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In-plane photocurrent of self-assembled InxGa1ÀxAsÕGaAs„311…B quantum dot arrays

H. Z. Song, K. Akahane, S. Lan, H. Z. Xu, Y. Okada, and M. Kawabe
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On self-assembled InxGa12xAs/GaAs~311!B quantum dots~QD’s!, photocurrent in the plane of QD arrays
was measured under irradiation with wavelengths longer than 850 nm~1.46 eV!. A sample with rather inho-
mogeneous QD sizes shows hopping conduction, indicating the localization of carriers in individual QD’s. A
two-dimensional QD superlattice, consisting of highly ordered and homogeneously sized QD’s, exhibits nega-
tive differential conductance~NDC!, i.e., photocurrent decrease with increasing applied voltage, in a limited
electric-field range. The pre-NDC conduction is argued to arise from the miniband, which is evidenced by the
photoluminescence, while the post-NDC conduction is found to be hopping as in a localized QD system,
suggesting a miniband destruction under an in-plane electric field as low as;103 V cm21. The miniband
transport is likely controlled by two-dimensional acoustic-phonon scattering.

DOI: 10.1103/PhysRevB.64.085303 PACS number~s!: 73.63.Kv, 73.21.La, 72.60.1g, 72.40.1w
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I. INTRODUCTION

Quantum dots~QD’s! have been widely investigated fo
over ten years because of their potential applications i
generation of electronic and optoelectronic devices. Q
related transport has attracted special attention, as it is
mately associated with device exploration. In self-assemb
quantum dots~SAQD’s!, most of the transport studies we
devoted to the vertical motion of carriers across a single
layer,1–4 in which the observations arise essentially from t
energy structures of isolated QD’s. Carrier transfer betw
individual SAQD’s is of more and more interest, owing to
possible application in quantum computing.5 Two-
dimensional ~2D! interdot conductance was observed
InAs/GaAs~Ref. 6! and Ge/Si SAQD systems.7–9 Due to the
strong localization of QD levels, hopping conduction w
identified in the plane of Ge/Si QD arrays at sufficiently lo
temperatures.8,9 However, the QD wave functions can b
well delocalized as the surrounding barrier becomes thin
low enough. One of its results is the strong interdot coupl
through resonant tunneling, as has often been observe
multilayer-stacked SAQD’s, in which the dots are vertica
aligned to be 1D finite arrays.10,11A more interesting case i
the 2D interdot coupling in the plane of the SAQD ensemb
If the periodicity of the dot array is good enough, the interd
distance is close enough, and the dot size is homogen
enough, an infinite 2D quantum dot superlattice~QDSL! is
formed with extended minibands instead of localized Q
states. A 2D QDSL is attractive because it may suppress
optical-phonon scattering,12 and can enhance the optic
non-linearity.13 The authors of Ref. 14 reported that the i
plane transport of an ordered silver QD array changes f
hopping to resonant tunneling as the interdot distance is
duced. From a CdSe QD ensemble, Artemyevet al.15 ob-
served an evolution from localized to collective electron
states as the QD density increases. In an InAs/GaAs SA
array, a large photoluminescence~PL! redshift was found to
be induced by the interdot coupling through strong wa
function overlapping.16 Recently, the optical properties of th
minibands in a 2D InxGa12xAs/GaAs QDSL were investi-
gated in detail.17,18 In this work, we compare the in-plan
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transport in different InxGa12xAs/GaAs~311!BSAQD arrays
by using photocurrent measurements. A QD ensemble w
quite inhomogeneous dot sizes shows hopping transport
tween the localized QD states. Negative differential cond
tance~NDC! was observed on a 2D QDSL. This behavior
considered to result from an evolution of the transp
mechanism from miniband to hopping conductions. Tw
dimensional acoustic-phonon scattering is probably do
nant in the miniband transport.

II. EXPERIMENTAL DETAILS

A. Sample preparation

The samples were grown by atomic-hydrogen-assis
molecular-beam epitaxy on undoped semi-insulat
GaAs(311)B substrates. On a 300-nm undoped GaAs bu
layer, InxGa12xAs QD’s were grown in the Stranski
Krastanov mode, followed immediately by a 10-nm undop
GaAs capping layer. The growth was subsequently ter
nated with a 30 nm 131017cm23 Si-doped GaAs layer.

