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Suppression of Conductance in Surface Superlattices by Temperature and Electric Field
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We present transport measurements on surface superlattices fabricated on a GaAsyAlGaAs two-
dimensional electron gas. Significant suppression of the conductance is found with increasing
electric fields and with increasing temperatureT . We attribute these effects toe-e scattering,
which can significantly affect the resistance in the presence of a spatially modulated static potential.
[S0031-9007(96)02082-0]

PACS numbers: 73.20.Dx, 73.50.Fq
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The concept of a lateral surface superlattice (SSL) da
back almost two decades [1–4]. The idea is to impo
a periodic potential on a two-dimensional electron g
(2DEG). This can be achieved, e.g., by a periodic arr
of surface electrodes, or gates, to which a voltageVg is
applied with respect to the 2DEG. A variety of alternativ
techniques are known to induce a SSL [5–10]. SSLs a
of great experimental interest due to the geometric cont
and the amplitude tunability of the periodic potential.

Our work was originally motivated by the notion
that a periodic potential should induce a spectrum
Bloch minibands and minigaps, which depends on t
gate geometry and onVg. Furthermore, because o
their low scattering rates, SSLs should offer a favorab
testing ground to study Wannier-Stark (WS) local
zation and Bloch oscillations in the presence
longitudinal electric fields [3]. The observation o
minigaps in the electronic spectrum of SSLs via transp
has long been an important, yet elusive, goal. Inde
there have been several early reports of nonmonoto
dependence of the resistance onVg, which were inter-
preted as resulting from the Fermi energy,EF sweeping
through the miniband spectrum [11–13]. Unfortunatel
these results have been difficult to reproduce, desp
subsequent improvement in fabrication technology a
sample quality. On the other hand, the presence of
periodic potential in the 2DEG leads to distinct featur
in the magnetoresistance of SSLs [5–7,14].

In this paper we report the results of transport measu
ments in various SSL devices. We study the depende
of the currentI on the drain-source voltageVds, on the
gate voltageVg and on temperatureT . We find a rapid
drop in the differential conductanceG ; dIydVds as we
increaseVds. We also find a significant decrease in con
ductance asT is increased in the range of 2–10 K. W
interpret these results in terms of electron-electronse-ed
scattering in the presence of the modulated gate poten

The samples were fabricated on high mobility 2DEG
formed by GaAsyAlGaAs heterojunctions, with Schottky
gate electrodes patterned via electron beam lithograp
The SSLs had a perioda ­ 100, 200, or 300 nm. We
have studied devices of several different wafers a
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geometries, including short gratings as well as long Ha
bars covered entirely by a grating gate. Figure 1 show
a short grating sample. We also had control sample
which were Hall bars covered with a single uniform gat
but otherwise identical geometry. In all measurements th
current flows along the direction of potential modulation
i.e., transverse to the grating lines. Our magnetoresistan

FIG. 1. Scanning electron micrograph of a short SSL sampl
consisting of a high mobility 2DEG with a grating gate of 25
metallic wires. The period in the above sample is 100 nm
Top: lower resolution picture, showing the Ohmic contactsD
andS (large, brighter shade areas) at both ends of the SSL, a
the 2.5 3 60 mm gate array in the middle. Bottom: the gate
wires seen at higher magnification, including their connectio
to the gate contact pad,G. Current flows in the underlying
2DEG in the direction crossing the gate wires.
© 1997 The American Physical Society 705
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measurements (not shown) verified the presence and
strength of the periodic potential [5–7].

SweepingVg gave rise to a smooth change in the low
bias conductance, usually with no noteworthy featur
on occasion, we found sample-dependent features in
conductance, which could not sensibly be associated w
superlattice minibands and minigaps. The discussion
this “negative” result will be the subject of a separa
publication.

However, our interest was aroused by the behav
observed in the measurements ofG vs Vds. This is
shown in Fig. 2 for a sample witha ­ 200 nm, length
L ­ 5 mm, and mobility2.5 3 106 cm2yV s. The plot
showsG vs Vds for a variety of gate voltages, measure
at T ­ 1.5 K. With Vg ­ 0 (trace A), we find essentially
linear behavior, namely,G ø const. As the modulated
potential is strengthened by increasingjVgj, in addition
to the overall decrease ofG, a negative slope ofG vs
jVdsj develops; in other words, the conductance has a p
at zero bias and is suppressed by a longitudinal elec
field F ø VdsyL. The suppression ofG is observable
for Vds as low as 1 mV, corresponding toF , 2 Vycm.
We also measured the dependence ofG on temperature in
these devices, and found that it decreases rapidly asT is
increased in the range of 2–10 K. In fact, we found th
the resistance1yG increases quadratically withT .

