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Electron-Optical-Phonon Interactions in Ultrathin GaAs/AIAs Multiple Quantum Wells
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Nonequilibrium populations of both confined and interface phonons generated by picosecond laser
pulses in a series of GaAs/AlAs quantum wells have been studied by time-resolved picosecond Raman
scattering as a function of well width. The dependence of the nonequilibrium phonon populations on

well width is found to be sensitive to the theoretical model which is used to describe the electron-phonon
interaction. Our data disagree with the macroscopic models of electron-phonon interaction, but they are
in excellent agreement with the microscopic model proposed recently by Huang and Zhu.

PACS numbers: 78.47.+p, 78.30.Fs

Electron-phonon interactions are fundamental in deter-
mining the electronic properties of semiconductor quan-
tum wells (QW) such as mobility and tunneling. So far
several theories [1-5] have been proposed for the interac-
tion of electrons with confined longitudinal-optical (LO)
phonons and with interface phonons. These theoretical
models diAer significantly in the way they treat the vibra-
tional modes of the QW and the electron-phonon scatter-
ing rates calculated from them can diAer by as much as
an order of magnitude [6]. It is, therefore, important to
test experimentally the validity of these theoretical mod-
els. So far there have been a few attempts to diAerentiate
between these models by directly measuring the intersub-
band scattering rates [7]. However, due to insufhcient
time resolution the issue has not yet been definitively
resolved. In this Letter we report a conclusive test of
these theoretical models for the electron-phonon interac-
tion in QW based on a study of the nonequilibrium pho-
non population generated by intrasubband relaxation of
photoexcited hot electrons in a series of GaAs/A1As QW
with varying well widths. We found that only the micro-
scopic model proposed by Huang and Zhu [4] can explain
our results quantitatively.

We will first brieAy review the theoretical models pro-
posed so far. Two of these models are macroscopic mod-
els in which the QW is approximated by a continuum
and, using diAerent boundary conditions, the resulting
phonons have been referred to either as "slab modes" [1]
or as "guided modes" [2,3]. These models have been la-
beled as the "dielectric continuum model" (to be referred
to as model I) and as the "mechanical model" (to be re-
ferred to as model 2). A microscopic lattice-dynamical
calculation has recently been performed on GaAs/A1As
QW by Huang and Zhu (HZ). Based on their numerical
results these authors have proposed an analytical approxi-
mation of the generally complicated solutions for the ion-

ic displacements and the resultant macroscopic electric
fields [4]. This model will be labeled as the HZ model.
The electron-phonon interaction in these three models
differs significantly because of the different boundary
conditions used to calculate the electric potential associ-
ated with the LO phonon [6], the only exception being
that the interactions between the interface phonons and
electrons within the dielectric continuum model and
within the HZ model are almost identical [5].

The undoped GaAs/A1As multiple-QW (MQW) sam-
ples used in our experiment were grown by molecular-
beam epitaxy on a (001)-oriented GaAs substrate. Each
sample consists of 100 periods of a GaAs well surrounded

by 7-nm-thick AlAs barriers. The thickness of the GaAs
wells (L) in different samples varies from 2 to 6 nm. The
experiments were performed at a constant sample tem-
perature of 10 K. The samples were excited and probed
by two independently tunable dye lasers of about 100
mW of time-averaged power each [8]. The two dye lasers
were pumped synchronously by the second harmonic of a
cw mode-locked Nd-doped yttrium aluminum garnet
laser operating at a repetition rate of 76 MHz. The pulse
width of the dye lasers was typically 3 ps, while the jitter
between the two dye lasers was about 2 ps, as determined
from cross-correlation measurements. The photon energy
of one of the dye lasers was chosen to excite electrons into
the first subband with the same excess energy of 200 meV
for all the samples. The photon energy of the probe dye
laser was tuned always to the vicinity of the lowest-
energy exciton for maximum Raman intensity. The exci-
tation and time-delayed probe beams were made to over-
lap on the sample surface with a spot size of about 500
pm. Based on the absorption coe%cient of the GaAs/
AIAs MQW, the intensity of the excitation beam was ad-
justed to excite, in all samples, an electron-hole gas of
areal density equal to (2~0.4) &&10' cm . The back-
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scattered Raman signal from the probe beam was ana-
lyzed and detected by a double spectrometer with photon
counting electronics. All the Raman spectra were mea-
sured in the z(x', x')z scattering configuration where
x' = [110]and z = [001].

