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Abstract

We present a study of the transport and quantum lifetime dependence on electron density in two completely di3erent kinds
of two-dimensional electron gas systems. We observed that both the two scattering time increase with increasing the electron
density. But the ratios of the transport to the quantum lifetime have di3erent tendency with the electron density, which do
not conform to the conventional theory. We speculate that the screening e3ects need to be considered in order to explain our
experimental results.
? 2003 Elsevier B.V. All rights reserved.
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In the two-dimensional electron gas (2DEG) var-
ious lifetimes are introduced by a <nite amount of
disorder. Electron transport in semiconductors is gen-
erally characterized by a transport lifetime �t , which
is de<ned by the relaxation-time approach to the
Boltzmann equation and is related to the conduc-
tivity, through � = nse2�t=m∗. However, there is a
quantum lifetime (single-particle relaxation time) �q
describing the decay time of one-particle excitations
and characterizing the quantum-mechanical broad-
ening of the single-particle electron state [1–3]. The
quantum lifetime �q and the transport lifetime �t are
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given by [2,4]

1
�q

=
m∗

�˝3

∫ �

0
d	|V (q)|2; (1)

1
�t

=
m∗

�˝3

∫ �

0
d	|V (q)|2(1− cos 	); (2)

with q = 2kF sin(	=2), and kF =
√
2�ns. |V (q)| is

the probability of scattering through an angle 	 from
a state k to a state k′ on the Fermi circle. For a
short-range scattering potential �t and �q are ap-
proximately equal [5]. But for modulation-doped
GaAs/AlGaAs heterostructures, where the dominate
scattering mechanism is the long-range potential as-
sociated with ionized donors which are far from the
2D EG and which produce predominantly small-angle
scattering, �q will be much smaller than �t since
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Fig. 1. Schematic cross section of the experimental sample
structures. (a) Sample A: GaAs/AlGaAs heterostructures in which
InAs self-assembled quantum dots have been inserted, (b) Sample
B: conventional GaAs/AlGaAs heterostructures but with thicker
spacer layer.

the (1 − cos 	) weighting factor diminishes at small
angle 	.
Though several studies of �q in GaAs/AlGaAs het-

erostructures with di3erent transport mobilities and
electron densities have been reported [3,6–9], to data
there seems to have been no systematic studies of
transport and quantum lifetime dependence on elec-
tron density. It is well known that at liquid helium
temperature, the distribution and density of ionized
donors remain constant. Therefore, by measuring a
gated GaAs heterostructure, one can study both the
transport and quantum lifetime as a function of elec-
tron density at a 7xed ionized donors’ distribution and
density, and it is the purpose of this paper to report
such measurements.
The samples investigated in this experiment were

gated modulation doped GaAs/AlGaAs heterostruc-
tures grown by molecular beam epitaxy (MBE). Fig. 1
shows the schematic cross section of the two sam-
ples. For sample A, an InAs layer was grown into the
GaAs quantum well to increase the disorder experi-
enced by 2DEG so that the dominate scattering mech-
anism would be the short-range potential associated
with the InAs quantum dots. It is well known that
ionized impurity scattering has been known to repre-
sent the main scattering mechanism at zero tempera-
ture, whereas alloy disorder and surface roughness are
weak. To investigate the e3ects of carrier density on
the single-electron relaxation time in the circumstance
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Fig. 2. Dingle plot of sample A at Vg = 0. The intercept passes
through the origin and the slope gives 1=�q.

in which the small-angle scattering dominates, we use
sample B with high mobility up to 300 m2=V s in this
experiment as a consequence from the 80 nm undoped
Al0:33Ga0:67As spacer layer, which is thicker than the
conventional undoped spacer. Magneto-transport mea-
surements were performed with a top-loading He3 sys-
tem and a superconductor magnet. The low-frequency
AC lock-in technique with the current of 10 nA ap-
plied to the samples was used in this work.
Both from the Hall and Shubnikov–de Haas (SdH)

measurements, the carrier density of 2DEG was ob-
tained. The transport lifetime �t is calculated from
the zero magnetic <eld longitudinal conductivity �xx,
whereas the quantum lifetime is related to the SdH
amplitude of the oscillations and can be experimen-
tally determined from Dingle plots. In the low <eld
the amplitude of the SdH oscillations is given by [7]

