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We study the conductance of a disordered two-dimensional electron s§AHE® at a mesoscopic length
scale in which the localization length can be controlled and varied during an experiment. The localization is
induced by a quantum dot layer adjacent to the 2DES, whose charge occupancy can be controlled optically.
Under illumination the 2DES conductance increases in sharp steps due to the discharging of individual dots by
single photo-excited holes. As the 2DES localization length increases, electron transport evolves from hopping
through a small network to direct tunneling across the sample.
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As the dimensions of electronic circuits continue tofact that we can tailor the localization potential created by a
shrink, device dependent differences in their characteristickyer of charged self-assembled InAs quantum dots adjacent
become increasingly problematic. For example, statisticalo the 2DES with photo-excited holes. Under weak illumina-
variations in the number and location of electron localizationtion we observe step-like increments in the 2DES conduc-
centers can be expected to lead to a variation in the condu#ance, due to the reduction of the charge in one of these dots
tance of different devices. Al'tshuler predicted that for disor-by one electron. By analyzing the magnitude of these con-
dered metals near the Anderson transition the variation igluctance increases caused by the discharge of a single re-
conductance between samples in the limit of zero temperamote charge center, as well as the temperature dependence of
ture should be of the order ¢€%/h). It is well known that the 2DES conductance, we elucidate the transport mecha-
the particular arrangement of localization centers within ahisms in this structure. The experiments suggest that illumi-
sample produces conductance fluctuations as a function @@tion results in an evolution of the mechanism from a modi-
gate bias or magnetic field which are unique to each mesodied picture of variable range hopping through a small
copic samplé:® In this letter we present an experiment in Network to direct tunneling between the contacts.
which the configuration of localization centers can be varied Previous studies of transistor structures containing a layer
systematically at the single electron level within a singleof quantum dots have demonstrated that the 2DES conduc-
sample, during a single experiment. We show that the magiance is bistable, due to trapping of charge within the
nitude of the resulting changes in conductance provides g8ots***When the quantum dots are placed in close vicinity
sensitive probe of the underlying conduction mechanisms. t0 the 2DESs, several conduction band levels of the dots lie

Conduction in strongly localized electron systems at lowbelow the Fermi energy and they trap several excess
temperatures can be described by variable range hoppirfjectrons:* These charged quantum dots limit the mobility of
(VRH)8-? over localized states with energies close to thethe 2DES, and can lead to a metal insulator transittsrhe
chemical potentialx. In VRH the average hopping length charge state of the quantum dots can be controlled by optical
and resistance increases as the sample temperature is fumination and applied gate bias. Photo-excited holes cre-
duced, because fewer states lie withisT of the chemical —ated, either within the AlGaAs barriers or GaAs channel, by
potential. In the two-dimensional case of Mott VRHthe  optical illumination, are attracted to the negatively charged
resistivity p, of the sample is given by=p,exp(T,/T)¥/3, ~ dots. After capture of a photo-excited hole and subsequent
whereT is the sample temperature. Although this relation-fecombination, the net negative charge of a dot is reduced
ship was derived for non-interacting electrons, it has beely one electron. This reduces the electrostatic effect of the
found to describe an interacting cds@he characteristic dot upon the 2DES and thereby increases the 2DES conduc-
temperatureT, is related to the localization length vial? ~ tance. The dots can be recharged with electrons by apply-
To=BIg(u)ks?, Whereg(u) is the density of states evalu- INg @ positive bias to the gate, returning the 2DES to its

ated at the chemical potential and the consigntl3.8. In  low conductance state. It was observed that this bistability
turn the hopping length is approximately given as in the conductance of the 2DES can persist over a period of

weeks at 4.2 K.

