifically, the
lated curve going through the experimental poifstse inset phonon-wind driven force should be greatly reduced when
of Fig. 1), and is proportional to the FWHM of the carrier the bath temperature is raised to the point where the phonon
distribution L «A). mean-free-path becomes comparable to the width of the car-
As shown in Fig. 2, below about 15 K, the diffusion rier distribution. Such a behavior has been previously ob-
length increases for decreasing temperatures. Only a veiserved in GaAs-AlGaAs QW'’s, under high optical excitation
pronounced increase in the diffusivity at decreasing temperantensity (carrier density around #6cm=2),” and low opti-
tures could account for that change in the behaviadk @f). cal excitation intensitycarrier density below 0 cm~2).4-°
The temperature dependence of the FWHM) (of the car- In order to investigate the 2D-carrier expansion mecha-
rier distribution, at an optical excitation intensity on the or- nism in the two different regimes, we analyzed in Fig. 3 the
der of 30 KW/cn?, is shown in the inset of Fig. 2. In the width of the carrier distribution ) as a function of the
temperature range of 50 to 200 K, goes linearly with the optical excitation intensityl) at different temperatures. We
temperature. The increase of the diffusion length with tem{irst observe that the excitation intensity dependenc,ait
perature means that the particle diffusivity is not limited by 13 K, is qualitatively consistent with the in-plane expansion
phonon scattering; in fact, if the thermal phonons represenf the photocreated carriers outside the laser spot region by a
the main scattering mechanism, the diffusivity would de-phonon-wind-driven mechanism.In the phonon-wind
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50 experimental data. Following the same arguments used
S ---%---40 K above to derive E(2), A is now described through
' -4--17K

45t

za.l:)o. (3)
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The solid line in Fig. 3 represents the best fit of the experi-
mental data assuming attenuation of the phonon flux. The
attenuation of the phonon flux have been accounted for by
the absorption of phonons by cool carriérs.
The optical intensity dependence of the plasma expansion
at 40 K(see Fig. 3 can be understood in terms of the carrier
. _ _ . . lifetime. The carrier density dependence of the carrier life-
5 10 15 20 25 30 time is known to vary by several orders of magnitude, from
Optical intensity (KW/cm’) 0.1 us at 13* cm 3 to 10 ps at 18 cm™ 3.2 Therefore, as
the optical excitation intensity increases, thus increasing
FIG. 3. Spatial carrier distributionA) as a function of the op- the diffusion length is expected to decrease due to the reduc-
tical excitation intensity. The excitation behavior changes drastition of the carrier lifetime. Similar behavior was also con-
cally as the temperature is increased. At 13 K, the behavior of thgirmed at higher ’[emperaturé%]n contrast to what happens
carrier profile is dominated by the phonon wind mechanism. At 403t 13 K, where the spatial distribution obeys the excitation
K, since the phonon wind is not effective, the behavior is dictatedjependence of Eq3), at 17 K, even for high optical exci-
by the_carrier lifetime. At 17 K, the dominant characteristic of the ttion intensities, the spatial carrier distribution does not
curve is a crossover between the two behavia&K and 40 K. change. The data shown at 17 K support the existence of the

. L , , ) two distinct carrier diffusion mechanisms and represent the
mechanism, the thermalization of localized high-density phogossover condition between them. The carrier lifetime has

tocarriers works as an important source of non-equilibrium,,~iher implication on the phonon-wind force since it
acoustic phonons, which in turn propagate outward from th@anges the particle velocity. The phonon-wind driven force

optically excited spot. This collective phonon motion inter- shouid reduce if the particle velocity is greater than the

acts with the carriers by transferring momentum. In the simyq g velocity ¢=5%10° cm/9. This effect may really
s .

plest phonon—wind—driyen picture the photoexcited carrierg,ye place at high optical excitatiofsee inset of Fig. 2

are submitted to a wind force given By=yP(1-v/vs),  \here we have observed a less pronounced effect on the
wherey is a coupling constank is the phonon fluxy is the  y135ma expansion at 30 KW/@nor this optical power den-
carrier drift velocity andvg the sound velocity. The drift sity, we can estimate a carrier density on the order of
velocity is also related to the wind force throughk uwF/q, 1X 10" cm~2, which represents a carrier lifetime of 100
whereq and p are the carrier charge and carrier mobility, ps® Thus, if we take the width of the plasma expansidy) (
respectively. The two exp.ressiorlws.above can be C_oupled &1 the order of 35m at 30 KW/cn?, and using the simple
gether to yieldv=4yP/q, in the limit of v<ws. Within the  o|ati0n, = A/27, the particle velocity should be on the order
usual conservative approach, with no phonon attenuation, thsr 1gw« 106 cmi/s, which is much greater than the sound ve-
phonon flux is given by?=(po/p) Po, Wherep, andp rep-  ocity. Therefore, the phonon-wind driven force should be
resent different radial positions in the InGaAs layer pla“ehighly reduced at this optical power density.

with respect to the center of the laser spot, &yddepends
only on the optical excitation intensity. By combining the
last two expressions together one obtaing=
(my/q)(po!p)Po. At this point, we argue that the observed In summary, we infer that ionized impurity scattering and
A represents the characteristic length covered during theadiative recombination determine the carrier expansion pro-
characteristic lifetime £;). The average carrier velocity cess at higher temperatures. However, we found that the
would be reasonably described by=A/27, and, conse- phonon-wind-driven mechanism plays a key role in the ex-

40
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IV. CONCLUSIONS

quently, A would be given by planation of the carrier expansion on the low temperature
range(below 15 K). The hypothesis of the phonon flux at-
A%=aP, (2)  tenuation, in contrast to the conservative picture, leads to a

i better agreement between the data and the phonon-wind-
wherea=4uypo7y/d. The conservative model for the total qyiven theory.

number of phonons leading to E() explains the increase

of A with increasing excitation intensity. However, better
results are obtained if a nonconservative model is assumed.
To describe the phonon flux attenuation, the following ex- We are grateful to Dr. H. M. Cox for providing the
pression is introduced = Py(po/p)exp(—bp), wherebisa  sample used in this work and also the financial support from
characteristic parameter to be obtained from the fit of theTWAS and the Brazilian agencies FAP-DF and CNPq.
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