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By time-of-Aight studies, the lateral transport of two-dimensional excitons in GaAs/Gal „Al As
quantum wells is studied with a very high spatial resolution (-0.1 pm) provided by laterally mi-
crostructured masks. The motion of the excitons is investigated for different quantum-well widths
over a wide temperature range and can be described entirely by isothermal diffusion. In particular,
at low temperatures the diffusivity strongly decreases with decreasing well width. The low-
temperature mobilities are found to be mainly determined by interface-roughness scattering. In the
range where acoustic-deformation-potential scattering is dominant, the mobility of the excitons as a
function of temperature and well width is found to agree with the corresponding theoretical mobili-

ty limits. The excitonic scattering condition describes the experiment much better than the ambi-
polar scattering condition. The comparison of experimental results and calculated mobility limits
shows that barrier-alloy disorder scattering significantly affects the mobilities of excitons only in
narrow GaAs/Gal Al As quantum wells.

I. INTRODUCTION

Since the first report of two-dimensional (2D) conduc-
tion in III-V semiconductor heterostructures, extensive
experimental and theoretical studies have focused on the
various transport properties. Hall measurements have
been used repeatedly. In most of these studies the mobili-
ty increase in single heterojunctions due to modulation
doping' has been examined, while fewer publications
report on measurements in modulation-doped quantum-
well (QW) structures and in undoped QW's. ' Time-of-
fiight (TOF) techniques are used rarely, although they al-
low the determination of mobilities directly. In electro-
optical TOF measurements, carriers are generated at a
desired sample position by short laser pulses. The laser
can be positioned by an optical lens or by a fiber. ' In
the external field the generated carriers move to electric
contacts "or a p njunction' in a -known distance (fiight
distance). The actual position of the carriers can further
be detected by an imaging method, as used by Hopfel
et al. ' for 2D minority-carrier —mobility studies in
GaAs/Ga, ,AI„As. In a MOSFET-like device (MOS-
FET denotes metal-oxide-semiconductor field-effect
transistor), minority-carrier mobilities were obtained by
TOF studies for the first time by Nelson et al. " In all
these unipolar TOF studies, minority-carrier mobilities
are obtained, and, except for Ref. 11, the spatial resolu-
tion is given by the positioning accuracy of the laser.

The ambipolar transport, in contrast, which is deter-

mined by the motion of an electron-hole cloud, has been
the subject of few investigations. The perpendicular
transport in graded GaAs/Ga, Al„As superlattices was
investigated by TOF luminescence spectroscopy. ' The
motion of 2D excitons in GaAs QW's (Ref. 14) was stud-
ied in the low-temperature range by the method of tran-
sient gratings. This method was also used for studies of
2D diffusivities in Si:H and Sic:H.' In GaAs QW s the
motion of a 2D electron-hole plasma was studied by TOF
measurements' with a high spatial resolution yielding a
diffusive motion of the plasma. This is in contradiction
to strong drift effects inferred from time-resolved Raman
scattering, ' carried out with low spatial resolution.

In this paper the 2D exciton transport is studied by
TOF measurements, which have been optimized to
achieve a high spatial resolution. In Sec. II we present an
outline of the experimental method emphasizing the
mask technique and the laser-spot positioning used to ob-
tain a very high spatial resolution. Time-integrated and
time-resolved photoluminescence spectra of masked and
unmasked samples are discussed in Sec. III. A theoreti-
cal description for the transport measurements based on
the 2D diffusion equation is given in Sec. IV. Section V
deals with transport properties like diffusivities and
mobilities, obtained by line-shape fits from the experi-
ment. The mobility as a function of temperature and well
width will be described by different scattering mecha-
nisms in Sec. VI. Finally, concluding remarks are given
in Sec. VII. Preliminary results of our work have been
published elsewhere. '

10 901 1989 The American Physical Society



10 902 H. HILLMER et a1. 39

II. PRINCIPLES OF THE TIME-OF-FLIGHT METHOD Ar+ loser cw-ml
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Time-of-Aight experiments are based on the detection
of carrier motion as a function of spatial position and
time. In ambipolar transport experiments, the radiative
recombination, which is proportional to the carrier con-
centration if the latter is not too high, represents an ex-
cellent access to probe the carrier motion. This was
demonstrated recently in a number of vertical and lateral
TOF studies' ' '8 and for difFerent material systems.

To study the lateral motion of free excitons by optical
spectroscopy, we use a sample mask combination which
is shown schematically in Fig. 1. The transport distances
are defined by microstructured masks which are placed
directly on the heterostructure surface. We have used
NiCr layers (thickness 200 nm) on thin glass substrates to
define the masks. By optical lithography and dry etch-
ing, circular areas (holes) of difFerent radii R (0.5—100
pm) are etched into the NiCr as the only areas which are
transmittive for both the excitation light from the laser
and the luminescence of the sample. By short, weak laser
pulses (solid-line arrows), excitons are generated in the
GaAs quantum well (QW) inside one of the circular areas
defined by the mask. The position of the exciton cloud is
displayed in Fig. 1 for t =0 by the black area. Recording
the emission of the QW (dashed-line arrows) as a function
of time, the evolution of the exciton concentration in the
area defined by the hole can be directly observed. Those
excitons moving under masked parts during their lifetime
do not contribute to the detectable emission. Therefore,
the time-resolved emission from the hole area includes in-
formation on important transport properties like the
di6'usivity and the mobility, which can be extracted by
the evaluation of these profiles as a function of both tem-
perature and well width.