T\ Y3 The sample under study is a modulation doped

r= §<?> . (1) GaAs/AlGaAs quantum well grown by molecular-beam ep-

itaxy containing a layer of InAs self-assembled quantum dots

We study here the evolution of electron transport in awithin one of the barrier layers. The layer structure grown
strongly localized two-dimensional electron syst€DES  on top of a GaAs buffer was 250 nm ALGa ¢AS, 40 nm
as the localization potential is altered site-by-site at thgn-type Si doped 18 m™) AlysGasAs, 40 nm
single electron levetluring an experimentThis exploits the  Alg 34G& 6AS, 20 nm GaAs channel, 10 nm ALGa, gAS,
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FIG. 1. Resistance as a function of temperature for the meso-

scopic sample prior to illumination. Increasing gate voltage shows | . ) ) o L
P ple p 99 9 hilst subject to ultra-low intensity illumination. The three seg-

weaker dependence signifying the tunneling regime. The insef" . ) .
P gnifying g reg ents are from a single experimental run each spanning an order of

shows the temperature dependence of the mesoscopic sample fopents . . ) )
lowing illumination. More negative gate voltages were required tomagnltude in units of?/h. (d) Conductance evolution of an inde-

observe an activated dependence pendent sample defined by a split-gate technique.

FIG. 2. (a—«c) Conductance evolution of the mesoscopic sample

InAs QD layer, 60 nm AJ:Ga gAS, 30 nm (n-type Si We can interpret this behavior within a variable range
doped 18*m™3) Aly3GaeAs, 10nm GaAs. Tran- hopping framework which takes into account the meso-
smission electron micrographs indicated that the density o$copic dimensions of the sample. The average hopping
quantum dots was 1.2610* m~2. The 2DES sheet density length increases as the temperature is reduced, according
and mobility of an ungated structure at 4.2 K, after photo-to Eq.(1). For the most negative gate biases in FigV}=
ionization of the DX centers, were 2.810®°m™ and -0.1858 \j the transport proceeds by a series of hops across
8.2x 10° cn? V151, Optical lithography was used to fabri- the sample at all temperatures studied, leading to a mono-
cate transistor structures, with aydm-wide mesa between tonic increase in resistance with decreasing temperature. For
the source and drain, covered by aufr-long, semitranspar- less negative gate bias¢sigher 2DES densiythe localiza-
ent NiCr gate. Measurements were taken using a standatibn length is longer. For these gate biases the hopping length
low-frequency ac lock-in technique. Illlumination was pro- can be comparable to the gate length at the lowest tempera-
vided by a red LED emitting at 650 nm. Following each tures. Thus we associate the plateau regions observed at low
cool-down, the sample was flashed with illumination to ion-temperature with tunneling directly between the contétts.
ize theDX centers. For determining the temperature depenThis process is essentially temperature independent because
dence of the sample resistance the power dissipated was kegit the availability of a continuous density of states in the
less than 30 fW. contact regions. Consistent with this explanation, the width
The resistivity of a macroscopic 2DES with dimensionsof the temperature independent region increases with 2DES
750 um X 1500 um fabricated from the same wafer displays density in Fig. 1, due to the associated increase in localiza-
a strong temperature dependence. After charging the quatien length.
tum dots with electrons, so as to form a strongly localized The inset to Fig. 1 displays the temperature dependence of
2DES, the temperature dependence was found to obey thRe resistivity of the mesoscopic 2DES after relatively strong
Mott VRH formula closely. Fitting a characteristic tempera- illumination for 5 s. lllumination reduces the electron occu-
ture to this dependence allowed the average localizatiopation of the quantum dots, which smoothes the localization
length to be determined at different gate biases. As expecte@ptential induced by the dots and thereby greatly enhances
the localization length, and hence hopping length, is seen tthe localization length at a fixed gate bias. This is readily
increase with the 2DES densftyChanging the gate bias apparent in the inset of Fig. 1 where a more negative gate
from Vy=-0.18 V to —0.155V increased the localization bias (lower 2DES densityis required to recover activated
length from é=245 nm to 530 nm, corresponding to an in- behavior.
crease in hopping length at 4.2 K from 700 nm to 900 nm. The evolution of the conductanc®, at 4.2 K while sub-
Thus by altering the gate bias, we can vary the average hofect to a continuous very weak photon flux is shown in Figs.
ping length around the dimensions of the mesoscopi@(a-2(c). For this experiment the quantum dots were first
sample. repopulated with electrons by applying a pulse of positive
Figure 1 plots the temperature dependence of the resisias to the gate. The gate bidgwas then set to —0.23 V and
tance of the mesoscopic 2DES, recorded for differenthe sample subject to a weak photon flux at 650 nm of
gate biases. At the lowest 2DES dendity=-0.1858 \j in ~ ~0.8 s um™. After switching on the illuminationG was
Fig. 1, the resistance increases monotonically with decreasbserved to increase in a series of discrete steps e&r
ing temperature. For higher 2DES densities a plateau witlorders of magnitude. Each step represents a chanGedine
reduced temperature dependence develops at the lowest teto-a change in the impurity configuration by one. Similar
peratures. behavior was seen for a wide range of gate biases. Notice
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s 5004V it X100 an approximately linear dependence (@)._Least squares
ol ¢ 100 4V ot ] fits to the latter portions of Fig. 3 vyields slopes of
= 1 e a8 0 A=1.0£0.1,1.12+0.10, and 1.04+0.15 for tMg,=50, 100,
oS 1 and 500uV curves, respectivel
S ¥ m , respectively.

