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The in-plane motion of electrons in narrow GaAs/Al, Ga,_, As multiple quantum wells is studied
experimentally and theoretically as a function of the electron density n, and the well width L,. Two
characteristic lifetimes—the single-particle relaxation time 7, and the transport scattering time
7,—are obtained from magnetotransport measurements. By comparing 7, and 7, with detailed cal-
culations, the contributions of interface roughness, remote impurity, and alloy disorder scattering

are investigated separately.

Magnetotransport measurements at liquid-helium tem-
peratures are a versatile tool with which to study the
electronic properties of two-dimensional systems and
they have been widely used in the past.! An increasing
magnetic field perpendicular to the two-dimensional elec-
tron gas (2D EG) changes the electronic density of states,
D (E), from being constant to the quasi-zero-dimensional
case of discrete broadened Landau levels. The diagonal
magnetoconductivity o,, is caused by disturbing the cy-
clotron drift motion of the electrons, V,=—E, /B,, due
to scattering. At low temperatures o,, ~D (E), because
only in the vicinity of the Fermi energy E do both occu-
pied and unoccupied electronic states exist, which are
necessary for elastic scattering. Obviously, o, or, alter-
natively, the magnetoresistivity p,, reflects the
broadened density of states and therefore contains de-
tailed information about electronic scattering.

We have investigated multiple-quantum-well (MQW)
samples which were molecular-beam-epitaxially (MBE)
grown on a semi-insulating GaAs(100) substrate and con-
sist of 25-50 individual GaAs quantum wells separated
by Alj ;5Gag ¢sAs barriers of typically S0 nm thickness.
The central parts (=10 nm) of the barriers are Si doped.
A variation in the doping density of three samples and
the additional use of the persistent photoeffect result in
an experimentally accessible density range from 3.2 X 10'!
to 1.4X 10" cm~? at a constant L, of 5.9 nm. Seven
samples with different L, values between 3.7 and 9.5 nm
are studied at a constant electron density n, of 6.5X 10!
cm™ 2 All samples are etched in the form of Hall bars,
and Ohmic contacts were alloyed to the layers, connect-
ing all the quantum wells in parallel.

Pxx and Pxy are measured at temperatures between 0.3
and 6.8 K using a *He cryomagnetic system. As shown
in Fig. 1, all the parallel connected quantum wells exhibit
almost the same electron density in the populated ground
subband, which results in exactly one observable period
of Shubnikov-de Haas (SdH) oscillations. The p,, mini-
ma and the p,, plateaus, which are quite sensitive to in-
homogeneity, show only very weak additional structures,
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even at a temperature of 0.4 K.

From the mobility at zero magnetic field the transport
scattering time 7, =m* /[n,e’p,.(B =0)] is obtained us-
ing n; derived from the period of the SdH oscillations.
Assuming a single occupied electronic subband at zero
temperature and zero magnetic field, the time 7, is given
by2

DK H o[k 2 (1)

with k'=k +q, ¢ =2kgsin(d/2), and k= \/21'rn

|(k|H 4k} is the probability for scattering by an an-
gle ¢ from a state k to a state k" on the Fermi circle due
to the scattering Hamiltonian Hdef The contribution of
backscattering to the resistance is enhanced compared to
small-angle scattering due to the 1 —cos(43) factor in Eq.
(1).

On the other hand, all scattering angles contribute

*l_m* m _
T, —;ifo d [ 1—cosl

16 T 2o (1020/well)
b:p,, (103 0/ well)
12 1 g
8 t .
4 +
a
8 12
B(T)
FIG. 1. (a) Shubnikov—de Haas oscillations and (b) quantum

Hall effect of a sample consisting of 30 quantum wells with
L,=9.5nm and n,=7.2X 10" ¢cm 2 measured at 0.4 K after il-
lumination.
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with equal weight to the broadening I' =#/27_ of single-
particle energy levels:*

—1_ m* s £y 1y 12
. 1‘7%[0 do|{k|H k). )

At low magnetic fields, D (E) remains essentially constant
with a weak oscillation due to the beginning Landau
quantization. The screening and scattering properties are
only slightly modified, which suggests that Eq. (2) is still
a good approximation and 7, is independent of the mag-
netic field in the range where the SdH oscillations are
harmonic. This allows the experimental determination of
7, by the low-magnetic-field dependence of p,, at a given
temperature 7. We obtain 7, from a fit of the amplitude