Figure 2 depicts the experimental setup used for the la-
teral TOF studies. The beam of a synchronously mode-
locked dye laser ( —8 ps, 615 nm) is expanded and spatial-
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FIG. 2. Design of the experimental setup. Pulses from a syn-
chronously mode-locked laser are focused on the sample with a
spot radius of 15 pm. The position of the spot is carefully con-
trolled via a microscope-hke observation setup (objective, tele-
scope).

ly filtered. The beam is defiected by a heat-transmitting
mirror (cold light mirror, onset wavelength 700 nm) and
focused by a microscope objective on the sample-mask
combination, which is mounted on a cold finger of a
variable-temperature cryostat (10—300 K). The position
and size of the laser spot on the mask are controlled very
carefully via a telescope. The smallest spot diameter
which can be obtained with this method is 1 pm and
agrees with the theoretical limit for this wavelength and
beam waist. This small focus was used in our previous la-
teral TOF studies of 20 electron-hole plasma transport. '

In the TOF studies of exciton transport reported here, a
laser spot of 15 pm was carefully maintained. The laser
spot and the laser power were chosen appropriately to
obtain suf5ciently low excitation densities for free-exciton
formation. The luminescence of the sample is collected
by the same objective which is used for focusing the laser,
passes the cold light mirror, and is dispersed by a mono-
chromator. The signal is detected via a fast photon-
counting system using a rnicrochannel plate photomulti-
plier, which yields a total time resolution of about 50 ps.

Our method enables us to study carrier transport in la-
teral direction with an ultrahigh spatial resolution ( -0.1

pm) given by the masks. Previous TOF methods were
often limited by the laser-spot size and the positioning ac-
curacy of the spot. ' ' ' The generated carrier system
has a radial symmetry because of the symmetry of the
fundamental mode of the laser (TEMoo). The highest
sensitivity for lateral TOF studies is therefore obtained
for the radial transport geometries used in this paper and
elsewhere. ' '8

GaAs

Ga AI As

r I I VJYfi rt'ji IYJ'D'D'X

carriers

2R

TABLE I. This table gives the layer thickness and cornposi-
tion of the samples investigated. L, is the width of the GaAs
quantum well, L& the thickness of the Gal „Al„As barrier, and

xAt the aluminum mole fraction of the barrier.
FIG. 1. Schematic design of the sample-mask combination

used to obtain a high lateral resolution. By short laser pulses
(solid lines) a carrier cloud is generated inside the single QW.
The radiative recombination {dashed-line arrows) is detected
time resolved and used to probe the exciton concentration
remaining under the hole area.

Sample
no.

L,
(nm)

4,8,15
74

Lz
(nm)

35,50
20

XAt

0.5
1
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III. EXPERIMMENTAL RESULTS

10 903

Since the r d'ra 1ative r o probe th

e-integrated
cence stud'

f se s
d

function f

p 0
1 As

p rature welle width, andn excitation
q en-

a out the tr
ra es how ua

'

used for our ex er1p
o e ul -b- earn epitax

A . a1s on the sa uc-sample struc-

growth and
11

n mask con
' '

„w ich im lies
'

ditions for th
p otolumi

ese W's. Th

e three sin le ' og e QW's and of

1

d'
tr ate. The

a conditions
out under thhe same ex-

y em. The ex
'

excitation enerex nergy of th

Fo ke QW's
o electron-

QW emi
~ ~

jcm
a excitatio

and a monoe
1sslons show

'
n-intensity de

'a -.cay. We o
ependence of th

h' All easurement
n d

11 fo lo

o temperatur f

at relative
e life

''
etimes start at

re or thr

ve small values
at elium tern peratures

to values in the orderemperature
un red ps and

'

mperat ( T ) 110
ifeti g i d
th 1 f t'

h pendenceof th 1 fhis de en
es grow with

'

