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We investigate low temperature transport 2060 X 200 arrays of GaAs quantum dots in which
coupling between dots and electron density is controlled by a single gate. Current-voltage curves obey a
power law above a threshold voltage with exponert5, and show discontinuous and hysteretic jumps
in the current, or “switching events.” Multiple switching events result in a hierarchy of hysteresis loops.
Switching and hysteresis decrease with increasing temperature and disappear above 1 K. A possible
mechanism for the hysteresis involving gate-to-dot tunneling is discussed.

PACS numbers: 72.20.Ht, 71.30.+h, 73.20.Dx, 73.20.Jc

The nature of charging effects and electron-electron innot the cause of hysteresis in our case. Instead, we pro-
teractions are central to much of the recent experimentglose that the hysteresis is associated with charge exchange
[1-3] and theoretical [4,5] work on semiconductor quan-in the form of a small leakage current to the gate in these
tum dots. A very interesting and experimentally assessstructures. Since theV curves were repeatable within a
able system is a two dimensional array with adjustableocoldown and stable during very slow sweeps, we believe
coupling between the array elements. As discussed in réhese effects are not related to changes in occupation of
cent theoretical studies [6,7], and as we will demonstratémpurity states.
experimentally, it is possible in this system to investigate Arrays of 200 by 200 dots were fabricated using a
possible collective effects in transport and their relationstandard modulation doped GaAs§AlGaygAs 2DEG
to the strength of dot-to-dot interactions. In particular, itstructure with an electron mobility 6£200000 cm?/V's
has been predicted that arrays of quantum dots show and a sheet density df.5 x 10" cm™ at 4.2 K. The
threshold for conduction due to the effects of disorder an@DEG layer is 770 A below the surface consisting of a
Coulomb blockade [6]. 300 A AlGaAs spacer above the 2DEG, a 170 A Si doping

In this Letter, we describe experiments on two dimendayer (v, = 3.8 X 10" cm™), and a 300 A undoped
sional quantum dot arrays where a single gate is use@aAs cap layer. To form the dots, “plus sign” patterns
to form and control the barriers between the individualwith a spatial period of 0.8:m [Fig. 1(b)] were formed
elements, as well as to change the density of the twby electron-beam lithography and subsequent wet etching
dimensional electron gas (2DEG) [Figs. 1(a) and 1(b)]roughly 800 A deep, through the 2DEG layer. We use
As shown in Fig. 2, the current-voltage V) characteris- a single Cr/Au gate deposited over the entire array as
tics of the arrays have two main features: a threshold for
conduction and multiple switching events accompanied by _
hysteresis. These features are very similar in appearance}
to those observed in a variety of other strongly interacting
systems, including sliding charge density waves (CDWSs)
[8] and magnetically induced Wigner solid (MIWS) sys-
tems [9]. By changing the gate voltagg, it is possible
to move between the hysteretic and nonhysteretic regime.
This also resembles the dynamics of the CDWs where
switching and hysteresis are known to be highly tempera- §
ture dependent [10,11]. In a control dot fabricated on the
same chip, we also observed a single hysteresis loop ac-
companied by a single switching event. This is different
than the behavior of most top-gated quantum dots studied
so far, an exception being the hysteresis observed by Wu
et al. [12] in double barrier lateral structures. In this case,FIG. 1. (a) Electron micrograph of part of te0 x 200 ar-
hysteresis was attributed to electron heating once the cufay. Electron gas is removed beneath darker regions; channels
rent begins to flow through the device [13]. Because th&etween dots can be depleted with a gate voltage in the range

. 2 —40 to —150 mV depending on the device. (b) Schematic
hysteresis and switching in our arrays occurs for currentsy ows the layout of the array, control device, and Ohmic con-

as low as 1.5 nA at voltages of 3.0 mV, that is, at picowatacts. The lithographic distance!™is 300, 250, and 200 nm
levels of input power, we believe that electron heating isfor device 1, 2, and 3, respectively.
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T s / 710V ' J be noticed very clearly. In all hysteresis loops observed,
041 98mV. 114mV | the sw!tch!ng-on voltage for increasing is larger than
106 the switching-off voltage wheiv,,, is decreased, that is,
-106mV -118mV

all hysteresis loops are counterclockwisel/ins V. We

0.3 12_211;;\[7 also find counterclockwise subloops on both the upper and
_ lower parts of the curve if the sweep direction is reversed
é 02 following a current jump.
e Figure 3 shows that switching voltages decrease for
increasing temperature, and the width of each hysteresis
0.1 4 loop also decreases as the temperature increases. It is
possible to see in Fig. 3 the dissociation of big loops
— into smaller ones and their disappearance at different tem-
0.0 .