This observation led us to perform a systematic stu
of the temperature dependence in SSLs with Hall b
geometry. We remark that the short devices discus
above are optimized forI vs Vds measurements, but the
introduce a complication associated with the inevitab
transition between the 2DEG outside the gate and

FIG. 2. Differential conductanceG vs Vds in a 25-period
SSL with a ­ 200 nm, for several fixed values ofVg, as
follows: sAd 0 V, sBd 20.15 V, sCd 20.2 V, sDd 20.25 V, sEd
20.3 V, sFd 20.35 V, sGd 20.4 V, and sHd 20.45 V. The
measurements were made atT ­ 1.5 K. The curves exhibit
a peak at zero bias and a decline inG as the drain-source
field is increased. This feature, absent atVg ­ 0 sAd, evolves
gradually with Vg, and is associated with the induced ga
potential, as discussed in the text.
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part under the gate. (In fact, some of the features w
observe in the short SSLs may be influenced by th
transition, as well as by the intrinsic properties of th
SSL). In contrast, a Hall bar geometry allows true fou
terminal measurement of the low-bias sheet resistancer,
and also the determination of the 2DEG density,n, by the
Shubnikov–de Haas effect. We now discuss the resu
on these structures.

In Fig. 3(a) we plot sDrdyr vs temperature for a
SSL with a ­ 300 nm. HereDr denotes the change in
resistance with respect to its lowestT value. We see
large nonlinear increase in the resistance withT , which
is enhanced by increasingjVgj. In order to single out
the role of the SSL potential from the effects of phonon
and disorder, we show in Fig. 3(b) the behavior of
sample (on the same chip) with the same geometry b
with a single uniform gate, as described before. Whi
here, too, there is an increase inr with temperature,
which we attribute to acoustic phonon scattering [15,16
not only is it up to an order of magnitude weaker (fo
large gate bias), but there are two qualitative differenc
apparent in the figure. First, in the SSL, theT dependence
becomes stronger with increasing gate voltage, while t
oppositetrend is seen in the uniform-gate device, whe

FIG. 3. Temperature dependence of the sheet resistance (a
a SSL with a ­ 300 nm, and (b) in a 2DEG with a single
uniform gate. The quantity plotted,Dryr0, is the change in
resistance normalized to its low temperature value. Note h
in (a) theT dependence is nonlinear and becomes stronger w
increasing gate potential, while in (b) it is linear and becom
less steep with increasingjVgj. In (b) we are merely seeing the
effect of acoustic phonons, while in (a) we observe a uniq
SSL effect, which we attribute toe-e scattering.



VOLUME 78, NUMBER 4 P H Y S I C A L R E V I E W L E T T E R S 27 JANUARY 1997

h

e

e

a

in
al,

lts

ior

s
y

uld

y

it

e
le
or

r

e
the
the relative importance of phonons decreases as the 2D
is depleted and the mobility decreases. Second, the S
shows apparently quadraticT dependence, while in the
uniform device the dependence is approximately linear
most of the range studied.

It is natural to try to understand thisT dependence
in terms of an increase in the scattering rate. Bu
in order to explain the experimental observations, t
scattering mechanism responsible for this increase has
be quadraticallyT dependent and to be sensitive to th
presence of a modulated external potential. We sugg
that this mechanism ise-e scattering. It is well known
that e-e scattering does not contribute to the resistan
in a translationally invariant system, but can do so in th
presence of a modulated external potential [17,18].

Although any removal of translational invariance—no
necessarily a periodic one—can lead to a resistive eff
from e-e scattering, we will restrict our analysis to the
particular case of a periodic potential, since this is the ca
at hand. Here, as is well known, the electronic spectru
forms a sequence of minibands and minigaps within
mini-Brillouin zone of6pya.

In an electron-electron scattering event, two ele
trons of momentaki , miniband indicesli, energiesei ­
esli , kid, and velocitiesyi ­ s1yh̄d=kesli , kid, wherei ­
1 and 2, are scattered to momentum statesk1 1 q,
k2 2 q with band indices, energies, and velocities d
noted by primes, respectively. The resulting change
currentjx is proportional to the net change in the velocity
Dyx ; sy0

1 1 y0
2 2 y1 2 y2dx . There are two quantities

of interest for our discussion: One is thee-e scattering
ratet21

e-e, averaged over all states withinkT of the Fermi
surface, and the second is the contribution of this proce
to the resistance,re-e. The former is given by

t21
e-e ­

8p

h̄
EF

nkT

X
kl ,k2 ,q

l1,l2,l01,l02

jUqj2 3 F 3 dsDed , (1)

while re-e has the form [19]

re-e ­
2pm2

h̄e2n2kT

X
kl ,k2,q

l1,l2,l01,l02

jUqj2 3 F

3 dsDed 3 sDyxd2 . (2)

In Eqs. (1) and (2),F ­ f1f2s1 2 f 0
1d s1 2 f 0

2d, where
fi is the Fermi-Dirac distribution function for energyei ,
Uq is the matrix element of the Coulomb interaction, an
De ; e1 1 e2 2 e

0
1 2 e

0
2. In the absence of an exter-

nal potential we haveyskd ~ k; henceDyx ­ 0, and, al-
though the scattering rate (1) is finite, the contribution
the resistance (2) vanishes. However, this is not the c
in the presence of a periodic potential, where the ener
and velocity are a nontrivial function ofk.