H id
e and d1scussedse previously

3.0

2e 5
N

2.0

~~~e'—~

./ ya

1.0

0.5

GaAs/Ga AlO.5 O.5»
P, = SO kW/cm'

0
0

I

150 200100
emperature T K)

250 300

FIG. 4. QW lifetim
emperature.

-, and 15-nm QW'-nm W's as a func-

10 I

y Feldmann et al.b e a. , where W s
ole fraction of

samples with a

).range (2—6
su ies in

l. n h. l f

e . 21 locaalization in
'nferred to ex-

p
es which

db
ig er bands interfacen erface recombina-

g p ocesses.
meth

'
n

s, and pol

the em'
od is demon

ar-

m ith a well w'd h
1g. 5

oles of
i t of15n

The inten
'

ff d"

Fo 1 hl

measured

's ex onen
'

a
o es (R &25 pm)
nt1.al w1t a 1

xcitons excited b

does not inA
m(h 1) d h 'ton motion

g
o ecay significantl

N
C0
C

D

Snm

GaAs/Ga Al Aos osAs

PL = 50 kW/cm2

exc = 615 nm
T= 10K

4nm

N
8

U

6
~ ~
N
C'
0

1.75
I

15 '1 55 1.6 1.65 1.7

Energy (eV)

3. Time-integrated h
1 i l di

p otolumin
I sa

'
u tngQW'sof4, 8 nm8, and 15 nHl

I I

4
Time (ns)

FIG. 5.

8

.dh f15
xperiment

d fo ra ii 8 at T=102 K.



10 904 H HILLMER et aI 39

faster. This indicates that some excitons can reach
covered parts of the structure during their lifetime and
do not contribute to the luminescence detected through
the hole. Hence, the smaller the radius and the faster the
motion, the faster the QW emission decays.

In addition to the information about transport proper-
ties which is included in the decay behavior of the exci-
ton emission as mentioned above, the rise of the profiles
is determined by the carrier cooling and the exciton-
formation time and transport processes if they are
relevant on this time scale. Since the excitation energy of
t e carriers exceeds the energy of the QW ground state,
the rise of n =1 emission is expected to be finite even if
the time resolution would be theoretically zero. These
problems will be discussed in more detail in the next sec-
tion.

Figure 6 presents an overview of the time-resolved
emissions of QW's with three difFerent widths at two
different temperatures. In this figure, experimental
profiles from uncovered samples (dashed lines) are shown
together with profiles measured through a mask hole of 2
pm radius (solid line). For the unmasked samples, the
time variation is determined by the corresponding life-
time, while the profiles of masked samples show the
inhuence of carrier transport. Comparing these profiles,
the qualitative dependence of lateral transport on the well
width and temperature can be seen directly. The
difference between corresponding profile pairs, e.g. , in-
creases with increasing well width. This indicates a faster
motion of increasing L, . Hence, the 2D transport will be
characterized by L, -dependent scattering processes.
Furthermore, the excitons are seen to move for larger dis-
tances with increasing temperature for two temperatures
compared here.

The use of samples containing single QW's of different
thickness (e.g. , sample 1 in Fig. 6) has the advantage of
comparable growth conditions for the wells. However, it
must be verified that the different QW's do not influence
each other in the transport behavior. Removing the 4-

IV. THEORETICAL TRANSPORT PROFILES

Inn this section a transport model is presented to evalu-
ate the time-resolved luminescence from the uncovered
sample parts (circular areas). Due to the ambipolar con-
dition (no external field), the continuity equation in the
2D space x,y is transformed into the diffusion equation
for the ambipolar concentration c. This equation is sup-

1p emented by a linear recombination term including the
radiative lifetime w:

Bc c) c Bc+
Bx By

C

Using the finite-difference method, this equation is solved
numerically with respect to the initial condition. At

rofile
t =, the concentration profile is given by th 1e aser
pro e [Gaussian type, full width at half maxima maximum
( WHM) 15 pm] cut off by the mask geometry. Since the
ifetime ~ is measured separately, the diffusivity D is the

only free parameter in Eq. (1). The intensity of the radia-
tive emission, I(x,y), measured in this TOF experiment is
proportional to the concentration c(x,y) because the
emission is caused by the recombination of free excitons
created by the low excitation intensities used here. As
mentioned above, an effective relaxation time has to be
taken into account combining the carrier cooling and the
exciton-formation time. This is described in a simple

and g-nm QW's by etching, we found no change in the
transport profiles of the 15-nm QW. Hence, the excita-
tion of QW's with low quantization energy (wide wells) by
those of high quantization energy (narrow wells) is negli-
gible compared to the direct laser excitation. Using the
respective absorption coefficient, we estimate the order of
the optical excitation by the high energetic emission of
other QW's to be below 1% of the direct laser excitation
of the QW.

L =4nm 8nm 5nm

T= 49K 29K 8K

E
0 6

=111K

I I I

2 4 6

Time (ns)
8 0

I I

2 4
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6 8

FIG. 6. Experimental transport profiles {solid lines) obtained
by recording the emission of different QW's through a mask
hole of R =2 pm radius as a function of time. Corresponding
profiles measured without the marks are given by the dashed
lines. The difference between correlated pairs is due to the
inhuence of transansport. Top row: low-temperature regime. Bot-
tom row: T = 110K.

0
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Time (ns}
5 10

Time (ns}

FIGG. 7. Theoretical transport profiles calculated for a con-
stant hole radius R and various di6'usivities D {left part) for a
constant diffusivity and different radii {right part).
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three-level model. The first level is populated by the laser
and feeds the second level (quantum-well band edge).
This process can be described by an effective relaxation
time. The third level is populated by recombination pro-
cesses, which define the lifetime. Note that the effective