In this paper, we refer to four sample Nos. 1–4, whi
are different only in InxGa12xAs growth. The QD growth
conditions for sample Nos. 1–3 are, 8.8-ML In0.4Ga0.6As
at 460 °C, 5.5-ML In0.5Ga0.5As at 460 °C, and
9.9-ML In0.4Ga0.6As at 470 °C, respectively. The wettin
layer thicknesses are estimated to be 5.5, 3.5, and 5.8 ML
sample Nos. 1, 2, and 3, respectively, according to the t
when the reflection high-energy electron diffraction displa
a transit from stringy to spotty patterns. Sample No. 4 i
control sample without any InxGa12xAs growth, but with the
same other layers as in sample Nos. 1–3.

B. Photocurrent measurements

On the surface of an as-grown sample, two planar con
pads, 10mm separated from each other, were made by all
ing the deposited Au:Ge~88:12! to form Ohmic contacts
down to the QD layer. The voltage was applied across
gap between two electrodes, so that the current flows par
to the sample surface. The doped top layer helps to fo
Ohmic contacts, but it is in fact completely depleted due
©2001 The American Physical Society03-1
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the surface potential in the free-surface region so that
dark current is suppressed. The photocurrent was gene
by irradiation with a 190-W halogen lamp normally incide
onto the sample surface. A low-pass filter with cutoff at 8
nm ~1.46 eV! was used in between the light source and
sample to populate the QD layer, and to constrain the sim
taneous excitation in bulk GaAs matrix. The current w
measured using a HP 4156B precision semiconductor pa
eter analyzer, with samples mounted in a table-top pro
system cooled by flowing liquid He.

Detailed measurements were preformed on the sam
with electrodes configuration leading to current along

@ 2̄33# direction, while other directions were checked at so
points of irradiation power and temperature. Single-color
radiation was also tried as a comparison. A band-pass in
ference filter with a 10-nm-wide transparent window a
various central wavelengths of 855–880 nm, or a monoch
mator, was used to replace the low-pass filter. A tunable
:sapphire laser is another tool for this purpose, especially
high-intensity irradiation. Unless specially indicated, ho
ever, the data shown in this paper correspond to curr
along the@ 2̄33# direction and the low-pass-filtered irradia
tion source.

C. Conventional measurements

As the central part of a sample, the QD’s were charac
ized in optical properties and microstructures. The PL sp
trum was measured with an excitation of the 514.5-nm l
from an Ar1 laser in a cryostat at liquid-He temperature on
sample piece cut from the same wafer as the photocur
sample. The QD morphology was imaged on uncap
QD’s, which were fabricated in nominally the same mann
as the photocurrent sample: by atomic force microsc
~AFM! at room temperature in air, using a Nanoscope
system.

III. RESULTS

The representative photocurrent-voltage (I -V) curves for
different samples measured at 4.5 K with an irradiation
tensity of 145 mW cm22, are shown in Fig. 1. First, the pho
tocurrent of the control sample No. 4 is much weaker th
the other three samples with QD’s. This indicates the valid
of using the low-pass filter to ensure that the main curren
a QD containing sample is in the QD layer. At high tempe
tures, the QD-related current is no longer much greater t
the dark current and the control sample, due to the therm
ized intrinsic carriers in the GaAs matrix. Accordingly, w
limit our study well below 100 K in this work. It is notable
that three samples with different QD’s exhibit distinctI -V
characteristics. Most interestingly, there is a clear NDC
havior, i.e., decreasing photocurrent with increasing volta
in a limited range from;1 to ;2 V in sample No. 1. The
pre-NDC I -V relation is Ohmic, which is implied by a
dashed line, while the post-NDC photocurrent is not Ohm
at such a low temperature. Sample No. 2 shows sim
Ohmic I -V characteristics. Sample No. 3 displays someth
generally observed in many samples. Its behavior lies
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tween the behaviors of sample Nos. 1 and 2. A transit
between two different Ohmic conductions, both of which a
guided by straight and dashed lines, occurs as the
changes. No NDC, but a gradual decrease of differential c
ductance, was observed from below 1 V to above 2 V.