peratures lower thar700 mK. There is also an apparent
L L L L J L L | trade off between gate voltage and temperature: At
700 mK, the hysteresis can be recovered if the gate
Vare (V) voltage is made 20—30 mV more negative. However, the
FIG. 2. TypicalI-V curves for several gate voltages (device "atio of the loop width to the switching voltage is always
2) measured at base temperature~ 20 mK). The curves are smaller than that at 20 mK. This Suggests that SWItChlng
offset in proportion to gate voltagéV,) for clarity. V.. is and hysteresis will inevitably disappear at sufficiently
the voltage measured directly across the array in a four-leaﬁigh temperatures regardless of gate voltage. Indeed, at
configuration. 4.2 K, we observe no hysteresis at all in any of the
samples.
well as over an isolated control dot which has the same We also investigated thé-V properties of the single
dimensions as each individual array element (Fig. 1)control device located adjacent to the array on each
A small negative voltage [{,| = 300 mV, typically) sample, using the same experimental measurement con-
constricts the barriers by increasing the lateral depletiofiguration as for the arrays (Fig. 4). In the case of a sin-
and raising the potential in the barrier. This greatlygle dot, we observe no hysteresis near pinch off
increases barrier resistances between the dots without375 mV), however, beyond a gate voltage20 mV
producing large density changes within the dots (roughlymore negative than this pinch-off value, a single hystere-
630 mV is necessary to fully deplete the 2DEG). sis loop appears accompanied by upward and downward
The devices were measured in a dilution refrigeratoswitching events. Here we define pinch off as the regime
at mixing chamber temperature from 20 to 700 mK. Awhere the device (array or single dot) has negligible
dc voltage bias which could be swept, plus a AV,
11.4 Hz ac voltage bias were applied across the array.
The voltage dropped across the ar(&y,) was measured
using two other Ohmic contacts. The ac lock-in measure
ment directly gives differential conductangg;/dV.. as
a function ofv,,. In practice, however, the deV mea-
surements were quite clean and sufficiently characterize
the observed behavior. We will therefore focus on the
dc results here. In order to symmetrize th&, the gate <

voltage was referenced to the midpoint of the source-drai =
voltage by means of two 10(k resistors. = 02 T=220mK ,’fﬁ/

0.5

Figure 2 shows general-V curves as a function

of the gate voltageV,. These curves illustrate typical T=170mK
multiple hys_teresis loops as a function of the interdot  0.1- T=70mK
coupling adjusted by the gate. Fop = —98 mV, the
I-v curve has a single loop near 4 mV bias voltage. T=20mK J
As the gate voltage becomes more negative, the widt 00 ' ' ' ]
of this loop increases and a new hysteresis loop appea
for V, < —106 mV. These two loops merge at a gate
voltage between—114 and —118 mV. Figure 2 also FIG. 3. I-V curves (offset for clarity) for device 2 at, =

illustrates the discontinuous jumps in the current (within 115 MV at various temperatures. Inset shows finite con-

h luti f inale dat int hich ill ref ductance around zero bias for higher temperature data (
e resolution of a single data point), which we will refer gy" )" (solid curve) on enlarged vertical scale, along with

as “SWitChiﬂg events.” In the CUF_VeS_WE < —118mV,  a two-parameter fit by the activated forln = K, Sin(K, V)
multiple switching events occurring in a single loop can(dashed curve). Fit givek; = 3.4 nA andk, = 0.27 mV 2

Ve (MV)
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0.001] a FIG. 5. (a) I-v curve of array (device 1) near threshold
) , : : | K | (solid curve) along with three-parameter fit to the power law
2 4 6 8 10 12 Iy = C(V — Vp)¢ (dashed line) giving’ = 1.47. Inset shows
Vy, (mV) threshold voltagev; as a function of gate voltag€,; power
ot

law exponents werel.4 < ¢ < 1.7 over this range ofV,.

FIG. 4. I-V curves for the single dot (control device 2), at (b) 7-V curve of single dot (control device 1) near threshold
various gate voltageg,. The curves are offset in proportion to (solid curve) along with three-parameter fit by the power law
gate voltage for clarity. The inset is the schematic illustrationfss = C(V — Vr)¢ (dashed line) giving’ = 0.50.

of expected change in dot-dot and dot-gate transparencies

as a function of gate voltage. AV, =0, the resistive

coupling between dots is large. As the gate voltage becomegoltages) the overall arraftV curve remains concave up,

more negative dot-dot transparency decreases (a), and, aftelan 3 similar power law dependence with small hystere-
crossover (b), the gate-dot transparency can become greater