relaxation time only inAuences the rise of the profiles, due
to the time scales involved here. The experimental time
resolution can further be included using a convolution.

To demonstrate the sensitivity of our method some cal-
culated profiles are shown in Fig. 7. The left part depicts
concentration profiles with fixed hole radius 8 for
different values of the diffusivity D calculated for a life-
time of 3 ns. For D =0 there is no exciton motion in the
lateral direction. All excitons excited by the laser recom-
bine inside the hole area; hence the concentration as a
function of time represents the exponential decay con-
nected with the lifetime. With increasing D an increasing
number of excitons can reach covered sample parts and
do not contribute to the recombination signal of the hole
area. Hence, the profiles drop faster the higher D is. The
right part displays profiles for different values of the hole
radius for a fixed diffusivity. For large holes (R ~ 25 pm)
the inAuence of exciton diffusion on the profiles is negligi-
ble. If the radius is reduced, an increasing number of ex-
citons reaches covered parts during their lifetime and
cannot contribute to the emission detected through the
hole.

As will be shown now, our method can also be applied
to the study of lateral transport of 3D carriers. If the
method enables the detection of recombination processes
exclusively from a cylindrical volume (the cylinder radius
is given by the hole radius), the 3D diffusion equation can
be separated into a 2D diffusion equation (lateral trans-
port in x,y direction) and an equation depending only on
z (vertical transport). This condition is fulfilled in QW
samples, when the QW's are located close to the surface.
Further, it is fulfilled in some 3D carrier systems when
they remain in a pancakelike shape during the whole
transport. Suitable 3D samples therefore confine the car-
riers in z direction but cause no quantization effects. In
our 3D samples this confinement is provided by AlAs
barriers which contain a 3D GaAs layer (thickness, e.g.,
74 nm).

The theoretical transport profiles shown in Fig. 7 are
calculated with an effective relaxation time of 30 ps,
which is based on our experimental results discussed
below. In this case a negligible shift of the maximum of
the profiles can be observed with the reduction of the
hole radius. Larger effective relaxation times and
diffusivities, however, lead to a noticeable dependence of
the efFective rise time on the mask geometry. If we have
long relaxation and exciton-formation times, some exci-
tons can diffuse to masked parts before all carriers which
have been generated by the laser pulse reach the n = 1 ex-
citon state. Hence, the shift is observed when the
effective relaxation time and a characteristic transport
time, given by the diffusion, reach the same order of mag-
nitude (see Fig. 5). In addition, the transport effects may,
e.g. , lead to changes in the populations of the bands,
which could accelerate the relaxation and may also con-
tribute to such a shift.

V. EVALUATION OF TRANSPORT PARAMETERS
BY LINK-SHAPE FITS

'1 0

8

6

2

2/s
2/s
2/s

0
2 3

Time (ns)
FIG. 8. Evaluation of an experimental profile (dots) by line-

shape fits. Three theoretical profiles for different diffusivities
are displayed by different line types. The best fit yields D =15
cm /s.

The theoretical profiles (Sec. IV) can be fitted to the ex-
perimental curves. This determines the diffusivity as the
only fit parameter very sensitively, since the lifetimes are
measured separately (Fig. 4). Figure 8 demonstrates the
sensitivity of our method showing the concentration of
excitons remaining in the hole area as a function of time.
The dots represent the measured profile which is repro-
duced best by the theoretical curve (solid line) calculated
for a diffusivity of 15 cm /s. Theoretical profiles calcu-
lated for the half and double value of D are also given in
Fig. 8 and plotted as dotted and dashed lines, respective-
ly.

The diffusivity in Eq. (1) does not depend on space.
This can be verified by TOF studies carried out with
holes of different radii as shown in Fig. 5. Figure 9
displays the diffusivities obtained by line-shape fits as a
function of the hole radius for two different well widths.
For a given temperature and a given well width, the eval-
uation yields the same value for the diffusivity within the
experimental error for all different hole radii ~ 1.5 pm.
This distinctly demonstrates the diffusive character of the
motion over distances greater than 1.5 pm and the high
utility of our TOF method.

Hence, the 2D exciton transport can be described by
an isothermal diffusion [Eq. (I)] over distances greater
than 1.5 pm. This result is consistent with our studies on
the transport processes in a 2D electron-hole plasma in
GaAs jGai Al As QW's. '

The diffusivities obtained by the line-shape fits are
shown in Fig. 10 as a function of temperature for a sam-
ple with a barrier-aluminum content of xA& =0.5 contain-
ing QW's of 1.,=4, 8, and 15 nm. For comparison, re-
sults of an effectively 3D GaAs sample with I., =74 nm
are given. The diffusivities show a strong dependence on
temperature, increasing up to about 100 K and decreas-
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ing again at higher temperature. In addition to this tem-
perature dependence, a strong dependence on well width
is observed. The diffusivities are reduced with decreasing
I,, over the entire temperature range. This dependence
on I., is found to be rather weak at higher temperatures
and very strong at low temperatures. A similar depen-
dence on temperature and well width is further found in
samples with xA& =1 and in a sample with xA~ =0.3.

The decrease of the diffusivities with decreasing well
width, which is observed here for the case of exciton
transport in GaAs/Ga& Al As, is consistent with the
results of a number of transport studies in other layered