Figure 1 shows the Stokes and anti-Stokes Raman
spectra of a GaAs/A1As MQW with a well width of 2 nm
measured at a time delay of 1.5 ps between the excitation
and probe laser pulses. The peaks observed in the Stokes
spectra [Fig. 1(a)] are very similar to those reported pre-
viously under near-resonance condition in a cw Raman
experiment [3]. The sharp peaks below 300 cm ' are
from LO phonons confined inside the GaAs layer. Using
the notation of Sood et al. [3], these modes are labeled as
LO, according to the component of the phonon wave
vector perpendicular to the QW: q, =mar/(L+a), where
rn is a positive integer and a is the thickness of a mono-
layer of GaAs. In this scattering configuration only
modes with even m are observed [3]. The broader Is (Co; ) =Ip 0s( ro; ) (N'+ 1 ),

I As(roi ) =Iprr As(&i )W '. (2)

features labeled as IF1 and IF2 have been identified as
GaAs- and AlAs-like interface optical phonons. The
peak labeled as TO is the transverse-optical phonon in-
side the AlAs layer. At low temperatures the thermal oc-
cupation numbers of these optical phonons are vanishing-
ly small. The anti-Stokes Raman signals in Fig. 1(b)
arise, therefore, from a nonequilibrium population of op-
tical phonons generated by the excitation laser via in-
trasubband relaxation of the photoexcited electron-hole
pairs. Another striking feature of these spectra is that
not all of the many phonon peaks observed in Stokes
scattering appear in the anti-Stokes spectra. This sug-
gests that some optical phonons interact more strongly
than others with hot electron-hole pairs.

To determine the population N of a phonon mode from
the Stokes (Is) and anti-Stokes (IAs) Raman intensities,
we have utilized the following relationships [9]:
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os and oAs are the Stokes and anti-Stokes Raman cross
sections, respectively. Io and iu; stand for the probe-laser
intensity and photon frequency. When the probe laser is
resonant with excitonic transitions, ITs(ro;) and crAs(co;)
may no longer be identical due to their difrerent resonant
behavior. However, it is known that the following rela-
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FIG. I. (a) Stokes and (b) anti-Stokes Raman spectra of a
GaAs/AIAs MQW with a 2-nm well width measured at 10 K
with a train of 3-ps-long, 1.9-eV probe pulses which have been
delayed by 1.5 ps relative to a train of 2. 1-eV excitation pulses.

FIG. 2. Nonequilibrium phonon occupation numbers of the
IFI,IF2 interface modes and the Lo„, (m =2,4,6) confined
phonon modes as a function of the quantum well width. The
symbols are experimental results and the solid vertical lines

passing through them are the error bars. The solid curves are
calculated with the HZ model assuming a constant Q of
4.6x10 cm '. The dashed vertical bars give the variation in

the phonon populations when Q is varied between 4.3&&10"

cm ' and 4.9&10 cm '. The dashed curve labeled L02 has
been calculated with model 2.
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tion is valid for nonresonant Raman scattering [10]:
a's(tv/) = rTAs(cor cop), (3)

where tvo is the optical-phonon frequency. We tested the
validity of this relation by requiring that N determined
with Eqs. (1)-(3) should be independent of to; and found
it to be valid for the MQW we have studied even un-
der resonant conditions. Time-resolved pump-and-probe
anti-Stokes Raman scattering [8] was used to measure
the phonon lifetimes in our MQW samples and we found
them to be longer than 5 ps. Since we will concentrate on
the phonon occupation numbers at a time delay of 1.5 ps,
the influence of phonon decay on the nonequilibrium pho-
non population may be neglected.