J�= 4�0
�

sinh �
exp

[
− �
!c�q

]
;

where �0 is the zero-<eld resistivity, !c the cyclotron
frequency, and � = 2�2kT=˝!c. In a Dingle plot, the
logarithm of J� sinh �=4�0� is plotted against 1=B,
which is a straight line and the slope gives 1=�q di-
rectly with an intercept of zero. A typical Dingle plot
obtained in this work is shown in Fig. 2. The quantum
lifetimes were obtained from Dingle plots at di3erent
gate voltages (carrier density).
Fig. 3 shows the variation of the measured values

of transport and quantum lifetime with the 2DEG
density for sample A. Both �t and �q increase with
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Fig. 3. The transport and quantum lifetime (sample A) measured
from Dingle plots is plotted against carrier density.

increasing carrier density. It should be noted that the
quantum lifetime varies little and is almost constant
with increasing the carrier density as reported previ-
ously [8,9]. Besides, the ratio of the transport to quan-
tum lifetime is smaller than 2 so that we could assure
that the short-range scattering dominate the 2DEG as
a consequence of the InAs self-assembled quantum
dots. For the transport lifetime of sample B shown in
Fig. 4(a), we observe that �t decreases with decreas-
ing electron density and shows a linear dependence on
electron density. It is consistent with the theory and
all the previous experiment results. But for quantum
lifetime, unlike the �q dependence on electron density
of sample A and the previous reports [8,9] that the
variation of �q is much smaller than the variation of
�t and is practically negligible no matter �q slightly
increases or decreases with increasing the carrier den-
sity, our results show that the quantum lifetime �q
shows an exponential increase with increasing elec-
tron density, as shown in Fig. 4(b). Fig. 4(b) shows
that the increasing of �q with electron density is small
while carrier density is below about 1:35× 1015 m−2.
But while ne is above 1:35 × 1015 m−2, �q increases
by 3 times. An empirical <t was obtained that is given
by �q = 1:261 + 1:25 × 10−18 exp(2:85 × 10−14ne)
(ps). The substantial increase of �q with increasing
ne could probably be interpreted in terms of models
concerned with the increase in electron screening of
the long-range random potential induced by the re-
mote ionized donors [10]. But for �t , because of the
weighting factor (1− cos 	), the e3ect of the electron
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Fig. 4. (a) The transport lifetime as a function of carrier density.
(b) The quantum lifetime as a function of carrier density. The
quantum lifetime has an exponential increase as carrier density.
The exponential <t is �q=1:261+1:25×10−18 exp(2:85×10−14ne)
(ps).

screening would suppress in the scattering rate. More-
over, it may be noted that both �t and �q is much
larger than that of the highly disorder GaAs/AlGaAs
heterostructure (sample A).
Fig. 5 shows the ratio of the transport to quantum

lifetime increase from about 45 to 90 with decreasing
electron density. It can be seen that the reason why the
ratio increases with increasing the carrier density is the
drastic increasing of the quantum lifetime with carrier
density. The theoretical calculations of the ratio of the
transport to quantum lifetime could be easily made
with the analytical formalism given by �t=�q=(2kFS)2,
with S the thickness of the spacer layer [11]. The
dashed line in Fig. 5 shows the numerical calculations
by the theory. The large discrepancy between the ex-
perimental data and the theoretical predictions is based
on that the multiple small-angle scattering events
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Fig. 5. The ratios �t=�q are plotted against carrier density. The
theoretical cure (dashed line) for �t=�q = (2KFS)2 is also shown.

produced by those remote ionized donors are treated as
statistically correlated instead of independent [3,12–
14]. But, even considering the correlation correction,
the theoretical predictions of the ratio also increase
with increasing carrier density, which has similar ten-
dency like the dashed line in Fig. 5. The reason for
this is not known at present, but we speculate that the
screening e3ect needs to be considered in order to ex-
plain our experimental results.
In summary, we have studied the transport and

quantum lifetimes of the 2DEG in the two entirely
di3erent GaAs/AlGaAs heterostructures. For the
GaAs heterostructure with InAs self-assembled quan-
tum dots, the transport and quantum lifetimes and
the ratio of them are much smaller than those of the
conventional GaAs heterostructure. But for the GaAs
heterostructure with mobility up to 300 m2=V s, the
ratio is much larger than that in the previous reports.

The substantial increase of the quantum lifetime with
carrier density were observed and interpreted in terms
of the electron screening e3ect. We also showed that
the tendency of the ratio �t=�q do not agree with the
theoretical predictions and require further investiga-
tion.
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