systems. For example, in Si:H and SiC:H (Ref. 15) a de-
crease of the 2D ambipolar diffusivity with decreasing
layer thickness was reported. In GaSb/InAs QW's (Ref.
23) a similar behavior for 2D electrons was observed.
Since the carrier concentration also changes with varying
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FIG. 10. Diffusivities as a function of temperature for three
different QW widths and an aluminum mole fraction of 0.5 in

comparison with a 30 GaAs layer of 74 nm width. The lines
are drawn to guide the eye.
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FIG. 11. Mobilities of excitons as a function of temperature
and well width, obtained from the data of Fig. 10.

VI. EXCITON SCATTERING MECHANISMS

In this section the dependence of the mobility on tem-
perature and on well width will be discussed. For that
purpose the 3D and 2D transport is treated separately.

Figure 12 includes the measured 3D exciton mobility
together with calculated mobility profiles as a function of

L,, during the latter experiment, a direct and quantitative
correlation between the mobilities and the well widths is
difficult in Ref. 23. In GaAs QW's a clear dependence of
the electron Hall mobility on the well width was ob-
served. 7'8

For low densities like those considered here, the con-
version of the diffusivity as a function of temperature into
the corresponding temperature-dependent mobility is
possible using the density-independent Einstein relation
p(T)=D(T)e/(kT). For x&, =0.5, the mobilities for
different I,, are shown in Fig. 11 in a double-logarithmic
plot as a function of temperature. For excitons in a 3D
layer, a lateral mobility of about 2X 10 cm /V s is found

' for T =80 K. This can be compared with minority-
carrier —mobility values published for liquid-nitrogen tem-
peratures: about 2.2 X 10 cm /V s for electrons ' and
about 9500 cm /V s for holes for residual impurity den-
sities in the range 10' —10' cm . For the 2D exciton
systems we find maximum mobilities of 12200 cm /Vs
for the 15-nm QW at T =70 K, 3600 cm /V s for the 8-
nm QW at 120 K, and 1240 cm /V s for the 4-nm QW at
125 K. The solid line is drawn to guide the eye.
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FIG. 12. Comparison of the measured mobility of 3D exci-
tons (dots) as a function of temperature with calculated contri-
butions of diff'erent scattering mechanisms (im denotes ionized
impurity scattering, ac, acoustic-deformation-potential scatter-
ing and po, polar-optical scattering). The total mobility (solid
line) is obtained by a fit including these scattering processes us-

ing Mathiessen's rule.

temperature. The experimentally observed exciton mo-
bility (symbols) can be described very well by a fit which
includes the contributions of three different scattering
mechanisms: scattering by ionized impurities, scatter-
ing by acoustic phonons via the deformation potential,
and polar-optical scattering. The scattering rates of these
contributions can be added using the Mathiessen rule to
obtain the total scattering rate. This leads to a summa-
tion of different temperature dependences where an ad-
justable parameter accounts for the importance of each
specific mechanism. These parameters are varied to fit
the measured mobility data. The increasing branch of
the mobility at low temperatures is due to scattering with
ionized impurities, while the decreasing part at higher
temperatures is due to scattering via the acoustic-
deformation-potential and polar-optical scattering pro-
cesses.

In the following we discuss 2D scattering processes
which may cause the dependence on I., observed experi-
rnentally. Mobility calculations for specific scattering
mechanisms will be presented. These theoretical limits
for the mobility are calculated for different scattering
processes without any fit parameter.

The scattering of carriers via the acoustic deformation
potential will be treated first. Two possible scattering
cases are considered below and compared to the experi-
ment to decide which of them describes the measure-
ments.

(i) The ambipolar mobility. In this case two indepen-

dent particles (electron and hole) are considered. The
mobility for each of these particles is given by

Pq-
op& & II

eeh=
opt, h, II

(2)

2
Pamb

Pe +Ph
(3)

From expressions for 2D unipolar scattering times
(Refs. 6 and 28) the corresponding ambipolar mobilities
can be calculated using Eqs. (2) and (3). For the low car-
rier densities considered here an integral which occurs in
the expression for the acoustic-deformation-potential
scattering can be expanded. The differences between the
2D and 3D mobilities result mainly from the differences
in the density of states. This leads to different power-law
dependences on temperature and masses as well as to the
additional dependence on the well width for the 2D sys-
tem. The arnbipolar mobility is found to be

2eh v, pL,
(Ed, m, +Ed q m „„~~)kT

(4)

In Table II the expressions used in Eq. (4) are explained
and the corresponding values are given.

(ii) The mobility in the excitonic scattering condition.
In this case the particle is scattered as a unit. For the
scattering via the acoustic deformation potential, this is
called the "hydrostatic scattering limit. "' In this case
the excitonic deformation potential is given by

Ed, exc Ed, e +Ed, h (5)

Due to the valence-band splitting at the I point and the
differences in the density of states between these two
bands, the light-hole band can also be neglected in this
case. This means that 2D excitons are mainly heavy-hole
excitons. The excitonic density-of-states mass and the ex-
citonic optical mass are equal for that reason and are
given by

MII ™,+ (6)

Using Eqs. (5) and (6), the mobility of excitons in the ex-
citonic scattering condition via the acoustic deformation

( )z denotes an averaging over the energy, e the elemen-
tary charge, m, pf II

the optical mass parallel to the inter-