The data points in Fig. 2 represent our results for four
modes: IFI, IF2, LOz, and LO4. We note that they have
quite diA'erent dependences on L. The population of con-
fined LO modes decreases, whereas that of interface pho-

nons significantly increases as the well width becomes
narrower. To understand our results, we have calculated
the nonequilibrium phonon populations generated by the
relaxation of hot electrons in QW as a function of L. For
samples with small L, only the lowest subband is popu-
lated by hot electrons. Nonequilibrium optical phonons
are therefore generated only by intrasubband scattering
processes. We will assume that the hot-electron distribu-
tion function fK (K being the electron wave vector paral-
lel to the QW layers) is a Maxwell-Boltzmann distribu-
tion, otherwise the calculation would be much more com-
plex. This approximation is reasonable since the pi-
cosecond time delay of the probe pulse is long enough for
the electrons to reach quasithermal equilibrium. The
phonon distributions are obtained by solving a set of rate
equations for the population N;q of the phonon mode i
and wave vector (parallel to the layers) Q and the elec-
tron population N, :

X [I&N q+ I,K —Ql &.-ph(i) IN q, K&I'fK(1 —f~-q) &«K.-q —EK+ &~ q)
Bt h K.

—)(N~q —
I, K+Q(&, ph('i) (Nq, K)l fx(I —fg~q)6(EK~q EK —hto;q—)],

(N, (E)) = —g Acoiq +8N;q Eo dN,

(,q t laser

In Eqs. (4) H, vh(i) is the appropriate electron-phonon
interaction for phonon mode i and EK is the electron en-
ergy. In Eq. (5) 6 is Planck's constant, (E) is the aver-
age electron energy defined by

(E) =XfvEK XfK
and Eo is the initial electron kinetic energy, which is
equal to 200 meV in all our measurements.

To integrate Eqs. (4) and (5) we have assumed that an
electron gas of density equal to 2&&10' cm is excited
by laser pulses of 3 ps full width at half maximum. H ph

have been obtained either from the two macroscopic rnod-
els or the microscopic HZ model as in Ref. [6]. Model 1

predicts that only the interface modes and confined LO
phonons with m equal to an odd integer can participate in

intrasubband scat tering. Model 2 has already been
shown to fail to account for the interface phonons ob-
served in cw Raman scattering [2]. In addition, it pre-
dicts that only the LO2 mode can mediate intrasubband
scattering [6]. The microscopic HZ model predicts that
the interface phonons and all confined LO phonons with
m equal to an even integer can be involved in intrasub-
band scattering. For the interface modes, model 1 and
the HZ model give similar results as pointed out by Hz.
As a result, we have calculated the interface mode popu-
lations using the Hamiltonian derived from model 1 by
Mori and Ando [5] rather than the microscopic HZ mod-
el. From the data points in Fig. 2 we note that of these
three models, only the microscopic HZ model explains
qualitatively the presence of all the observed nonequili

bri urn phonons
We have used the microscopic model of HZ to calcu-

late the phonon distributions (at 1.5 ps after excitation)
for the confined LO modes as a function of L. The distri-
butions for interface phonons were calculated with the
Hamiltonian of Ref. [5] as explained earlier. The results
for the L =2 nm sample are shown in Fig. 3. Before
comparing the calculated nonequilibrium phonon popula-
tions quantitatively with the experimental results we no-
tice that all the phonon populations in Fig. 3 drop to zero
for Q below about 2&& IO cm '. From the scattering
geometry, the value of Q probed by our Raman experi-
tnent is less than 10 cm ' due to the conservation of in-
plane crystal momentum. Thus we should not expect to
observe any nonequilibrium phonons if Q were conserved
strictly. However, the probe laser was resonant with the
lowest-energy exciton. Resonant Raman scattering in
MQW has been studied with cw lasers by several authors
[11]. To explain the observed resonance profiles, these
authors have proposed that Q need not be restricted to
& 10 cm ' under resonance conditions due to elastic

scattering between resonantly excited excitons and de-
fects. The resonant Raman profile of the LO2 mode for
the L =2 nrn sample is shown in the inset of Fig. 3. This
profile is very similar to those reported in the literature as
being due to impurity-assisted resonant Raman processes
in that the maximum intensity occurs at the outgoing res-
onance [11]. In our quantum wells elastic scattering of
the lowest-energy exciton near the outgoing resonance
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FIG. 3. Calculated nonequilibrium populations of optical
phonons as a function of Q for a 2-nm GaAs/A1As QW using
the HZ model. Inset: Resonant Raman profile of the LO2
confined phonon in the same QW measured at 10 K. The arrow
indicates the energy of the lowest-energy exciton.