Sp of p,, to

- T/, T
zsp~c—Lsinh B¢ , 3)

where w,=eB/m?* is the angular cyclotron frequency
and £=27*kT /#iw,. The prefactor C is uncertain due to
lack of an exact theoretical description of realistic
scatterers in a magnetic field. The present theories* ° as-
sume short-range scatterers described by only one life-
time 7. Different relations of 7, and 7, to the lifetime 7 in
the expressions for o, and o, result in different prefac-
tors C. For the assumption that the classical o,, and o,
are controlled by 7, while the quantum-mechanical devia-
tion thereof is completely characterized by 7,, we have
derived

— 143727,

Cc= 4[0)27'2((0 H+r2777

X[(1+el)(1+eir)] ! (4)
by taking the quantum-mechanical deviation to linear or-
der.” Application of C~B ~* and C=4 according to the
Refs. 8 and 9 roughly results in a multiplication of the 7,
values by 0.7 and 1.3, respectively. From our experimen-
tal results, no preference for one of the three prefactors C
used can be deduced. We observed that the variations of
7, on different sample parameters are independent of the
actual choice of C. The 7, values published here are ob-
tained by using Eq. (4).

At helium temperatures, where scattering by optical
phonons is negligible, one has to consider different com-
peting scattering mechanisms in narrow modulation-
doped quantum wells. The individual mechanisms are as-
sumed to be independent of one another, which means
that the overall scattering rate is the sum of the individu-
al ones (Matthiesen’s rule).

For scattering at charged impurities, one obtains a
scattering potential V2( ),

2me?
g€,

V3(q)

fdzn ,z) (5)

where €, is the static dielectric constant of the lattice,
which is assumed to be constant over the whole structure.
The density n,(z) describes the distribution of the impuri-
ties in the growth direction z assuming a random distri-
bution in the lateral x-y plane. F(gq,z) is the form factor
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of the effective interaction of an electron in a state ¢(z)
with an impurity at a distance z from the 2D EG:

F(g2)= [ dz'lg(z")[?e 927" 6)

Interface-roughness (IR) scattering is calculated ac-
cording to a widely used model after Prange and Nee.'®
The well width is assumed to have lateral deviations L (r)
from its target value L,, with a Gaussian correlation of

the form
Y =AZ —lr—ri12/A?

(AL (r)AL(r") , (7

where A can be seen as the mean value and A as the aver-
age lateral length of the deviation AL (r). By calculating
the fluctuations of the energy levels in quantum wells due
to the fluctuation of the width according to Eq. (7), one
obtains

ﬁ4A2A2

—g%A2/4 2

Vig)=
Gold'! derived an analytical expression for the form fac-
tor Fig which describes the influence of a finite barrier
height (F\g =1 for infinite barriers, while F; lies be-
tween 0.1 and 0.5 for our samples).

The alloy disorder scattering in the Al,Ga,_,As bar-
riers is described by2

VAg)=x(1—x) AV [ dzlglz)]*, ©)

alloy

where () is the volume of the alloy unit cell and AV the
energy difference of the conduction-band edges of AlAs
and GaAs.

The screening of the scattering potentials in Egs. (5),
(8), and (9) by the 2D EG leads to

2
[k Ayl ) 2= L1 (10)
€(q)
We use the static dielectric function €(gq) of the 2D EG in
the Lindhart approach including local-field corrections.

The parameters used in the calculations are
m*/my=0.067+0.071x, €,=12.4, and AV =xX1.04
eV, where x is the aluminum content and m, the mass of
the free electron. The average length A=6 nm, in accor-
dance with Ref. 12 and 13, is assumed to be the same for
all samples. The wave functions ¢(z) are calculated
analytically,!! neglecting effects of the self-consistent po-
tential which have only weak influence on the ground
subband wave functions. In the doped areas of the
Al Ga,_,As barriers, we assume a constant impurity
density n,(z)=n_/l,,, where /4, is the doped length in
the growth direction. For the calculation of remote im-
purity scattering, we consider the two barriers which en-
close a quantum well, neglecting the influence of the oth-
er quantum wells.

Figure 2 shows the density dependence of 7, ! and 7, !
for the different scattering mechanisms in comparison
with our experimental results.

Remote-impurity (RI) scattering (dashed lines) of the
2D EG is mostly via small angles due to the exponential
factor in Eq. (6). The suppression of small-angle contri-
butions due to the factor 1 —cos(4) in Eq. (1) compared
to Eq. (2) results in the different magnitude and density
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FIG. 2. Scattering rates 7, ' (left) and 7; ' (right) for quantum
wells with a constant well width L, of 5.9 nm as a function of
carrier concentration n,. *, experimental results; , calcu-
lated interface-roughness scattering (assuming A=2.5 A, A=60
z&); — — —, calculated remote-impurity scattering; - - - -, cal-
culated alloy disorder scattering.

dependence of 7, and 7,. The rate 7, ! for which all
scattering angles have equal weight increases with n; be-
cause n, ~n;(z). Nevertheless, 7, | decreases because its
most important scattering wave vector, g =2k, in-
creases with n, while ¥(q) drops exponentially.

