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%e report a large discrepancy between the measured and theoretically predicted Fermi wave-

vector dependence of the transport lifetime to single-particle lifetime ratio for a modulation-doped

GaAs/Al, Ga~-„As heterostructure when the carrier density is varied by thermally cycling the

sample, grown using molecular-beam epitaxy (MBE), after illumination by a light pulse. The re-

sults suggest that the deep centers responsible for the persistent photoconductivity eNect, which

may originate from nonstoichiometric MBE growth, are the dominant factor in limiting the
single-particle lifetime in GaAs/Al Ga(-„As.

Artificially structured materials have led to the realiza-
tion of systems of reduced dimensionality and thus new
phenomena such as the quantum Hall effect (QHE). '

The high degree of control exercised over these materials
has produced greater expectation for agreement between
theory and experiment and also for consistency among
diff'erent experiments in such systems compared to con-
ventional bulk semiconductor systems.

A review of the QHE literature shows that although the
quantization of the Hall plateaus and the corresponding
zero-resistance state are consistently observed by all ex-
perimenters, details such as the magnitude of the
Shubnikov-de Haas (SdH) oscillations, the critical cur-
rent for breakdown of QHE, and the current dependence
of the asymmetry of the SdH spin-split peaks are not con-
sistent among different experimenters. '2 In addition, the
study of the QHE in GaAs/Al„Ga) -„As has been imped-
ed by uncontrollable changes in sample properties due to
thermal cycling but this effect has not been investigated
nor understood to our knowledge.

Our study of QHE, to be reported elsewhere, revealed
that the day-to-day variations in the sample properties
due to thermal cycling could be reversed using light
pulses. We are able to determine the origin of these varia-
tions by studying the carrier density dependence of the
transport lifetime and the single-particle lifetime, and
comparing with theoretical predictions for an ideal
modulationMoped system. There is a large discrepancy
between the measured Fermi wave-vector dependence of
the transport lifetime to single-particle lifetime ratio and
the theoretical prediction of Das Sarma and Stern, 3 which
suggests that the deep centers responsible for the per-
sistent photoconductivity (PPC) effect cause the apparent
metastability of the sample and also are the dominant fac-
tor in limiting the single-particle lifetime in real systems.

Transport measurements can be used to determine two
characteristic relaxation times, the transport hfetime i„
and the single-particle lifetime e,. The transport lifetime
is defined by the solution of the Boltzmann equation in the
relaxation time approximation. It is related to the dc con-
ductivity o„ through (r 1V,ep N, e e, /rrt . Here, N, is
the two-dimensional sheet carrier density, tt is the Hall
mobility, and m is the electron effective mass. The

)(T+TP)(m'tm)IB —
(2 F/~+ ) (3)

which approximates Ando's results to within a polynomial
in H prefactor. Here, X 146.9 kOe/K, F is the SdH fre-
quency in kOe, and 8 is the applied field in kOe. We have
determined that neglecting a first- or second-order

single-particle lifetime becomes finite in the presence of
perturbations produced by scattering potentials and is re-
lated to the half-width I of the broadened Landau level
through I 5/2r, .

The transport and single-particle lifetimes are not equal
due to the presence of an extra (1 —cos8) factor in the
expression for r„ i.e.,

1/rt „dk 'P (k, k ') (1 —cos8), (1)

1/;-, dk'P(k, k') . (2)

Here, P(k, k') is the probability for scattering from state
k to state k ', and 8 is the scattering angle. Thetefore, e, is
insensitive to small-angle scattering while e, is sensitive to
all scattering events. In systems where the scattering is
mostly small angle, the transport to single-particle life-
time ratio can be large, e, /e, & 1. Conversely, in systems
with isotropic scattering z, /e, 1.

Experimentally, the single-particle lifetime is deter-
mined through a line-shape fit to the low-field Shub-
nikov-de Haas (SdH) oscillations. Dingle" originally ob-
served that the effect of increased scattering upon the
SdH line shape is equivalent to increasing the sample tem-
perature. An eff'ective sample temperature, T,g, can be
defined in terms of the Dingle temperature TD, where
T rt T+ TD, and the Dingle temperature is related to the
single-particle lifetime through r, 5/2trktt TD.