As a reference for understanding the sample-depen
photocurrent behavior, we examine the difference of QD’s
optical and structural characteristics. Figure 2~a! illustrates
the AFM images of uncapped QD’s corresponding to sam
Nos. 1 and 2. The QD growth condition of sample No. 1
the same as the QDSL sample in our previous reports.17,18

The AFM data indicate that sample No. 1 has uniform Q
sizes of around 25 nm in diameter and around 1.5 nm
height, a highly ordered QD array, and a QD density of 1
31011cm22. The QD’s of sample No. 2 have rather inhom
geneous dot sizes ranging from 16 to 35 nm in diameter,
1.5 to 3 nm in height, a disordered array, and a density
231011cm22. Sample No. 3 contains QD’s with sizes o
around 30 nm in diameter and around 2 nm in height
density of 1.131011cm22, but a disordered array. The QD
of all these samples are close packed, which means a n
gible edge distance between neighboring dots with respe
the QD diameters. Figure 2~b! presents the PL spectra o
sample Nos. 1 and 2 measured at 4.6 K under different
citation densities. The maximum excitation density is su
that the photogenerated carrier density is much lower t
the QD density so as to avoid state-filling effects. The narr
spectrum of sample No. 1, peaking below 1.30 eV, is r
shifted, and narrowed further with decreasing excitation d
sity. The consistency with our previous studies reveals t
sample No. 1 is a 2D QDSL system, with extended miniba
states.17,18The PL spectrum of sample No. 2, peaking at 1.
eV, is quite broad, which is the result of a serious dot-s
fluctuation. Neither a peak shift nor a shape change is
served as the excitation density changes, suggestive o
isolated QD array as conventionally fabricated. Sample

FIG. 1. In-plane photocurrent vs applied voltage measured
der an irradiation intensity of 145 mW cm22 at 4.5 K for different
samples. The dashed lines guide the Ohmic photocurrent-vol
behaviors. Sample No. 4 is a control sample without QD’s.
3-2
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3, peaking at 1.32 eV, exhibits no shift on broadness cha
either. It is narrower than sample No. 2 but broader th
sample No. 1.

Detailed results of photocurrent measurements are
scribed below. We will focus on sample Nos. 1 and 2
emphasize the specialty of NDC-related physics. A gen
fact is that NDC photocurrent features can be readily
served even at an irradiation intensity as low as 1 mW cm22.
Figure 3~a! shows representativeI -V curves of sample No. 1
under different irradiation intensities. The critical bias
NDC for sample No. 1, which corresponds to the curr
maximum, is almost independent of the irradiation intens
as guided by a vertical dotted line. The post-NDC photoc
rent is weakly voltage dependent~non-Ohmic!. As the tem-
perature increases, its lower-bias side remains unchan
while the higher-bias side arises to become Ohmic. A co
pletely Ohmic post-NDC conduction appears above a cer
temperature, which decreases slightly from 20 to 10 K as
irradiation is enhanced. This is visible in Fig. 3~b!, where we
show a series ofI -V curves measured at different temper
tures, with an irradiation intensity of 70 mW cm22. In con-
trast to the varying character of post-NDC photocurre
there is always an Ohmic pre-NDC photocurrent in t
present measurement range. What is more important, one
see opposite temperature dependences of the pre-and
NDC photocurrents. The pre-NDC photocurrent decrea
while the post-NDC photocurrent increases with increas
temperature. As shown by the short dotted line in Fig. 3~b!,
the NDC onset voltage decreases slightly as the tempera
rises. Furthermore, the NDC feature of sample No. 1

FIG. 2. ~a! Atomic force microscopic images of uncapped QD
fabricated using the same growth conditions as those of sam
Nos. 1 and 2.~b! The PL spectra of sample Nos. 1 and 2 measu
at 4.6 K with different excitation densities.
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comes weaker and weaker as the temperature is raised, a
no longer accessible above 60 K. As for sample No. 2,
simple OhmicI -V relation remains for any irradiation inten
sity and temperature measured by us.

Corresponding to an Ohmic photocurrent, there is a w
defined conductanceG5I /V. Shown in Fig. 4, by scattered
symbols, are the irradiation-intensity~p! dependences of the
conductance. The dashed lines, which are proportional
tings of measured data, show that the conductance of sam
No. 2 and the post-NDC conductance of sample No. 1
proportional to the irradiation power. Although only an e
ample is shown~20 K for sample No. 1 and 4.5 K for sampl
No. 2!, this behavior is general over all the temperatu
available for these two Ohmic conductions. Nevertheless,
pre-NDC conductance of sample No. 1 depends subline
on the irradiation intensity at any temperature, as shown
the scattered solid symbols in Fig. 4. Figure 5 illustrates
temperature~T! dependences of the conductance of sam
Nos. 1 and 2 by scattered symbols. The pre-NDC cond
tance of sample No. 1 is nearly constant at low temperatu
but obviously decreases at higher temperatures. The p
NDC conductance of sample No. 1 and the conductanc

