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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 /AAIGaAs two-
dimensional electron gas. Significant suppression of the conductance is found with increasing
electric fields and with increasing temperatufe We attribute these effects te-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

The concept of a lateral surface superlattice (SSL) dategeometries, including short gratings as well as long Hall
back almost two decades [1-4]. The idea is to imposéars covered entirely by a grating gate. Figure 1 shows
a periodic potential on a two-dimensional electron gas short grating sample. We also had control samples,
(2DEG). This can be achieved, e.g., by a periodic arrayvhich were Hall bars covered with a single uniform gate
of surface electrodes, or gates, to which a volt&geis  but otherwise identical geometry. In all measurements the
applied with respect to the 2DEG. A variety of alternativecurrent flows along the direction of potential modulation,
techniques are known to induce a SSL [5—10]. SSLs aree., transverse to the grating lines. Our magnetoresistance
of great experimental interest due to the geometric control
and the amplitude tunability of the periodic potential.

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

In this paper we report the results of transport measure-
ments in various SSL devices. We study the dependence
of the current/ on the drain-source voltagg;;, on the
gate voltageV, and on temperatur€. We find a rapid
drop in the differential conductanag = dI/dVys as we
increaseVys. We also find a significant decrease in con-
,dUCtance ag’ Is mcreas_ed in the range of 2-10 K. We FIG. 1. Scanning electron micrograph of a short SSL sample,
interpret these results in terms of electron-electf@)  consisting of a high mobility 2DEG with a grating gate of 25
scattering in the presence of the modulated gate potentiahetallic wires. The period in the above sample is 100 nm.

The samples were fabricated on high mobility 2DEGsTop: lower resolution picture, showing the Ohmic contabts
formed by GaA¢AIGaAs heterojunctions, with Schottky ands (large, brighter shade areas) at both ends of t.he SSL, and

. - the 2.5 X 60 um gate array in the middle. Bottom: the gate
gate electrodes patte_rned via electron beam I'thOgr""ph)évires seen at higher magnification, including their connection
The SSLs had a period = 100, 200, or 300 nm. We to the gate contact pad;. Current flows in the underlying
have studied devices of several different wafers an@DEG in the direction crossing the gate wires.
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measurements (not shown) verified the presence and thpart under the gate. (In fact, some of the features we
strength of the periodic potential [5-7]. observe in the short SSLs may be influenced by this
SweepingV, gave rise to a smooth change in the low-transition, as well as by the intrinsic properties of the
bias conductance, usually with no noteworthy featuresSSL). In contrast, a Hall bar geometry allows true four-
on occasion, we found sample-dependent features in thterminal measurement of the low-bias sheet resistamce,
conductance, which could not sensibly be associated withnd also the determination of the 2DEG densityby the
superlattice minibands and minigaps. The discussion o8hubnikov—de Haas effect. We now discuss the results
this “negative” result will be the subject of a separateon these structures.
publication. In Fig. 3(a) we plot(Ap)/p vs temperature for a
However, our interest was aroused by the behavioBSL witha = 300 nm. HereAp denotes the change in
observed in the measurements Gf vs Vy4s. This is  resistance with respect to its loweft value. We see
shown in Fig. 2 for a sample wita = 200 nm, length large nonlinear increase in the resistance wWithwhich
L =5 um, and mobility2.5 X 10° cn?/V's. The plot is enhanced by increasing,|. In order to single out
showsG vs Vg4, for a variety of gate voltages, measuredthe role of the SSL potential from the effects of phonons
atT = 1.5 K. With V, = 0 (trace A), we find essentially and disorder, we show in Fig. 3(b) the behavior of a
linear behavior, namelyG = const. As the modulated sample (on the same chip) with the same geometry but
potential is strengthened by increasifig,|, in addition  with a single uniform gate, as described before. While
to the overall decrease @, a negative slope off vs here, too, there is an increase jin with temperature,
|V4s| develops; in other words, the conductance has a peakhich we attribute to acoustic phonon scattering [15,16],
at zero bias and is suppressed by a longitudinal electrinot only is it up to an order of magnitude weaker (for
field F = V4 /L. The suppression of; is observable large gate bias), but there are two qualitative differences
for Vy4s as low as 1 mV, corresponding #© ~ 2 V/cm.  apparent in the figure. First, in the SSL, thelependence
We also measured the dependenc& ain temperature in  becomes stronger with increasing gate voltage, while the
these devices, and found that it decreases rapidlff s oppositetrend is seen in the uniform-gate device, where
increased in the range of 2—10 K. In fact, we found that

the resistancé/G increases quadratically with. 15 —— : : : : :
This observation led us to perform a systematic study (a)
of the temperature dependence in SSLs with Hall bar o
geometry. We remark that the short devices discussed 10k " V,=-02 o
above are optimized faf vs V43 measurements, but they 8 = 0.3 o
introduce a complication associated with the inevitable 3 o m "
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FIG. 2. Differential conductanc& vs Vg, in a 25-period FIG. 3. Temperature dependence of the sheet resistance (a) in
SSL with ¢ = 200 nm, for several fixed values o¥V,, as a SSL witha = 300 nm, and (b) in a 2DEG with a single
follows: (A) 0V, (B) —0.15V, (C) —=0.2 V, (D) —0.25 V, (E) uniform gate. The quantity plottedyp/py, is the change in
-03V, (F) —035V, (G) =04V, and (H) —0.45V. The resistance normalized to its low temperature value. Note how
measurements were made At= 1.5 K. The curves exhibit in (a) theT dependence is nonlinear and becomes stronger with
a peak at zero bias and a decline Gh as the drain-source increasing gate potential, while in (b) it is linear and becomes
field is increased. This feature, absentvat= 0 (A), evolves  less steep with increasin,|. In (b) we are merely seeing the
gradually with V,, and is associated with the induced gate effect of acoustic phonons, while in (a) we observe a unique
potential, as discussed in the text. SSL effect, which we attribute te-e scattering.
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the relative importance of phonons decreases as the 2DE@y scattering:
is depleted and the mobility decreases. Second, the SSL _ 3
shows apparently quadrati€ dependence, while in the p(T) = pimp + ppn(T) + pe-e(T). (3)