For two-dimensional systems, Andoss has derived an
expression for SdH oscillations of the diagonal conductivi-
ty, cr „,due to scattering by short-range potentials. As we
have limited the present study to low fields such that
2rt kttT/hto~ 1, here to is the cyclotron frequency, and
also because the experimentally measured quantity are
the SdH oscillations in the resistivity, p, rather than a„„,
we have chosen to fit the data to the following semiempiri-
ca1 expression:
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polynominal in 8 prefactor results in a 5%-10% sys-

tematic error in the value for Tn but does not affect the

shape of the experimental curves.
We report measurements made on a single Van der

Pauw pattern which was photolithographically inscribed
on an MBE GaAs/Al„Ga~ „As heterostructure grown at
Martin Marietta Laboratories. The sample consisted of 1

pm of intrinsic GaAs on a CrMoped GaAs substrate fol-
lowed by 250 A of intrinsic Ale 3Gao.7As, 500 A layer of
Si-do (8& 10' cm ) Alo. 3Gao.7As, and capped by
200 of Si-doped (2&10' cm ) GaAs. The sample
was immersed in pumped liquid helium at T 1.55 K for
all measurements reported here.

The experimental procedure was as follows: The sam-

ple was initially exposed to a light pulse from a red light-
emitting diode (LED) and then kept at -200 K for 12 h

before it was cooled to 1.5 K for transport measurements.
The thermal cycling was repeated several times before the
sample was reexposed to a light pulse. The results were
observed to reproduce through several sequences of this
process.

We have observed that the variation of the sample
characteristics even in the quantum Hall regime, due to

thermal cycling, originates from the deep defects that
cause the persistent photoconductivity effect. Thus, these
effects can be reproduced by subjecting the sample to
short (-1 sec) light pulses from a red LED at low tem-
peratures followed by thermal cycling. We determine the
effect of thermal cycling by comparing the changes in r„
r„and N, . Although r, and r& have been compared by
others ' in the GaAs/Al, Ga~ —,As system using different
samples, the variation of these quantities versus N, in a
single sample had not been studied previously to our
knowledge.

The Hall mobility was determined from low-field Van
der Pauw resistivity measurements and then converted to
the mobility temperature using T„eh/2xkrrm p, as-
suming m /m 0.069 for GaAs/Al, Ga~, As. In Fig. 1,
we have plotted the mobility temperature as a function of
the carrier density. The figure indicates that the mobility
temperature increases as the carrier density decreases
with thermal cyclng. The data shown in the figure are for
several sequences of exposing the sample to light followed
by repeated thermal cycling. The mobility of the sample
could be varied over the range 120000 cm2/Vs
&p & 300000cm~/Vs. Usually, it is observed that the
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FIG. 1. The mobility and Dingle temperatures are plotted as a function of the t~o-dimensional sheet carrier density. In the inset,
we have shown the data and St to the 1ow-Seld Shnbnikov-de Haas osciBations for (a) high and (b) low mobility data. Also shown in
the inset, are the SdH frequency F, and the Dingle temperature T~, obtained from the dt.
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carrier density and the mobility can be increased with

light dose. Here, we reverse the process by thermal cy-
cling.

The low-field SdH line shape was fitted using the best
recursive fit'e (BRF) in order to determine the SdH fre-
quency F, and the Dingle temperature. Since the fitting
routine requires fewer parameters when the line shape is a
simple damped sinusoid as in the low-field region, the
high-field limit for the fit was chosen to be below the field
value where quantization of the Hall plateau and the zero
resistance state were observed for the highest mobility
condition. In the inset of Fig. 1 we have shown two
representative data traces and the corresponding BRF's
for high (a) and low (b) mobility data. The exponential
decay of the SdH amplitudes determines Tg. Notice that
SdH oscillations are observed to lower fields when the
Dingle temperature is lower.

In Fig. 1, we have also plotted the Dingle temperature
as a function of the carrier density. The Dingle tempera-
ture also increases as the carrier density decreases with
thermal cycling although for the same variation in N, the
change is a factor of 8 compared to a change in T„ofonly
about a factor of 2. This result suggests that the ratio
Tn/T„varies with N, ; such an effect could originate from
either of the following two mechanisms: First the sample
may be more inhomogeneous for low values of N, and
thus phase cancellation of the SdH signals from different
parts of the sample may produce an apparently larger TD.
We have investigated this effect by studying the current
dependence of TD and found it to be neghgible (5-10%)
effect at the low currents use in our experiments.