than the dot-dot transparency (c). In this last situation, there iSlS loops ar_1d switching events superl_mposed. For even
non-negligible resistive coupling between the gate and dots. MOre negative gate voltages, hysteresis becomes well de-
veloped and the exponedtdecreases towards 1. Theo-
retically, an/-V dependence with an exponeznhas been
conductance near zero bias, i.e., th& curve has zero predicted for 2D quantum dot arrays by Middleton and
slope at the origin. Thé&-V curve for the single dot has a Wingreen [6] for small capacitive coupling between the
very weak temperature dependence compared to the arrayots, which is the nonhysteretic regime. Our results are
and the width and location of the hysteresis are unchangezbnsistent with this prediction. The authors also found an
up to 700 mK. As in the array, no hysteresis is seen aincrease in the threshold voltage with smaller capacitive
4.2 K for any gate voltage. Unlike the arrays, no subloopgoupling between the dots. Experimentally, as the gate
or multiple switching events are observed in the singlevoltage is made more negative, the capacitive coupling
dot. Although the lithographic dimensions of the singlebetween the dots decreases and the threshold voltage in-
dot and array are nominally identical, in all cases, pincicreases, also consistent with their results.
off of the single dot occurs at a considerably larger gate With increasing temperature, the threshold voltage de-
voltage than for the array. We do not know at present ifcreases as seen in Fig. 3. Also, for sufficiently high tem-
this difference is due to the details of the device desigmperature, the conductance around zero bias becomes fi-
and fabrication, or whether it results from a significantnite with an activated forniy, « sinh(constx V,,). For
dot-dot interaction. device 2 atV, = —115 mV (Fig. 3) a small finite con-
We next discuss an important difference in the cur-ductance around zero bias appears abewd0 mK.
vatures of thel/-V characteristics of the arrays vs single Between~300 and 600 mK this activated conductance
dots: Thel-V curves for the arrays are concave up abovecontinues to be accompanied by a rapid (superexponen-
a threshold, while for the single dots they are concavdial) increase of current around,, ~ 12 mV. However,
down above a threshold. More quantitatively both the arabove 600 mK, this sharp turn-on is washed out and the
ray and single dof-V curves can be very well fitted with activated form describes thieV curve over the full range
a power law dependendg,C(V — V7)¢, whereVy is a |V, | < 15 mV.
threshold voltage. This form works especially well when For the single dot, the same form of power ldy =
the gate voltages are such that the array (or single devic&)(V — V)¢ is also observed in the range of gate voltages
is pinched off but there is yet no hysteresis. For the arbetween the pinch off and the hysteretic regime. For these
rays, this corresponds to a range of gate voltages 2—3 mygate voltages, the array and single dot threshold voltages
more negative than the pinch-off voltage. In this region,(Vy) are of the same order of magnitude. We believe
¢, for the array is in the range 1.4-1.7 [Fig. 5(a)]. Thethat, because of the inherent disorder in the array and the
threshold voltage increases as the gate voltage is maaxponential dependence of the tunneling current on barrier
more negative, as shown in the inset of Fig. 5(a). Evernheight and shape, a large fraction of the applied voltage will
when hysteresis is present (at slightly more negative gatlee dropped across a few dots, which constitute bottlenecks
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to the flow of current. Therefore, the threshold voltage peteretic can be pushed into the hysteretic regime by the
dot in the array may be comparable to that of the single dompedance of its neighbors, which effectively raiges
when one considers only those dots with significant voltagand R, for that dot. The connection between hysteresis
drops rather than all dots across the array. and switching and a nonzero gate-to-2DEG current is also
For the single dot ~ 0.5 [Fig. 5(b)] near threshold, suggested by a model of controllable switching in CDWs,
and thel/-V curve becomes concave up only at high biasn which switching and hysteresis are induced by coupling
voltages (Fig. 3). The concave down shape near threshottie CDW to the background of uncondensed electrons [16].
(¢ ~ 0.5) is not found at higher temperatures ¢ 4.2 K),  We note, however, the microscopic mechanism leading to
and at the same time the possibility for hysteresis at anfysteresis and switching in CDWs remains controversial.
V, is also eliminated. There is an intriguing similarity Indeed, we believe that the simple and controllable nature
between these experimentally observed exponents for ttef quantum dot arrays provides a useful new system in
single dot(¢ ~ 0.5) and the array¢ ~ 1.5), and those in  which to experimentally explore general models for con-
the sinusoidal washboard potential model used to explaitinuous and discontinuous depinning transitions in CDWs
the I-V characteristics of pinned CDWs [8]. For a single and other nonlinear systems. Further detailed studies of
degree of freedom the CDW model gives= % [8], while  the observed hysteresis and its connection toRGSET
the mean field model with many degrees of freedom givesnodel [15] will be presented in subsequent publications.
(= % [14]. We would like to thank L. P. Kouwenhoven, M. I. Dyk-
To address the cause of the hysteresis, we considerraan, A.A. Middleton, P.L. McEuen, and N. S. Wingreen
model of a semiconductor quantum dot that includes dor useful discussions. C.I.D. and J.S.H. acknowledge
weak resistive coupling from the 2DEG to the gate showrsupport from JSEP Grant No. DAAH04-94-G-0058.
in Fig. 4, inset. We believe this coupling is particularly R-M.C. and C.M.M. acknowledge support from the
important in our samples because the dots are formeddSF-MRL Program through the Center for Materials
by wet etching with a gate that fills in the etched re-Research at Stanford University.
gions. This allows high resistance (typicaiiy0® Q) bar-
riers to form along the sidewalls of the dots. Rt =
—100 mV a gate current of~75 pA is measured for
the deep etched devices (1, 2, and 3) reported here. 4] L.P. Kouwenhoveret al.,, Z. Phys. B8S, 367 (1991).
other shallow-etched samples, which in general did notl2] A-T. Johnsoretal., Phys. Rev. Lett69, 1592 (1992).
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measured at the same gate voltage. The mechanism b£/4] gé'vlg%fé' (T.gg.l;/vlngreen, and P.A. Lee, Phys. Rev. Lett.
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