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Electron transport in quantum dot chains: Dimensionality effects and
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Detailed experimental and theoretical studies of lateral electron transport in a system of quantum
dot chains demonstrate the complicated character of the conductance within the chain structure due
to the interaction of conduction channels with different dimensionalities. The one-dimensional
character of states in the wetting layer results in an anisotropic mobility, while the presence of the
zero-dimensional states of the quantum dots leads to enhanced hopping conductance, which affects
the low-temperature mobility and demonstrates an anisotropy in the conductance. These phenomena
were probed by considering a one-dimensional model of hopping along with band filling effects.
Differences between the model and the experimental results indicate that this system does not obey
the simple one-dimensional Mott’s law of hopping and deserves further experimental and

theoretical considerations.

. INTRODUCTION

Progress in nano-scale electronics architectures and the
continuous search for ultra-small circuit components have
resulted in increased interest in the unique properties of low-
dimensional systems such as quantum wires (QWRs) and
coupled quantum dots (QDs). Recently, using molecular-
beam epitaxy and strain engineering, a unique system of
aligned quantum dots, i.e., quantum dot chains (QDCs), were
successfully synthesized.'? In previous reports, using struc-
tural and optical characterization techniques, it was shown
that the QDC systems have a complex band structure caused
by the combination of two-dimensional (2D), one-
dimensional (1D), and zero-dimensional (0D) densities of
states.* In this regard, systems of 1D coupled QDs have
attracted much attention both in order to understand the
underlying physics® and to develop novel devices. The co-
existence of 2D and 1D states, that are important for
enhanced electrical conductivity, as well as 1D and 0D
states, that can play a role in the suppression of thermal con-
ductivity, also makes this system a potential target for devel-
opment of thermoelectric applications.®

In this work, we study electron transport in a system of
QDCs and compare it to 1D hopping models. The presence
of 0D states on top of a 1D wetting layer (WL) makes the
electron transport in QDCs different from a system of con-
tinuous wires. This results in a different anisotropic
response as well as enhanced hopping at low temperatures.
The transport was probed with respect to band filling phe-
nomena by supplying various concentrations of free carriers
through remote doping in the GaAs barriers. Thus, the effect
of changing the relative position of the Fermi level can be
determined.

¥ Authors to whom correspondence should be addressed. Electronic addresses:
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Il. EXPERIMENTAL

All samples were grown in a solid source, Riber 32P
MBE system. After deposition of a 300 nm GaAs buffer
layer onto a (100) semi-insulating GaAs substrate at
580°C, the growth temperature was reduced to 540°C for
the deposition of 9 ML of Ing43Gags»As to form a layer of
QDs (see Fig. 1). The QDs were buried by 17.5nm GaAs
(the first half of the spacer layer) at the same temperature.
Following this, the temperature was rapidly increased to
580°C and the second half of the 17.5nm GaAs spacer
layer was deposited. The cycle was repeated 10 times to
form rows of dots, aligned along the [110] crystal direction.
The next 5 periods of QDCs were grown similarly with the
addition of a Si-d-doping layer in the middle of each GaAs
barrier at the QD growth temperature of 540°C. The
d-doping layers were followed by 5 ML of low temperature

9 ML Ing 44Ga, 5,As QDs
17.5 nm GaAs

9-0-0-0-0-0-0-0-0-0-0-0-0000000-0000 4—8'd0 in
> 17.5 nm GaAs P
9 ML Ing 44Ga, 5,As QDs
= 35 nm GaAs
X

9 ML Ing 45Ga, 5,As QDs

300 nm GaAs buffer
(100) GaAs, S.I. substrate

FIG. 1. Schematic of the layer structure of the QDC samples grown by
MBE. The 6 doping was located in the middle of each GaAs spacer layer
only for the last 5 periods of growth. Three samples with different doping
were prepared: sample A Nap 1 x 10" cm™2, sample BNyp 7.5
x10" cm~2, and sample C Nop 5 x 10" em~2,

© 2013 AIP Publishing LLC



183709-2 Kunets et al.

(540°C) GaAs to ensure an abrupt doping profile. After
which, the rest of the GaAs spacer was grown at 580°C,
again following a rapid temperature rise. Each sample was
capped with an unburied layer of InGaAs QDs for AFM
studies. Three samples were grown with varying doping
concentration: sample A with Nap = 1 x 102 cm 2, sam-

ple B with Nop =7.5x 10" ¢cm 2, and sample C with
Nyp =5x 10" cm 2.