le
d

FIG. 3. The photocurrent curves of sample No. 1~a! for differ-
ent irradiation intensities at 4.5 K,~b! at different temperatures with
irradiation intensity of 70 mW cm22 as representative experiment
results. The thin straight dotted lines indicate the irradiation a
temperature dependences of the NDC onset.
3-3
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sample No. 2 are thermally activated, but is not simple
ponential function of 1/T.

The above data are those corresponding to current a
the @ 2̄33# direction, and the low-pass filtered irradiatio
Considering the possible anisotropy on the GaAs~311! sur-
face, such as the 1D corrugation structure along the@ 2̄33#
direction reported previously,19,20we compared the photocur
rent along the@011̄# direction and two diagonal direction
with respect to@ 2̄33# and @011̄#. Under our experimenta
condition, the current difference between these direction
less than 10%, which we can not exclusively ascribe to
microstructural anisotropy of the GaAs (311)B surface. This
is probably because the roughness or fluctuation due to
QD distribution, which shows no meaningful anisotropy
our present samples, is larger than that due to the atomic
scaled 1D corrugation structure on the~311! surface.19,20 In
addition, the photocurrent in the case of single-color irrad
tion shows no NDC behavior until the irradiation intensity
higher than 60 mW cm22. The observable NDC feature i
much weaker than that for low-pass-filtered irradiation w
the same intensity.

IV. DISCUSSION

A. Hopping conduction

Here we begin by discussing the result of sample No
as is relatively simple. Detailed examinations demonstr
that the conductance of sample No. 2 follows a stretc
exponential equation

FIG. 4. Scattered symbols: the measured irradiation-inten
dependence of the pre-NDC conductance of sample No. 1 at di
ent temperatures, that of the post-NDC conductance of sample
1 at 20 K and that of the conductance of sample No. 2 at 4.5
Solid lines: curves fitted by Eq.~2!, in which the parametera is
0.37, 0.34, 0.33, and 0.35 at 4.5, 25, 45, and 55 K, respectiv
Dashed lines: indication of proportional irradiation dependence
the conductance.
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G5G0e2~T0 /T!x
, ~1!

whereG0 , T0 , andx are constants. This is characteristic
the variable-range hopping of localized carriers, which w
widely studied in amorphous semiconductors and ot
systems.21 A conventional SAQD array, as a typica
localized-state system, is expected to show hopping tra
port, which has been proved in self-assembled Ge/Si QD’8,9

The post-NDC conductance of sample No. 1 follows Eq.~1!
as well. As indicated by the dashed lines in Fig. 5~b!, the
fittings of the data below 40 K to Eq.~1! give a power factor
x50.2860.04, which is universal over all the irradiation in
tensities for both samples. It is close to the theoretical va
of 1/3 for a 2D hopping conductivity.8,9,22The data above 40
K follow Eq. ~1!, with x being close to 0.5~not shown!,
which is consistent with the observation in Ge/Si SAQD9

The characteristic temperatureT0 in Eq. ~1! is determined by
the density of localized states and the localizati
length.8,9,21 In Ge/Si QD’s,T0 can vary from 400 to 1200 K.
Our fitted values, 920640 K for sample No. 1 and 1010
650 K for sample No. 2, are thus reasonable for the hopp
explanation.

The irradiation dependence of hopping conductance
Fig. 4 looks different from the peak behavior of the hoppi
current versus the carrier density observed in Ge/Si QD’s
which the maximum occurs when the conducting ene

ty
r-
o.
.

y;
f

FIG. 5. Scattered symbols: the measured temperature de
dence of~a! the pre-NDC conductance of sample No. 1 under d
ferent irradiation intensities, and~b! the post-NDC conductance o
sample No. 1 and the conductance of sample No. 2 with an irra
tion intensity of 145 mW cm22. Dashed lines:~a! curves fitted ac-

cording to Eq.~8!, with parameterĒph ~average acoustic-phono
energy! being equal to 5.1, 4.5, 4.6, 5.6, and 6.6 meV from t
bottom to the top curves.~b! Curves fitted by Eq.~1! for the mea-
sured data below 40 K.
3-4
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level is half-filled, as this maximizes the product of possib
initial and final states in hopping process.8 As a matter of
fact, the photocarrier density in our case is far below
half-filling of the ground states of QD’s, which keeps th
final states of hopping processes almost always empty.
accounts for the proportional hopping conductance ver
the irradiation intensity. The above analysis indicates that
highly biased sample No. 1 is an isolated SAQD system
which QD states are localized in individual dots, as
sample No. 2.