o . 3 As discussed above we expect strong localization of the
© ‘ L 2DES during the initial stage of the experiment when the
10 + ¢+t / 1 conductance is low. This suggests that the {&y part of the

* st curve, for whichéG increases only weakly witkG), is due
e . . 1 to transport through a hopping network. In a hopping net-
10° 0.1 work, the transport can occur through several conducting
<G> (/) paths across the sample. We suppose that during this phase of

the experiment, discharge of some of the dots can alter the

FIG. 3. Statistics at 4.2 K of single-photon induced COﬂdUCtanCQ]etwork of Conducting paths across the Samp'e or create new

steps for three different source-drain voltages. Also shown are thgaths. This produces a relatively large change in the conduc-

statistics of single-photon induced conductance steps in a samp. nce whose magnitude depends only weakly on the conduc-

defined with split-gates. Solid lines are fit to the data with slopestance of the other paths in the network. This regime was not
A=1.0,1.12, and 1.04 from top to bottom. observed in the/sp=500 uV case, which may be because

that during the initial stages of the experiméRig. 2a)), the ~ €nergetic electrons can bypass some hops allowing direct
conductance increases in a series of relatively large step#inneling across the sample.
During the later stagegFigs. 2b) and 2c)), the fractional As the experiment proceeds, the localization lengthd
change in the conductance due to each step is sm@her.  thus the hopping lengjtincreases. The hopping network re-
though, of course, thabsolutechanges in conductance are duces in complexity and eventually, the conduction will be
larger in Fig. 2b) than Fig. 2a).) At the end of the experi- dominated by tunneling directly between the contacts
ment, the conductance saturate&at 0.1 €2/h whilst exhib-  through the repulsive potential induced by the charged dots.
iting random telegraph switching, resulting in downward aslt is unlikely that the tunneling probability will be uniform
well as upward steps:18 across the sample, but rather will be dominated by a “punc-
The temperature dependence of Fig. 1 reveals that aftéure” in the barrier of high transmissivif*® The sample
charging the quantum dots with electrons, the 2DES will bgetains single photon sensitivity in this regime, because dis-
strongly localized aV;=-0.23 V. Thus we can expect the charging of a quantum dot by a photo-excited hole reduces
conduction to take place through a small hopping network irthe height of the tunnel barrier. We ascribe the portions of the
the early stage of Fig. 2. After strong illumination the inset ofcurves in Fig. 3 showing a linear dependence’Gfon (G)
Fig. 1 shows that the resistivity is temperature independent d@b this tunneling process. Such a linear dependence may be
Vy=-0.23 V, demonstrating that tunneling between the conunderstood within a simple model of quantum mechanical
tacts dominates. Thus we can access an optically inducednneling through the potential barri®i(x) induced by the
crossover in the conduction mechanism during the course afegatively charged dots. Sin€goTxexp(-«xa) whereT is
the experiment in Figs.(8)-2(c). the transmission probability andec\V(x), then in a first
A statistical analysis of the conduction steps provides furapproximation logiG=log(G), in agreement with the fitted
ther insight into the evolution of_ electron tra_nsp_ort in the_gradients. A complex dependence & upon (G) can be
2DES as the quantum dots causing the localization are digspserved at the highest conductan¢e® x 1072 €2/h). This

gharged one Ey 0”3' In order to Obtﬁ'n a §ta}:|§t|cally Va“%ay derive from competition between many tunneling paths
ata set, each conductance trace shown in Fig®—2Zc) dipenetrating the gated area of the sample.

