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Phonon-wind-based transport in InGaAs-InP quantum well under intense optical excitation
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The microluminescence surface scan technique~MSST! is used to investigate the lateral transport of pho-
tocarriers in a thin InGaAs-InP quantum well, under high optical excitation intensity~0.3 to 30 KW/cm2) 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.
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I. INTRODUCTION

Investigation of the transport of photoexcited carriers
bulk1,2 and thin layer semiconductor materials3–8 has at-
tracted a lot of interest due to both fundamental and tech
logical reasons. Experimental techniques which incorpo
spatial as well as time-resolved capabilities have been u
to study the underlying mechanisms governing the tw
dimensional~2D! transport of photocarriers. Though expe
ments involving the effect of the temperature, layer thic
ness, optical excitation intensity and photon energy h
been carried out, several aspects related to the 2D-trans
properties of photocarriers remain unclear. Special atten
has been devoted to the investigation of the diffusion of p
tocarriers under low4–6 and high7,8 optical excitation re-
gimes, where quite different behaviors have been obser
Carrier diffusion in GaAs-AlGaAs quantum wells~QW’s!
has been investigated through time-of-flight~TOF!
measurements3–5 and pump-probe techniques,6,7 as a func-
tion of temperature, layer thickness, optical excitation int
sity and photon energy. In the microluminescence surf
scan technique~MSST! used in this work,9 a tightly focused
laser beam~few microns wide! is used to excite the sampl
surface, and the lateral spread of electrons and holes is
served by scanning the microluminescence image at the
tem’s focal plane.10 In this work, the lateral size of the pho
toexcited carrier cloud is investigated under differe
conditions, from which important information concerning t
2D-transport mechanism is obtained. An undoped InGa
InP single QW was used to perform the experiments at
ferent optical excitation intensities~I! and temperatures (T).
In particular, we focus our attention in the high optical ex
tation and low temperature conditions. Under such con
tions, our data are consistent with a phonon-wind driving
2D distribution of photocarriers.4,5,7,8 The attenuation of the
phonon flux during the photocarrier cloud expansion is
cluded into the phonon-wind mechanism, thus accounting
the relationship between theory and experiment.

II. EXPERIMENT

The lattice-matched InGaAs-InP single QW used in t
work was grown by Vapor Levitation Epitaxy.11 The nomi-
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nally undoped sample consists of a 0.6mm-thick InP buffer
layer epitaxially grown on top of an InP substrate, follow
by a 110 Å wide InGaAs QW and terminated with a 600
thick InP cap layer. The sample was mounted in
temperature-controlled optical cryostat and optically exci
using a CW Ar1-ion laser tuned at 514 nm, which provide
energy excitation above the InP band gap. The laser bea
focused down to a 5mm-diameter spot, and the lateral ph
toluminescence~PL! measurements had a resolution of abo
2 mm. The radial PL intensity distribution is chopped, sy
chronously amplified and measured using a nitrogen-coo
Germanium detector, as described elsewhere.10 At the first
moment, nonresonant photoexcitation creates highly e
getic free electrons and free holes all across the struct
which are quickly captured by the InGaAs single QW. The
malization with the lattice is achieved mostly through em
sion of longitudinal optical and acoustic phonons, the exc
carrier density and gradient give rise to spontaneous ra
tive recombination and lateral carrier diffusion. Spontaneo
recombination is the main source of the PL signal. As
photogenerated carrier density is assumed to be much hi
than any residual dopant density, we have assumed
photoinduced hole density~p! to match the photoinduced
electron density (n).

III. RESULTS AND DISCUSSIONS

The optical excitation intensity was set at a level stro
enough to produce areal carrier densities in the range of11

to 1013 cm22, where recombination is predominantly radi
tive. In a semiconductor QW, the carrier system will be e
citonic at low carrier density and electron-hole plasma like
high carrier density. This will result in a change of the carr
type within the spatial carrier distribution; at the center, t
carrier system will be an electron-hole plasma, and in
wings, there will be predominantly excitons. The two spec
have different transport properties, what makes the spati
resolved luminescence spectra useful, since it can disting
between an excitonic and an electron-hole plasma like s
tem. Due to signal decrease we were not able to obtain s
tra at the tail of the distribution, where it should be exciton
6924 ©2000 The American Physical Society
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like. We have observed in Fig. 1 that the luminescence sp
tra are not excitonic up to the half width of the distributio
As a result, the transport properties do not change appre
bly in the same spatial range.