uniform device the dependence is approximately linear inn our measurements, the uniform gate devices shown in

most of the range studied. Fig. 3(b) correspond to the case of no periodic potential,
It is natural to try to understand thif dependence and the observed dependence op is entirely due to

in terms of an increase in the scattering rate. Butphonons. This dependence is known to be lineafin

in order to explain the experimental observations, theor temperatures above a few K [15,16], and our results

scattering mechanism responsible for this increase has tgr these samples are puantitativeagreement with the

be quadratically dependent and to be sensitive to the|iterature.

presence of a modulated external potential. We suggest Equations (1) and (2) both have a characteristic behavior

that this mechanism ig-¢ scattering. It is well known at low T, with the leading terms proportional t@>
that e-e scattering does not contribute to the resistanceind 72 In(T) [20-22]. In fact, there is a simple lo®-

in a translationally invariant system, but can do so in theaxpansion for (1) in a 2DEG,
presence of a modulated external potential [17,18]. . s

Although any removal of translational invariance—not 7e-e = Y(kKT)*/2wREE[1 + In(2gte/ke) — IN(KT /EF)],
necessarily a periodic one—can lead to a resistive effect (4)
from e-e scattering, we will restrict our analysis to the
particular case of a periodic potential, since this is the cas@here y is a prefactor of order unity, whose value is
at hand. Here, as is well known, the electronic spectrunglebated in the literature [22—24] and given, e.g., in [22] by
forms a sequence of minibands and minigaps within &, while in [24] it is (/2)>. Heregrr =~ 2 X 10° cm™!

mini-Brillouin zone of =7 /a. is the Thomas-Fermi wave vector in the 2DEG.

In an electron-electron scattering event, two elec- As for the resistance, the above implies that
trons of momenta;, miniband indiced;, energiese; = scattering in the presence of a modulated potential should
e(l;, k;), and velocitiesy; = (1/h)Vie(l;, k;), wherei =  give rise to a termp.-. which, at low temperature,

1 and 2, are scattered to momentum stakgs+ g, IS approximately quadratic i with a possible loga-

k, — ¢ with band indices, energies, and velocities de-fithmic correction [19]. This could be checked simply
noted by primes, respectively. The resulting change iy plotting p vs T2; however, we can perform a more
currentj, is proportional to the net change in the velocity, quantitative evaluation as follows. Consider the limit
Av, = (v] + v) — v, — v),. There are two quantities whereAwv, ~ vg, the latter being the Fermi velocity. In
of interest for our discussion: One is thee scattering this case Egs. (1) and (2) are simply related &y, ~

rate 7.}, averaged over all states withkT of the Fermi  (m/ne?)7,.}, i.e., the Drude form. Generally, we can

surface, and the second is the contribution of this procesatite p.-. = a(m/ne?)r,.,, wherea(<1) describes the

to the resistancey.-.. The former is given by effectiveness of the periodic potential in converting
87 E scattering into resistance.

1= i Z |Uq|2 X ® x 8(Ae), (1) In order to test this model we define thexperi-
h nkT i, mental quantity rgg;, obtained by subtracting from

Rl p(T) the impurity part pimp, = p(T = 0) and the

while p.-, has the form [19] known p,,(T), which is linear inT, and multiplying
2rm? ) by ne?/m. This definition is motivated by the Drude

Pee = 73 ar > U, x @ formula above, with 7g$; = a7,.l. The procedure

a1 is a reasonable approximation faF >4K1, where

X 8(Ae) X (Av,)?. ) ppn(T) is quite linear. In Fig. 4 we plotrgsy vs 72

for several gate voltages. ThE dependence appears

In Egs. (1) and (2)® = fif>(1 — f1)(1 — f5), where quadratic; deviation from quadratic behavior could be
fi is the Fermi-Dirac distribution function for energy,  due to the logarithmic correction, although the available
U, is the matrix element of the Coulomb interaction, andtemperature range is insufficient to validate this. For
Ae =€ + e; — €] — €. In the absence of an exter- V, = —0.3V, we have n =~ 1 X 10" cm™2, which
nal potential we haver(k) « k; henceAv, = 0, and, al- yields 7.} = 0.5yT? X {6 — In(T)} X 10° sec’! K72,
though the scattering rate (1) is finite, the contribution towith 7 in kelvin. The experimental slope ofg} vs T2
the resistance (2) vanishes. However, this is not the cag€ig. 4) for thisV, is very close t@2 x 10° sec! K™
in the presence of a periodic potential, where the energin other wordsae smaller than (but comparable to) 1. For
and velocity are a nontrivial function @&f. weakerV, the value ofa is much smaller. While many

Using Mathiessen’s rule, the total resistancds the qualifications apply to this quantitative comparison, the
sum of thee-e contributionp.-., the phonon contribution agreement is encouraging and supports the idea that the
pph, and theT-independent resistangg,,, due to impu- observations can be attributed tee scattering, whose
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