was repeated 10 times using identical experimental con Further evidence for a tunneling mechanism at high con-

t?ons. This typically_yielded 500 steps for analysis at a Paquctances is provided by a separate experiment on a quantum
ticular ;et of cond|t|0ps. Th? he'ght (_)f each S(e*s,) Was 4ot 2DES with a split gate geometry. This sample provides
determined as a function of its midpoif{t3)), as defined in 5.cess to higher conductances than are possible with the full
the inset of Fig. 2. The results of counting the steps at thregate devices described above. The epitaxial layer structure of
different source-drain voltage¥sp=50,100, and 50QV  this sample, full details of which are given elsewh&rés
are shown in Fig. 3. Each point was obtained by averagingjmilar to that of the full gate structure, except that the dot
the tptal number_ of steps in a smt:_able conductance W'”do"éﬂensity is lower. The gap between the split gate has a width
and is shown with the corresponding standard errofGh  of 400 nm and a length of 100 nm. Application of negative
and 6G. The points forVsp=100 and 50QuV are offset in  yoltage to each arm of the split-gate reduces the 2DES den-
Fig. 3, by multiplying G by factors of 10 and 100, respec- sity in the underlying regions, leaving a narrow conducting
tively. channel in the gap between the gate&urther increasing
Notice in Fig. 3 that the absolute step heig generally  this negative voltage results in lateral depletion of this nar-
increases with the conductan¢®). The data taken for the row channel until the conduction band is raised abgye
lowest two source-drain biases show clear evidence for &ransport can then proceed via tunneling across the potential
cross-over of the dependence &5 upon(G). For low con-  minimum, as is the case for our experiment.
ductances, the step height shows only a weak dependence The dimensions of the split gate ensure that the transport
upon the conductance, while for highéB), 6G displays is dominated by tunneling. The split gate has a length of
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100 nm, much less than the hopping length under these exharge trapped in a quantum dot layer can be reduced elec-
perimental conditions. We can therefore expect that condudron by electron, resulting in sharp step increases in the
tion in the split gate will be controlled by tunneling through 2DES conductance. After charging the dots with electrons,
the potential barrier caused by the split gate potential and thghe 2DES is initially strongly localized, and transport occurs
negatively charged quantum dots. As shown in Fig)2he  via a small network of hops. This explains the observation of
conductance of the split gate increases in a series of shagtivated transport and a weak dependence of the magnitude
steps under weak qptical iIIuminatipn, similar to those seeryf the photon induced steps on the conductance. When the
fc_>r the full gate QeV|ce. Each step is due to the capture of fopping length approaches the gate length, conduction elec-
single photo-excited hole by a quantum dot, which reducegons can tunnel directly across the active area. This process
the_ height of the tunnel barrier thro_ugh the split g&&he is characterized by temperature insensitivity and a linear de-
height of the conductance steps which we observe under colangence of the photon induced conductance step heights on
stant illumination atVsp=20 uV for the split gate is also  he conductance. These experiments are the first to access
shown in Fig. 3. Notice that the magnitude of the conducqnqgyctance fluctuations over such a wide range of conduc-
tance steps in the split gate follows the same trend as in thgnce This is a direct consequence of being able to repeat-

full gate 2DES. This is further evidence that tunneling domi-ed|y change the configuration of impurities in a single
nates in both types of structure at these conductances.  ggmple.

In summary, we have presented a 2DES system in which
the localization potential can be controlled optically. We thank Arindam Ghosh and Nigel Cooper for useful
Through the capture of single photo-excited holes, remoteliscussions. N.S.B. thanks EPSRC and TREL for funding.
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