face, and ~ the scattering time, which depends on the
density-of-states mass. Due to the isotropic shape of the
conduction band, the electron optical mass is equal to the
electron density-of-states mass. In the valence band, the
carrier confinement in 2D breaks the degeneracy of the
heavy and light hole at the I point. The resulting energy
splitting depends on the well width (e.g., 66, 22, and 10
meV for the 4-, 8-, and 15-nm QW, respectively). In the
temperature range, where the acoustic-deformation-
potential scattering is expected to dominate and for the
carrier densities considered here, the occupation of the
light-hole subband is negligible. Hence, in two dimen-
sions, the optical mass and the density-of-states mass in
the valence band are given by the heavy-hole mass mhh.

The ambipolar mobility finally is given by
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TABLE II. Values of GaAs material parameters used in the calculations.

m, =0.0665mp
m )h =0.08mp
m )h =0.092mp
mhh =0.45mp
mhh ~ =0.377m p

m hh, II
0' 2m p

U, =5.2X10' cm/s
v, =2.99 X 10 cm/s
Ed, =14 eV
Ed g

= —3.5 eV
p=5. 346 g/cm
up= 12.8
e = 10.9
&~Lo =36.2 me V
0=360 K

electron effective mass (Ref. 49) (used for 2D and 3D carrier systems)
light-hole effective mass (Ref. 49) (3D value)
light-hole effective mass (Refs. 45 and 46) (2D value)
heavy-hole effective mass (Ref. 49) (3D value)
heavy-hole effective mass (Refs. 45 and 46) (2D value)
heavy-hole effective mass (Refs. 47 and 48) (2D value)
velocity of longitudinal-acoustic phonons (Refs. 28 and 49)
velocity of transversal-acoustic phonons (Refs. 28 and 49)
electron acoustic-deformation potential (Ref. 33)
hole acoustic-deformation potential (Ref. 49)
mass density (T=100 K) (Ref. 49)
static dielectric permittivity (100 K) (Refs. 49 and 50)
high-frequency dielectric permittivity (Refs. 49 and 50)
optical-phonon energy (Ref. 51)
Debye temperature (Refs. 49 and 27)

potential is found to be

eW v &plz

d, exc II

Figure 13 shows calculated mobilities for scattering via
the acoustic deformation potential as a function of tem-
perature for the excitonic and ambipolar conditions. The
mobility for the ambipolar scattering condition is given
by the dotted lines for three different well widths. The
dependence of the mobility on temperature and well
width (I., /T) given by Eq. (4) can be seen directly. Fig-
ure 13 shows an increase of the mobilities by a factor of
10 when the temperature is reduced by 1 order of magni-

tude. The dashed line gives the adequate mobilities for
the excitonic scattering condition which have the same
dependence on T and I., but are smaller by more than 1

order of magnitude than the results of the ambipolar cal-
culation.

If we compare these theoretical data with our experi-
mental results we find that the experiment can be de-
scribed very well by the excitonic scattering condition
(see Fig. 11). The ambipolar description, on the contrary,
which considers two independent particles, leads to much
higher mobilities than observed experimentally. This
suggests the excitonic character of both the particles ex-
amined here and the scattering and transport process in
the temperature range where the scattering by acoustic
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FIG. 13. Mobility limits for scattering via the acoustic defor-
mation potential for QW widths of 4, 8, and 15 nm as a function
of temperature. Mobilities calculated for the ambipolar condi-
tion (dotted lines, abbreviation amb. ) and for the excitonic con-
dition (dashed lines, abbreviation exc.) are displayed.
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FIG. 14. The experimental and calculated mobility of 2D ex-
citons (symbols) for three different well widths as a function of
temperature are shown in three diagrams, one for each well
width (subdiagrams a—c). At high temperature the measure-
ments can be described well by mobility limits for acoustic-
deformation-potential scattering (short-dashed lines), barrier-
alloy scattering (long-dashed lines) and polar-optical scattering
(dotted lines). The line-type abbreviations are po for polar-
optical scattering, ac for acoustic-deformation-potential scatter-
ing, and al for barrier-alloy-disorder scattering. The strong
well-width dependence at low temperatures is attributed to in-
terface roughness scattering.
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phonons via the deformation potential dominates. This
excitonic scattering condition for acoustic-deformation-
potential scattering was also found for exciton transport
in Si (Ref. 19) in the relevant temperature range.

In Fig. 14, for each of the three QW widths a quantita-
tive comparison is given in a separate diagram between
the measured mobilities (symbols) and several calculated
mobility limits as a function of temperature. Note that
the plotted mobility range is the same for the three dia-
grams. The solid line connects the symbols and is drawn
to guide the eye only. The scattering via the acoustic de-
formation potential is given by the short-dashed line and
is indicated by "ac." In the temperature range where the
acoustic-deformation-potential scattering dominates, we
obtain a reasonable agreement between experiment and
theory. Note that no fit parameter is included in the
theory.

The mobility limit calculated for 2D piezoelectric
scattering is independent of the well width, which is in
contradiction to the trend observed in the measured data.
The inAuence of the piezoelectric scattering on the mobil-
ity of excitons is therefore expected to be negligible.

At higher temperatures, the measured mobilities de-
crease more strongly with increasing temperature than
predicted by the limits of p„. This deviation grows with
increasing temperature and is due to polar-optical
scattering becoming dominant in this temperature range.
A proper theoretical treatment of polar-optical scattering
is very difficult. Reported 2D mobility calculations are