Alloy disorder (AD) scattering (dotted lines) is
modeled by 8 potentials at the lattice sites which are sta-
tistically occupied by the Ga and Al atoms. The Fourier
transformation of these potentials results in a scattering
potential which is independent of ¢ [Eq. (9)]. The 2D EG
mainly screens the potential parts which vary slowly in
space since €(q) roughly decreases exponentially with g.
Therefore the short-range AD scatters preferentially by
large angles, and 7, is smaller than 7.

In the IR model described, the length A characterizes
the scattering range which has to be compared with the
Fermi wavelength 1/k of the 2D EG. The maxima of
the solid lines in Fig. 2 demonstrate the crossover from
short- to long-range behavior of IR scattering with in-
creasing n;. For kpA <1 the scattering potential is
characterized by €(g), and the scattering rates increase
with n_ in analogy to the AD case. The exponential fac-
tor in Eq. (8) becomes dominant for kA > 1, resulting in
the decrease of 7, ' and 7, ! with increasing n,. Assum-
ing A=2.5 A, the calculations fit both magnitude and
density dependence of our experimental 7, data.
Interface-roughness scattering dominates the transport
scattering time for all measured densities n,. Unfor-
tunately, we are not able to study the range kzA <1 with
the available samples. To observe the predicted max-
imum in 7, ! for IR scattering experimentally, the sam-
ples should not only have lower densities, but must also
have a thicker spacer layer (distance between the 2D EG
and the doped region) to avoid the dominance of RI
scattering at low densities.

ing n, via the persistent photoconductivity might cause
the unsystematic behavior of the experimental 7, ! plot-
ted versus ng.

The dependence of the scattering rates on the
quantum-well width L, at a density of 6.5X 10" cm ™2 is
shown in Fig. 3. For L, below 7 nm, the experimental
7, ! are dominated by IR scattering (solid line).

It is widely assumed that the two interfaces of a quan-
tum well are different because the MBE-grown surface of
a binary compound is usually more smooth than that of a
ternary alloy. From this point of view, it seems reason-
able to attribute the parameter A to the roughness of the
worse (inverted) interface, assuming the better (normal)
interface to be smooth. It is instructive that the values of
A which fit our experimental results are quite close to the
width of 1 monolayer, about 2.8 A. A real interface,
however, is more complex, consisting not only of steps
and terraces, but also of charged defects. Therefore, we
calculated the scattering at a two-dimensional sheet of
impurities located at one boundary of the quantum well
(dashed-dotted lines). This model of ‘“‘interface rough-
ness” does not fit the experimental results well, but it ex-
plains the saturation of the decrease of the experimental
7, ! for L, >7 nm, which cannot be fully attributed to RI
scattering (squares) only. The application of an IR model
combining both discussed contributions would not
influence the results of Fig. 2, but explains better the ex-
perimental 7, data for all L,.

On the other hand, 7, is dominated by RI scattering.
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FIG. 3. Scattering rates 7, ' (left) and 7, ' (right) for quantum
wells with a constant electron density n; of 6.5X 10" cm ™2 as a
function of well width L,. *, experimental results; , cal-
culated interface-roughness scattering (assuming A=2 A,
A=60 A); O, calculated remote-impurity scattering; - - - -, cal-
culated alloy disorder scattering; —-—, calculated scattering at
an impurity sheet with n, =2X10'° cm 2 at one boundary.
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Different spacer thicknesses in the different samples cause
the discontinuity of both the theoretical RI results and
the experimental 7, ! data plotted versus L,. The experi-
mental increase of 7, ! with decreasing L, below 5 nm
shows the contribution of IR scattering.

Comparison of the solid and dashed-dotted lines in Fig.
3 implies that the contribution of IR to the scattering
rate 7, ! (7, !) in our samples is preferably described by
the width-fluctuation model for L, <7 nm (5 nm) and by
the impurity model for L, R 7 nm (5 nm), respectively.

Alloy disorder scattering is not dominant in the whole
range of n, and L,,'! even under the assumption that the

2D EG is completely unable to screen the § potentials
[e(g)=1].

In conclusion, we have shown that the experimental
times 7, and 7, which characterize the scattering at zero
magnetic field are dominated by remote-impurity and
interface-roughness scattering, respectively. The depen-
dences of the experimental data on L, and n, are well de-
scribed by our calculations in the Born approximation.
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