A typical spatial profile of the carrier distribution, whic
is obtained from the square root of the spectrally integra
PL intensity, is shown in the inset of Fig. 1. The quantityD
is the full width at half maximum~FWHM! of the carrier
distribution. The photocarriers are mainly confined in t
InGaAs layer, so that the carrier transport can be descr
by a two-dimensional diffusion equation. In the steady-st
regime, the diffusion equation describing the ambipo
plasma in polar coordinates reads10

D
1

r

]

]r F r
]n

]r G5G~r !2
n

t
2Bn2, ~1!

whereD is the effective diffusion coefficient,t is the effec-
tive carrier lifetime, andB is the radiative recombination
coefficient. G(r ) is the photocarrier generation term pr
vided by a Gaussian-shaped laser spot. As long as both
linear and quadratic terms are kept in the right-hand side
Eq. ~1!, numerical simulation shows that a Gaussian funct
represents a reasonable solution forn(r ). The carrier diffu-
sion length (L5ADt) is then obtained from the best simu
lated curve going through the experimental points~see inset
of Fig. 1!, and is proportional to the FWHM of the carrie
distribution (L }D).

As shown in Fig. 2, below about 15 K, the diffusio
length increases for decreasing temperatures. Only a
pronounced increase in the diffusivity at decreasing temp
tures could account for that change in the behavior ofL(T).
The temperature dependence of the FWHM (D) of the car-
rier distribution, at an optical excitation intensity on the o
der of 30 KW/cm2, is shown in the inset of Fig. 2. In th
temperature range of 50 to 200 K,D goes linearly with the
temperature. The increase of the diffusion length with te
perature means that the particle diffusivity is not limited
phonon scattering; in fact, if the thermal phonons repres
the main scattering mechanism, the diffusivity would d

FIG. 1. PL spectra taken at different positions on the spa
carrier distribution. The spatial profile of the carrier distributio
with width D is shown in the inset. Spectruma is taken at the cente
of the carrier distribution while spectrumb is taken at about the hal
width.
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crease with increasing temperature. On the other hand
static impurities represent the only particle scattering mec
nism, the diffusivityD should be proportional to the particl
thermal velocity, and thereforeD}T1/2.6 Considering that
the radiative lifetime of the particles ist}T3/2,12 one con-
cludes thatL5ADt}T. On these grounds, we conclude th
in the temperature range 50 K,T, 200 K the carrier
plasma presents a diffusive behavior were static impuri
are the dominant scattering centers. Further, the assump
of a phonon-wind is introduced in the low temperature ran
(T,15 K!, once this mechanism pushes the carriers aw
from the optical excitation region, thus spreading up t
plasma expansion. The reduction inD up to 15 K, whenT
increases~see Fig. 2!, is consistent with the picture of a shar
decrease of the diffusion coefficient as a result of the ther
damping of the phonon-wind-driven force. Specifically, t
phonon-wind driven force should be greatly reduced wh
the bath temperature is raised to the point where the pho
mean-free-path becomes comparable to the width of the
rier distribution. Such a behavior has been previously
served in GaAs-AlGaAs QW’s, under high optical excitatio
intensity ~carrier density around 1011 cm22),7 and low opti-
cal excitation intensity~carrier density below 1011 cm22).4–6

In order to investigate the 2D-carrier expansion mec
nism in the two different regimes, we analyzed in Fig. 3 t
width of the carrier distribution (D) as a function of the
optical excitation intensity~I! at different temperatures. W
first observe that the excitation intensity dependence ofD, at
13 K, is qualitatively consistent with the in-plane expansi
of the photocreated carriers outside the laser spot region
phonon-wind-driven mechanism.7 In the phonon-wind