discussed critically in Ref. 30. Since the deviations from
2D values are expected to be small, ' the 3D mobility is
often used for the description of 2D electron trans-
port. ' For the ambipolar case, in addition, the
different coupling behavior between optical phonons and
the s-like electrons or p-type holes has to be included.
Because a proper treatment of 2D optical scattering has
been proposed but not performed to our best
knowledge, we use the 3D mobility as a rough estimate.
The dotted line in Fig. 14 represents the result of this es-
timate for the excitonic scattering condition. It should be
noted, however, that the real 2D mobilities due to polar-
optical scattering probably will have a dependence on the
well width. This may lead to deviations from the esti-
mate, mainly for small well widths. From Fig. 14(a) a
small reduction of the polar-optical mobility with de-
creasing well width would be consistent with the experi-
mental data.

For 2D carrier systems confined by ternary or quater-
nary barrier materials, another scattering mechanism can
be important. Depending on the barrier height and the
well width, a significant part of the wave functions of
electrons and/or holes penetrates into the barrier. In the
group-III sublattice, Al and Ga atoms are distributed
randomly, which leads to a fluctuating potential, causing
a scattering process in the alloy. Since in our case the
scattering occurs only in the barriers, this process is
called barrier-alloy-disorder scattering. The penetra-
tion depth of the wave function is calculated using a QW
model with finite barriers. For a fixed barrier height
given by both the aluminum content x and the partition
of the band discontinuity, and for a variable well

width as considered here, the penetration of the wave
function is found to increase with decreasing well width.
This is due to the growing quantization energy of the first
subband, which reduces the effective barrier height.

In the Appendix, the calculation including one sub-
band is described. The results of these calculations are
shown in Fig. 14. The ambipolar mobility for the
barrier-alloy-disorder scattering is given by the long-
dashed lines. The value of the barrier-alloy-disorder mo-
bility of the 15-nm QW is above the top line of Fig. 14(c)
at a value of 6X10 cm /Vs. The calculated mobilities
show a continuous rise with increasing well width
(I., ~3 nm) as observed experimentally. This directly
rejects the decreasing penetration of the wave functions
into the barriers. Except for the 4-nm QW, however, the
absolute values of the barrier-alloy-disorder mobility lim-
its are larger than observed in our experiment, which is
equivalent to a smaller scattering probability. Hence, the
barrier-alloy-disorder scattering seems to have less
inAuence on the mobility for larger well widths. For
smaller well widths (( 8 nm), however, the barrier-alloy-
disorder scattering yields an upper limit for the mobility
of excitons in the temperature range between 70 and 150
K. The dependence of the barrier-alloy-disorder scatter-
ing mobility on the temperature is extremely weak [see
Figs. 14(a) and 14(b)] and is caused by the temperature
dependence of the distribution functions of the initial and
final states of the scattering process.

In contrast to the acoustic-deformation-potential
scattering, a proper theoretical treatment of the alloy-
disorder mobility for the excitonic scattering condition is
very complicated. We estimate, however, that the result
will be perhaps very similar to the calculated ambipolar
condition, since the scattering process is due to the
specific characters of the electrons and holes in the elec-
tron and hole potential wells, respectively. Therefore, the
electrons and holes are expected to scatter separately.
This is called a single-particle scattering condition, and is
equivalent to the ambipolar scattering condition.

At low temperatures, the measured excitonic mobilities
are strongly L, dependent. From our experimental data
we find p-L, . Note that the exponent changes slightly
when the contributions of the other scattering processes
are included. We attribute the strong reduction of p with
decreasing L, to scattering processes at roughnesses at
the GaAs/Ga, Al As interface. Microscopic fiuctua-
tions of the well width in the lateral direction lead to Auc-
tuations in the quantization energy which strongly in-
crease with decreasing L, . These Auctuations represent
an additional scattering potential which dominates the
transport properties at low temperatures, especially for
small well widths. For 2D electrons, a strong reduction
of the unipolar mobility due to interface roughness
scattering was reported in theoretical and experimental
studies. '

For low temperatures, the observed small diffusivities
of the excitons confined in narrow QW's may also be
infiuenced by localization eff'ects. In the easiest model
trapping and thermal reemission leads to a hopping-like
motion, which can be described by small diffusivities as,
e.g. , those known from. diffusion of impurities in semicon-
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ductors. Recently, localization effects have been inves-
tigated fundamentally. ' ' Experimentally, the locali-
zation of excitons in CxaAs/Ga, „Al„As QW's was stud-
ied in detail at 5 K.' A dependence of the diffusivities of
excitons on their energy within the inhomogeneous line
was reported, indicating a separation of the excitons into
localized and nonlocalized excitons. The observed
diffusivity of 15 cm /s (Ref. 14) for nonlocalized excitons
in a 21-nm QW at 5 K is in good agreement with extrapo-
lations of our results. Diffusivity values for localized ex-
citons were found to be near 1 cm /V s at 5 K.

Scattering at ionized impurities cannot account for
the observed strong mobility reduction at low tempera-
tures. Indeed, p; increases linearly with growing tem-