Using Mathiessen’s rule, the total resistancer is the
sum of thee-e contributionre-e, the phonon contribution
rph, and theT-independent resistancerimp due to impu-
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rity scattering:

rsTd ­ rimp 1 rphsT d 1 re-esT d . (3)

In our measurements, the uniform gate devices shown
Fig. 3(b) correspond to the case of no periodic potenti
and the observedT dependence ofr is entirely due to
phonons. This dependence is known to be linear inT
for temperatures above a few K [15,16], and our resu
for these samples are inquantitativeagreement with the
literature.

Equations (1) and (2) both have a characteristic behav
at low T , with the leading terms proportional toT2

and T 2 lnsT d [20–22]. In fact, there is a simple low-T
expansion for (1) in a 2DEG,

t21
e-e ­ gskT d2y2p h̄EFf1 1 lns2qTFykFd 2 lnskTyEFdg ,

(4)

where g is a prefactor of order unity, whose value i
debated in the literature [22–24] and given, e.g., in [22] b
1, while in [24] it is spy2d2. HereqTF ø 2 3 106 cm21

is the Thomas-Fermi wave vector in the 2DEG.
As for the resistance, the above implies thate-e

scattering in the presence of a modulated potential sho
give rise to a termre-e which, at low temperature,
is approximately quadratic inT with a possible loga-
rithmic correction [19]. This could be checked simpl
by plotting r vs T2; however, we can perform a more
quantitative evaluation as follows. Consider the lim
whereDyx , yF , the latter being the Fermi velocity. In
this case Eqs. (1) and (2) are simply related byre-e ,
smyne2dt21

e-e, i.e., the Drude form. Generally, we can
write re-e ­ asmyne2dt21

e-e, whereas,1d describes the
effectiveness of the periodic potential in convertinge-e
scattering into resistance.

In order to test this model we define theexperi-
mental quantity t

21
SSL, obtained by subtracting from

rsT d the impurity part rimp ; rsT ø 0d and the
known rphsTd, which is linear in T , and multiplying
by ne2ym. This definition is motivated by the Drude
formula above, with t

21
SSL ­ at21

e-e. The procedure
is a reasonable approximation forT . 4 K, where
rphsT d is quite linear. In Fig. 4 we plott21

SSL vs T2

for several gate voltages. TheT dependence appears
quadratic; deviation from quadratic behavior could b
due to the logarithmic correction, although the availab
temperature range is insufficient to validate this. F
Vg ­ 20.3 V, we have n ø 1 3 1011 cm22, which
yields t21

e-e ø 0.5gT 2 3 h6 2 lnsTdj 3 109 sec21 K22,
with T in kelvin. The experimental slope oft

21
SSL vs T2

(Fig. 4) for thisVg is very close to2 3 109 sec21 K22;
in other wordsa smaller than (but comparable to) 1. Fo
weakerVg the value ofa is much smaller. While many
qualifications apply to this quantitative comparison, th
agreement is encouraging and supports the idea that
observations can be attributed toe-e scattering, whose
707
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FIG. 4. The quantityt
21
SSL, described in the text, plotted

versus T 2. The approximate quadratic dependence sugge
that this is a manifestation ofe-e scattering, while the
slope is proportional to the parametera, which measures the
effectiveness of the SSL potential in convertinge-e scattering
into resistance. Note howa vanishes forVg ­ 0 and increases
as the periodic potential is strengthened.

effectiveness in generating resistancesad increases as the
SSL potential is strengthened.

Furthermore,e-e scattering could also explain the sup
pression ofG with electric field (Fig. 2), which we ob-
serve at lowT and largerVds. An electron accelerated
above a cold Fermi sea is susceptible toe-e scatter-
ing whose energy dependence is similar to theT depen-
dence ofe-e scattering for the case of thermal electron
at finite T [20–22]. The same consideration holds re
garding the role of the periodic potential in translatin
this scattering into a resistance. Under high fields,
the e-e scattering rate exceeds that of other energy lo
mechanisms, it will involve heating of the entire elec
tron system [25]. In this sense there is an intimate co
nection between increasing electric field and increas
temperature.

Finally, we return to the question of minibands. Ou
experimental results clearly show that a modulated pot
tial is playing a key role in generating resistance frome-e
scattering, and we have a quantum mechanical formu
tion of this mechanism in terms of a nonparabolic ener
dispersion. However, so far at least, the results fall sh
of actually evidencing a superlattice band structure w
minigaps.

In conclusion, transport in surface superlattice devic
shows nonlinearity and a strong quadratic temperat
dependence. We have discussed howe-e scattering, in
the presence of a modulated potential, can contribute
the resistance at finite temperatures or at finite elec
fields. In this sense, surface superlattices provide
remarkably clear signature ofe-e scattering.
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