B. NDC mechanism

As mentioned in Sec. III, the optical properties signify t
miniband formation in the 2D QDSL sample No. 1.17,18 The
temperature dependence of the pre-NDC conductance is
sistent with bandlike transport in 1D superlattices.23 Then the
localization of QD states in sample No. 1, under an elec
field, is a result of miniband destruction. This is similar
the well-known Stark localization or electric-field-induce
electron localization in 1D semiconductor superlattices.23,24

High mobility is expected from miniband transport under
weak electric field, while the mobility drops remarkably u
der a strong electric field, since the hopping process ha
low probability.25 In other words, the observed NDC o
sample No. 1 is the result of a change of the transport me
nism from miniband conduction to hopping between loc
ized QD states.

As a necessary condition, the miniband width should
larger than the inhomogeneous broadening for both a
superlattice and a 2D QDSL. According to the Stark loc
ization in 1D superlattices, the onset of NDC correspond
the destruction of the miniband, which occurs at an elec
field Fc , such that the average potential drop across su
lattice periodd is equal to the miniband widthD, i.e., Fc
5D/ed, wheree is the electronic charge. Simply from th
criterion, the estimated miniband width of our QDSL is le
than 5 meV, which is much smaller than the inhomogene
broadening of a couple of tens of meV. To understand
ambiguity, we think that, due to the 2D characteristics
QDSL and the 1D electric field, the condition for 2D QDS
destruction is not as simple as that for 1D superlattices.
ditionally, it was found that Be doping in the capping lay
even as slight as;1015cm23, can destroy the miniband.26 It
is suggested that the QDSL miniband is not robust aga
some disturbance, which herein is an in-plane electric field
low as ;103 V cm21. Since the electric field dominate
when changing the miniband, the critical field of the NDC
almost independent of the irradiation power, well below t
limit of effective exciton-exciton interaction for degradin
the miniband coherence.17 The weak temperature depe
dence of the critical field of the NDC suggests that the th
malization of carriers makes a small contribution in destr
ing the miniband at temperatures below 60 K.

C. Miniband transport

To study the miniband transport, we first analyze the ir
diation dependence of the pre-NDC photocurrent of sam
08530
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No. 1. We find that the sublinear dependence of the pre-N
conductance on the irradiation intensity can be well fitted
a power law

G}p12a, ~2!

with a50.3560.02, as shown by the solid lines in Fig. 4. T
settle the microscopic mechanism, we need to associate
irradiation power with a conductive photocarrier concent
tion. This is complicated in principle, because, in contras
the good periodicity in 1D semiconductor superlattices, th
are large dots in our QDSL which result in localized sta
below the miniband mobility edge.17,18The photocarriers ab
sorbed by the miniband can thus be trapped into large d
which will lead to a reduction of conductive carriers. How
ever, this trapping is effectively reduced by direct photoa
sorption in the large dots, because the low-pass filter exte
the irradiation spectrum down below the mobility gap. Th
is proved by the fact that NDC is almost unobservable
rather weak if a single-color resonant irradiation source
used. Although the detailed mechanism is not clear yet,
may use this fact to suppose that the miniband carrier den
n is proportional to the irradiation intensityp. Accordingly,
we have the miniband mobility

m}G/n}n2a, ~3!

in which G follows Eq. ~2!. This relation, together with the
fitted power factora'0.35, is surprisingly identical within
experimental error to a well-explained observation in the
version layer of Si/SiO2 interface:m}n21/3 in the case of a
negligible impurity density with respect to the carriers.27 The
explanation in Ref. 27 is the scattering by acoustic phon
on the Si surface. In the present QDSL, undoped QD’s
the 10-nm undoped capping layer match the requiremen
few impurities. Consequently, the miniband transport in
2D QDSL is probably controlled by the scattering of som
2D phonons in the In0.4Ga0.6As/GaAs QD layer.