J. Appl. Phys. 113, 183709 (2013)

lll. RESULTS AND DISCUSSION

Figure 2 presents representative atomic force microscope
(AFM) images of the QDCs in our samples. The long chains
of InGaAs QDs are well organized parallel (||) to the [110]
crystallographic direction over long distances and perpendic-
ular (L) to the [110] direction which runs across the chains.
AFM analysis of the surface QDCs, Figs. 2(c) 2(e), has

> % P8 .8 W

FIG. 2. (a) 5 x 5 um? AFM topography
image of QDC sample C. The chains are
aligned along the [110] crystallographic
direction; (b) 1 x 1 gm? AFM image of
the same sample; statistical distribution
with Gaussian fits of the (c) QD height;
(d) distance between QDs, d;,, within the
chains (peak to peak) measured along
[110] direction; and (e) distance between
neighboring chains, d,., measured peak

to peak; (f) hall bar structure used for
electrical characterization with a channel
width of 25 ym.
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revealed the average height of the QDs, the average radius of
the QDs, the average spacing of the QDs within a chain, and
the average chain to chain spacing to be: h ~ 7.6 nm,
r ~ 27 nm, dj. ~ 57 nm, and dp. ~ 137 nm, respectively.
These dimensions are important for understanding the elec-
tronic structure of the system and the underlying anisotropy.
All of these structural parameters of the QDC systems have a
normal distribution and are well fit by Gaussians.

The conductance in this system is governed by two main
factors: (i) available states of different dimensionality and
(i) the position of the Fermi surface across the entire struc-
ture. In order to understand the role of these factors, let us
first discuss possible conduction mechanisms through the
states of different dimensionalities that lead to channels with
different transmission probabilities. The total conductivity in
the system of QDCs can be written as

2DWL 1DWL

— 0,3DGaAs + 0':

o +0o + agD, (1)
where £ denotes the [110] and [110] directions. The conduc-
tivity in bulk GaAs, ¢°?% and in the 2D InGaAs wetting
layer, a?PWL are considered to be isotropic. The main source
of anisotropy will be that due to the 1D wetting layer,
a}jD'WL, formed due to the strain fields developed in-plane
and along the growth direction>* The difference,
Ag'PVL — 0'[1101‘8]" — o/~ > 0, is determined not only by the
lateral confinement in the [110] direction but also by the lat-
eral chain spacing in the [110] direction, d,,.. Indeed, due to
the high lateral spacing, dp. = 137 nm, transport through 1D
states in the [110] direction is only possible with the partici-
pation of the 2D states of the InGaAs WL and the 3D states
of GaAs.”

In order to assess the anisotropy and the temperature de-
pendence of the mobility of carriers through the QDs, we
will consider a model based on hopping transport®'? that
will take into account the structural parameters of our sam-
ples. Using the QDs as localization centers for charge
carriers, the dot-to-dot transport along the chain or from
chain-to-chain occur when an electron gains enough energy
to escape into the barrier by absorbing phonons. Here, we
consider a system of 10 chains with 1724 QDs each, in other
words, we have calculated the mobility of a system of 10 by
1724 confining sites (QDs) by considering hopping between
them. Labelling the QDs with an index, k, their occupation

density is given by the Fermi-Dirac distribution

1

M = PG+ V) @
where = (k,T) ', kg is Boltzmann’s constant, V is the
drop in energy of each site due to an applied voltage, and
A =€ — ¢ is the energy difference between the hopping
energy state and the Fermi energy.

According to Miller and Abrahams,® the transition rate
for hops from one site to another with relative position vector
ry is given by

R. — vpe alru| Ple Q),
K= voe 4lrul
(1 )

€ > € 3)

b
€ < €
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where 1 is an intrinsic transition rate, @ = 2 /o with o being
the localization radius, and € is the energy which includes
the contribution of V. Therefore, the mobility can be calcu-
lated as

,
He == Z[ruRff)nk(l — ) + TR m(1 = ny)],
E(n) 4 4

4)

where E is an applied electric field, rg is the lattice constant,
and ng is the equilibrium Fermi-Dirac distribution (rz; and o
are given in units of rp).