l

FIG. 2. Spatial carrier distribution (D) as a function of the tem-
perature, at different optical excitation intensities. Lines are o
guides to the eyes. The abrupt increase ofD below 15 K was asso-
ciated with the increase of the diffusivity due to the phonon-wi
mechanism. The temperature dependence ofD under high optical
excitation intensity is shown in the inset.
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mechanism, the thermalization of localized high-density p
tocarriers works as an important source of non-equilibri
acoustic phonons, which in turn propagate outward from
optically excited spot. This collective phonon motion inte
acts with the carriers by transferring momentum. In the s
plest phonon-wind-driven picture the photoexcited carri
are submitted to a wind force given byF5gP(12n/ns),
whereg is a coupling constant,P is the phonon flux,n is the
carrier drift velocity andns the sound velocity. The drift
velocity is also related to the wind force throughn5mF/q,
whereq and m are the carrier charge and carrier mobilit
respectively. The two expressions above can be coupled
gether to yieldn.mgP/q, in the limit of n!ns . Within the
usual conservative approach, with no phonon attenuation
phonon flux is given byP5(r0 /r)P0, wherer0 andr rep-
resent different radial positions in the InGaAs layer pla
with respect to the center of the laser spot, andP0 depends
only on the optical excitation intensity. By combining th
last two expressions together one obtainsn.
(mg/q)(r0 /r)P0. At this point, we argue that the observe
D represents the characteristic length covered during
characteristic lifetime (t0). The average carrier velocit
would be reasonably described byn.D/2t0 and, conse-
quently,D would be given by

D2.aP0 , ~2!

wherea54mgr0t0 /q. The conservative model for the tota
number of phonons leading to Eq.~2! explains the increase
of D with increasing excitation intensity. However, bett
results are obtained if a nonconservative model is assum
To describe the phonon flux attenuation, the following e
pression is introduced:P5P0(r0 /r)exp(2br), whereb is a
characteristic parameter to be obtained from the fit of

FIG. 3. Spatial carrier distribution (D) as a function of the op-
tical excitation intensity. The excitation behavior changes dra
cally as the temperature is increased. At 13 K, the behavior of
carrier profile is dominated by the phonon wind mechanism. At
K, since the phonon wind is not effective, the behavior is dicta
by the carrier lifetime. At 17 K, the dominant characteristic of t
curve is a crossover between the two behaviors~13 K and 40 K!.
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experimental data. Following the same arguments u
above to derive Eq.~2!, D is now described through

D2 expS bD

2 D.aP0 . ~3!

The solid line in Fig. 3 represents the best fit of the expe
mental data assuming attenuation of the phonon flux. T
attenuation of the phonon flux have been accounted for
the absorption of phonons by cool carriers.8

The optical intensity dependence of the plasma expan
at 40 K~see Fig. 3!, can be understood in terms of the carri
lifetime. The carrier density dependence of the carrier li
time is known to vary by several orders of magnitude, fro
0.1 ms at 1014 cm23 to 10 ps at 1019 cm23.13 Therefore, as
the optical excitation intensity increases, thus increasingn,
the diffusion length is expected to decrease due to the re
tion of the carrier lifetime. Similar behavior was also co
firmed at higher temperatures.14 In contrast to what happen
at 13 K, where the spatial distribution obeys the excitat
dependence of Eq.~3!, at 17 K, even for high optical exci
tation intensities, the spatial carrier distribution does n
change. The data shown at 17 K support the existence o
two distinct carrier diffusion mechanisms and represent
crossover condition between them. The carrier lifetime h
another implication on the phonon-wind force since
changes the particle velocity. The phonon-wind driven fo
should reduce if the particle velocity is greater than t
sound velocity (ns553105 cm/s!. This effect may really
take place at high optical excitation~see inset of Fig. 2!,
where we have observed a less pronounced effect on
plasma expansion at 30 KW/cm2. For this optical power den-
sity, we can estimate a carrier density on the order
131013 cm22, which represents a carrier lifetime of 10
ps.13 Thus, if we take the width of the plasma expansion (D)
on the order of 35mm at 30 KW/cm2, and using the simple
relationn5D/2t, the particle velocity should be on the ord
of 183106 cm/s, which is much greater than the sound v
locity. Therefore, the phonon-wind driven force should
highly reduced at this optical power density.

IV. CONCLUSIONS

In summary, we infer that ionized impurity scattering a
radiative recombination determine the carrier expansion p
cess at higher temperatures. However, we found that
phonon-wind-driven mechanism plays a key role in the
planation of the carrier expansion on the low temperat
range~below 15 K!. The hypothesis of the phonon flux a
tenuation, in contrast to the conservative picture, leads
better agreement between the data and the phonon-w
driven theory.
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