perature in two dimensions, which is similar to the mea-
sured behavior. However, the mobility is increasing with
decreasing well width, " which is in contradiction to the
experimental data shown in Fig. 14. Since the samples
are not intentionally doped, the absolute values are well
above the measured mobilities and do not inAuence the
transport. Hence, ionized-impurity scattering and
barrier-alloy-disorder scattering cannot describe the
strong well-width dependence at low temperatures. This
emphasizes the importance of interface roughness
scattering for 2D excitons at low temperatures, which
limits the mobility mainly for small QW's.
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APPENDIX

L, /2
0+-, (z) = +

cos (a,.L, /2)

—0.5
m

2m
g 1

cx

To calculate the inAuence of the barrier-alloy-disorder
scattering which is due to the extension of the carrier
wave function into the QW barrier, a syinmetric finite
QW of width L, is considered. The band-edge discon-
tinuities causing the electron and hole confinements are
designated by AE, and AE„respectively. In the follow-
ing the subscript i denotes e for electrons and h for holes
as used, e.g. , for the barrier masses mb; and the QW
masses m;. At the carrier densities considered here,
only the lowest subband of each well is occupied and in-
tersubband scattering can be neglected. In this case the
z-dependent wave function in the barriers ( ~z~ )L, /2) is
given by

VII. CONCLUSIONS X exp P; +z
2

(A 1)

We have presented results on lateral excitonic trans-
port in 2D GaAs obtained by an all-optical TOF method.
This method combines a high spatial resolution provided
by microstructured masks, a high sensitivity given by the
radial symmetry, and a high temporal resolution. The la-
teral motion of the 2D excitons can be described by an
isothermal diffusion. A strong dependence of the mobili-
ty on temperature and well width was observed. In the
higher-temperature range the results can be explained by
polar-optical scattering, barrier-alloy-disorder scattering,
and the acoustic-deformation-potential scattering in the
excitonic scattering condition. At low temperatures, the
importance of interface roughness scattering was pointed
out. This mechanism is responsible for the observed
strong decrease of the diffusivities with decreasing well
width.

The abbreviations u; and P; contain the energy of the
ground state E;:

2mq, iE; 2. mb (bE E).
CX (A2)

The energy E, is obtained from

mb;a, . =m; iP; tan(a, L, /2) . (A3)

The rate for barrier-alloy-disorder scattering is calculated
in the literature for various conditions using different ap-
proximations. ' ' We have calculated the scattering
rate for one subband, neglecting screening effects and in-
cluding the occupation function for the initial and final
states of the scattering process. Including Eqs. (Al)—(A3)

TABLE III. Values of Ga& Al As material parameters used in the calculations.

a =(0.5645+0.00078x) nm

E~( )=(1 501 +] 239 +Q 37 2)

m ",=0.0665+0.0735x

mb hh =0.377+0.253x
m ",„=0.092+0. 1x

Vo, =0.6 eV

~o, a =0.21 eV

AE, /AE, =65/35

ro =0.44a

lattice constant (100 K) (Ref. 49)
eV band-gap energy at the I point (100 K) (Refs. 52 and 49)

electron effective mass (Refs. 49 and 53)

heavy-hole effective mass (Refs. 49 and 53)

light-hole effective mass (Refs. 49 and 53)

electron alloy-disorder-scattering potential (Ref. 34)

hole alloy-disorder scattering potential (Refs. 34 and 35)

partition of the band discontinuity between

conduction and valence band (Refs. 35—38)
radius of the Wigner-Seitz Cell (Ref. 54)
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I(zk)= J l4(z+zk)l (ro z)—dz .
0

(A5)

In these formulas, Vo; denotes the alloy-disorder scatter-
ing potential, no the number of arsenic atoms per volume

(no =4 ja ), x the aluminum content, and ro the radius of
the Wigner-Seitz cell. The factor F describes a correction
to Eq. (A4) if the distribution function of the final state is
included in the integration. The density range considered
here, however, leads to values for the factor F which are
only somewhat larger than 1. The corresponding values
are given in Tables II and III. For a comparison with the
measurement, the dependences on the we11 width and the
aluminum tnole fraction x are of great interest. The
aluminum mole fraction is included in n, o, mb;, F.;, and
the expression x (1 —x). The parameters a; and P; de-

pend on the well width.
The ambipolar mobility limit can be calcu1ated using

Eqs. (2) and (3). The ambipolar mobility is found to in-

the scattering rate is given by
2

nom;
~~

Vo;2 I lI (zk ) l x (1 x—)F ( T)dzk,
Z

(A4)

crease continuously with growing aluminum content x,
for a constant well width and x & 0.3. This is due to the
contribution of all these quantities, which depend on the
mole fraction, as listed above. With growing aluminum
content, the band-edge discontinuity increases, which
leads to a decrease of the wave-function penetration into
the barrier alloy. This dominates the dependence of the
mobility on the aluminum mole fraction. For small x it
even overcompensates for the dependence [x(1—x) j
which is included in the mobility. In a 3D alloy, howev-
er, the alloy-disorder scattering process yields a depen-
dence on x, which is rather similar to [x(1—x)]
modified only by the x dependence of the masses and the
specific character of the atoms which the alloy consists
of.

Note that the "one-subband approximation" leads to
deviations for large well widths ( ~ 15 nm), since the sub-
band separation is reduced with increasing well width.
Due to the participation of higher subbands, the carrier
system is no longer exactly 2D. Note further that the re-
sults are extremely sensitive to the partition of the band
discontinuity between the conduction band and the
valence band. The exact ratio for this partition is still a
point of discussion even in the well-examined
GaAs/Gal „Al„As system.
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