We shall now examine the validity of phonon scatteri
by studying the temperature dependence of the pre-N
conductance. Theoretically, the first-order phonon-scatte
rate can be given simply by the golden rule28

1

t if
5

2p

\ (
q

uMq
ifu2S 1

eEph~q!/kT21
11D d@E02Eph~q!#,

~4!

whereE0 is the energy difference from the initial~i! to the
final ~ f ! states,k is the Boltzmann constant,q is the wave
vector of the phonon,Eph is the energy of the phonon, an
the scattering matrix element

Mq
if5aq^ i ueiq•ru f &, ~5!

wherer is a position vector,q is the length ofq, and

aq}H q1/2 ~acoustic phonon!

q21 ~optical phonon!.
~6!

As an approximation, we introduceMq to present the tota
contribution of all possibleui& and u f & states. In the mean
3-5
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time, we convert the summation overq into an integral. Then
we have the overall scattering rate for one branch
phonons:

1

t
}*dquMqu2/~12e2Eph~q!/kT!. ~7!

Here we assume a negligible temperature dependenc
Mq ; then the temperature dependence oft is mainly deter-
mined by the factor 12exp(2Eph/kT), but will somehow be
influenced byMq . According to the result of phonon sca
tering in QD’s,Mq is governed byaq whenq is small, while
it rapidly decays to zero whenq is large.28 Owing to a lack of
knowledge about miniband wave functions, it is difficult
obtain the exactMq . By mathematical examinations of var
ous forms ofMq , we learned that the calculated result fro
Eq. ~7! can be well modeled by

t}12e2Ēph /kT, ~8!

where Ēph is a somewhat average value of the phonon
ergy. One exception is the case of an acoustic phonon w
rapid decay ofMq from q50, which seldom happens due
a power-law increase ofaq in Eq. ~6!.

Fitting the temperature dependence of the pre-NDC c
ductance of sample No. 1 to Eq.~8!, asG}m}t, we find a
good match between theory and experiment, as shown by
dashed lines in Fig. 5~a!. At the same time, the fittings yield
average phonon energies of 4.5–6.6 meV. Such small va
are hardly compatible with optical phonons, whose energ
in bulk GaAs and InAs are higher than 24 meV.29 In addition,
as in bulk semiconductors, the optical phonon scattering m
disappear much faster at low temperatures than acou
phonons.30 On the other hand, Raman scattering of acou
phonons in SAQD’s has been readily observed.31,32 It was
shown that acoustic-phonon modes in a 1D Ge/Si QDSL
substantially enhanced with respect to the material with
QD’s.32 Especially at low temperatures, acoustic-phon
scattering was found to be the dominant mechanism of
rier relaxation in QD’s.33 Accordingly, acoustic-phonon sca
tering is more likely than optical-phonon scattering to be
dominating mechanism. The 2D character of acou
phonons here may originate from the strain field in the pla
of the 2D QDSL.

Equation ~8! can be reduced to the simple relationm
}T21 seen in Ref. 23 at sufficiently high temperatures. T
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implies the self-consistency of our above argument of
acoustic-phonon scattering in the miniband transport.

D. Resonant tunneling

What has not been discussed so far is the non-Oh
post-NDC conduction of sample No. 1 at low temperatur
As a possible interpretation, we ascribe this to the reson
tunneling between neighboring dots, which occurs easily
cause of the better dot-size homogeneity than in sample
2. Since the hopping~phonon-assisted tunneling! is ther-
mally activated, it will exceed the resonant tunneling
higher temperatures, as shown in Fig. 3~b!. The unchanged
part of the post-NDC photocurrent of sample No. 1 at lo
temperatures is in agreement with the weak temperature
pendence of the resonant tunneling.9

V. CONCLUSION

In summary, we studied the in-plane photocurrent of d
ferent self-assembled InxGa12xAs QD arrays under weak ir
radiation, with photon energies lower than the band gap
the GaAs matrix. Hopping transport was observed in a Q
array with severely fluctuating dot sizes, indicating the loc
ization of carriers in individual QDs. The 2D QDSL exhibi
a clear NDC behavior in a limited electric-field range. T
pre-NDC conduction is ascribed to miniband transpo
which is probably dominated by 2D acoustic-phonon scat
ing. The same hopping conduction as that in isola
SAQD’s was observed after NDC, suggesting that the
tended miniband is destroyed by an electric field as low
;103 V cm21.
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