A second possible mechanism is increased small-angle
scattering with decreasing N, which produces an increase
in the ratio Tp/T„. Das Sarma and Stern (DS-S) have
calculated the ratio v&/v& as a function of the carrier den-

sity for an ideal two&imensional electron gas (2D EG)
system with different values for the separation x, between
the two&imensional electron layer and the impurity layer.
In Fig. 2, we have plotted the experimentally measured
ratio Tp/T„v~/v, as a function of kp/qTF, where
kp (2', ) ' is the Fermi wave vector and

qTF 2m'e'/rh' 2x 10s cm ' is the Thomas-Fermi
screening constant for GaAs. Also shown in the figure are
the relevant theoretical curves of DS-S. Clearly, a com-
parison of theory and experiment shows a large discrepan-
cy; the experimentally measured ratio v&/v, decreases with

kp/q TF while theory predicts just the opposite behavior.
The discrepancy can be resolved through a closer exam-

ination of theory and experiment. In the DS-S calcula-
tion, the carrier density or kp/q TF is increased for a fixed
spacer thickness by increasing the doping level in the im-
purity layer. They assume that the 2D EG density in-
creases because the shallow donors in the impurity layer
are depleted of their electrons and thus every electron that
enters the 2D EG leaves behind a charged center that can
cause scattering. The long-range Coulomb interaction
due to the increase in the remote charged center density
produces mostly small-angle scattering and hence, the ra-
tio v&/r, increases with kp/q TF for a fixed spacer thickness
according to their calculation.

We have observed, however, that the carrier density is
reduced by thermal cycling after illumination of the sam-
ple by a light pulse at low temperatures. The persistent
photoconductivity (PPC) effect in AI,Ga~-, As has been
attributed to deep centers associated with large lattice re-
laxation by Lang, Logan, and Jaros (LLJ)."' In n-type
AI,Gal -„As, these defects are denoted DX centers indi-
cating that it is a complex defect consisting of a donor (D)
and some unknown quantity (X). LLJ originally suggest-
ed that X is a vacancy in the As site' and were supported
by the results of Narayanamurthi, Logan, and Chin. '3

Uan Uechten and Wager'4 have suggested that the large
lattice relaxation is vacancy nearest-neighbor hopping.
The nearest-neighbor hopping would allow an As vacancy
to hop to a nearby Ga site and also produce a Ga-on-As-
site antisite defect:

VA Voa+ GaAI . (4)

In both cases, light frees electrons and also reduces the
charge state of the defect by one. In contrast, the charge
state of a shallow silicon donor is increased by one when
an electron is freed from the donor.

Our data (Fig. 2) indicate that the small-angle scatter-
ing decreases with increasing carrier density. This sug-
gests that the deep centers responsible for PPC effect act

It has been suggested that As vacancies have a deep
donor level while Ga vacancies have a deep acceptor level
and the antisite (GaAI) defect has one deep and one shal-
low acceptor leveL' ' Thus, the reaction associated with
the PPC effect in n-type AI,Ga~-„As is'6

D+Vo,Gag ~D+VL+3e (5)

while for intrinsic AsGaAs (Ref. 16) it is

0.6 0.7 0.8 0.9

FIG. 2. Shown in the Sgure are the experimentally measured transport to single-particle lifetime ratios as a function of the normal-
ized Fermi ~ave vector and the theoretical curves of Das Sarma and Stern.
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as acceptors since when they are depleted (high N, ) there
are fewer charged centers producing long-range Coulomb
scattering so there is less small-angle scattering (low
i&/i, ). Therefore, our data appear to con6rm the reac-
tions' predicted for the PPC effect and also suggest the
solution to the discrepancy between the calculation of
DS-S and our experimental results. That is, DS-S did not
include scattering from deep centers in their calculation.

In real GaAs/AI, Gat-„As samples, the bulk of the
scattering is caused by the deep centers which produce the
PPC effect. This is apparent from the large discrepancy
between data and calculation when the calculation only
accounts for shallow donors. The deep defects show oppo-
site behavior when compared to the shallow donors in that
when an electron is removed from a shallow donor, the
charge state increases while for the deep center the charge
state decreases when electrons are freed. A complete cal-
culation of the transport to single-particle lifetime ratio as
a function of density would also include these acceptor DX

centers.
In conclusion, we have shown that the Fermi wave-

vector dependence of the transport to single-particle life-
time ratio does not agree with theory when the calculation
takes into account only the shallow donors in the impurity
layer. By correlating this result with models for the PPC
effect, we have determined that the bulk of the small-
angle scattering in real systems is caused by charged
centers associated with deep defects responsible for the
PPC effect. In addition, we have found that day-to-day
variations of sample properties in the QHE regime caused
by thermal cycling are due to the metastability of these
defect states.
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R. Wilson. We acknowledge many useful discussions with
Dr. J. K. Jain. This research was supported in part by the
Defense Advanced Research Projects Agency (DARPA)
under Grant No. DAAG29-85-K-0052.
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