Fig. 2) are much lower than the experimental values. In
addition, model 2 cannot explain the large interface pho-
non population we observed in the narrow wells.

In conclusion, we have found that only the microscopic
model of electron-phonon interaction in quantum wells
proposed by Huang and Zhu is capable of explaining
both qualitatively and quantitatively the nonequilibrium
phonons produced by the intrasubband relaxation of pho-
toexcited hot electrons in GaAs/A]As quantum wells.
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[11,12] should favor phonons with Q around 4 x 10
cm ' [l 3]. The defects responsible for this elastic
scattering are not definitively known at present. They are
most likely carbon or interface roughness.

Assuming that the same defect is responsible for the
relaxation in Q conservation for the optical phonons, we
have attempted to fit all the modes in Fig. 2 with the
value of Q as the only adjustable parameter. The solid
curves in Fig. 2 have been calculated with the HZ model
and Q =4.6x10 cm '. The range of acceptable values
of Q is (4.3x4.9)x[0 cm '. For this range of values of
Q the variations in the calculated phonon populations are
indicated by the dashed vertical bars in Fig. 2. The
theoretical curves reproduce well the L dependence of the
phonon populations for the IF1, IF2, LO2, and LO4
modes. The magnitude of the calculated phonon popula-
tions are also in very good agreement with experitnent for
all the modes. This excellent agreement in the magnitude
of the phonon populations is somewhat fortuitous, since
the absolute magnitude of the calculated phonon popula-
tion scales with the electron density and there is an un-

certainty of about 20% in the experimental electron den-
sity. The two macroscopic models do not explain the data
as well. While model 1 explains quantitatively the popu-
lation of the interface phonon modes as well as the HZ
model, it predicts that the LO2 phonon is not allowed in
intrasubband scattering. Model 2 predicts correctly that
intrasubband scattering with LO2 phonons is allowed but
the calculated populations (shown as the dashed curve in

[1] R. Fuchs and K. L. Kliewer, Phys. Rev. 140, A2076
(1965); J. J. Licari and R. Evrard, Phys. Rev. 8 15, 2254
(1977).

[2] B. K. Ridley, Phys. Rev. 8 39, 5282 (1989); B. K. Ridley
and M. Babiker, Phys. Rev. 8 43, 9096 (1991).

[3] A. K. Sood, J. Menendez, M. Cardona, and K. Ploog,
Phys. Rev. Lett. 54, 2111 (1985).

[4] K. Huang and B. Zhu, Phys. Rev. 8 38, 13377 (1988).
[5] The Hamiltonians for the interactions between electrons

and interface modes are taken from N. Mori and T.
Ando, Phys. Rev. 8 40, 6175 (1989).

[6] S. Rudin and T. L. Reinecke, Phys. Rev. 8 41, 7713
(1990); 43, 9298(E) (1991).

[7] M. C. Tatham, J. F. Ryan, and C. T. Foxon, Phys. Rev.
Lett. 63, 1637 (1989).

[8] K. T. Tsen, R. P. Joshi, D. K. Ferry, and H. Morkoc,
Phys. Rev. 8 39, 1446 (1989).

[9] C. L. Collins and P. Y. Yu, Phys. Rev. 8 30, 4501 (1984).
[10] R. Loudon, Proc. R. Soc. London A 275, 218 (1963).
[11]See, for example, T. A. Gant, M. Delaney, M. V. Klein,

R. Houdre, and H. Morkoc, Phys. Rev. B 39, 1696
(1989), and references therein.

[12] A similar theory for resonance Raman scattering in bulk
semiconductors has been proposed by 3. Menendez and
M. Cardona, Phys. Rev. 8 31, 3696 (1985).

[131 This value of Q is based on the approximation that the
mass of the heavy-hole exciton in the QW is equal to the
sum of the bulk electron and light-hole masses. In princi-
ple, the value of Q for the 1F2 mode should be larger by
about 15% because of the higher phonon frequency. This
effect has been neglected to minimize the number of ad-
justable parameters.

2560