Within a strictly hopping formalism using a uniform 1D
chain, there are only two mechanisms which can cause the
transport properties to vary with direction resulting in anisot-
ropy: the anisotropic effects of the electron-phonon interac-
tion and the effective number of parallel sites contributing to
the hopping mobility in each direction. The effect of increas-
ing the number of distant hops is displayed in Figs. 3(a) and
3(b) using the sample parameters as measured in Fig. 2. We
calculated the mobility for both directions, across and along
the chains, Figs. 3(a) and 3(b), respectively, with different
numbers of neighbors contributing to the hopping mecha-
nism. The index /, in Eq. (4), runs through the values 1 to
Imax as indicated along each curve in Fig. 3, and where /4, is
the maximum number of neighbors considered in the calcu-
lations. As we can see, the mobility increases as we include
more nearest neighbor hopping sites in the calculations. By
fixing the number of neighbors involved in the hopping, the

10
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3 = nm a=z2/nm :
g . 18 §
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2 slf ) [ 21 2
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S 25 ;_l 1 -3 Neighbrs. Hopping | [!1-10 Neighbrs. Hopping | 80 &
2 [ ——a=-20mev | |! —— A=-20meV ®
S5kt - - -a=15meV | |1 - - -A=-15meV iy
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. : 0
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FIG. 3. Mobility versus temperature for « 27 nm. (a) Across the chains
and (b) along the chains, both showing the effects of changing the number
of neighbors involved in hopping. (c) Across the chain, for hops between the
3rd closest neighbors, varying A. (d) Along the chain, for hops between the
10th closest neighbors, varying A.



183709-4 Kunets et al.

role of the parameter A, i.e., the Fermi level, in the mobility
is assessed in Figures 3(c) and 3(d), across and along the
chains, respectively. The farther the Fermi level is from the
energy level of state which is being considered for hopping,
the higher the temperature where the maximum mobility is
attained. Such a behavior is attributed to the temperature de-
pendence of the relative occupancy of the sites.

Now, we will demonstrate that this relative position of
the Fermi energy impacts the anisotropic transport response
of a system of 1D QDCs. We can calculate the conductance
by considering just the first neighbor hopping.’ The conduct-
ance in a 1D system of confining sites, the QDs, is equivalent
to a model of conductors connected in series. The conductiv-
ity would then be

1

1
o = Ntxezﬁ [Z (nk(l — nk)Rff,gH) ] ) (5)
X

where N is the number of sites. The anisotropic behavior will
be assessed through the anisotropy ratio defined as
1N = 6[110)/ (110> using Eq. (5) for the o. Figure 4 shows the
anisotropy ratio as a function of temperature and the relative
position of the hopping state with respect to the Fermi
energy, A. Note that this result is merely qualitative, since no
attempt was made to include realistic values of the constants

159
158
1671
157.2
156.9-
156.6

156.6

156.4

Anisotropy Ratio, n(arb. u.)

156.4

0 50 100 150 200 250 300
T(K)

FIG. 4. Anisotropy ratio as a function of both temperature and A. The upper
panel shows the complete 3D plot of this surface. The lower panel shows
temperature profiles at different values of A. With the narrow vertical scale
here, it is easy to see the evolution of the maxima of the anisotropy ratio as
Aincreases.
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that enter Eqgs. (3) and (5). A continuous increase of A pro-
duces qualitative changes on the anisotropy as a function of
temperature. For lower values of A, the anisotropy ratio with
temperature decreases monotonically while for higher val-
ues, the behavior becomes non-monotonic with a definite
maximum. In the model, the Fermi energy and temperature
appear combined within the Fermi-Dirac distribution. Thus,
as expected for high temperatures, the carrier distribution is
smeared and no essential differences can be observed in the
occupation of neighboring sites and, thus, leading to a ther-
malized picture.

To study the conductance in our samples, we must force
conduction through each of the systems of different dimen-
sionality by moving the Fermi surface across each. We do
this experimentally by using, temperature dependent Hall
effect measurements. Figures 5(a) and 5(b) present the Hall
mobility and electron sheet density, respectively, for our
samples. These measurements were performed for each sam-
ple using Hall bars (see Fig. 2(f)) aligned along the [110] or
[110] crystallographic directions, i.e., across the QDCs or
along them. Here, we find several distinct, noteworthy fea-
tures: (i) the absolute value of the mobility is strongly de-
pendent on remote doping concentration; (ii) the anisotropy
is dependent on the temperature (Fig. 5(c)); and (iii) the low

(a) (b)

4
— 0000%°
D 7L e Sample A o Sample A o
S TR E 5 M
NE | o. 3
) '-9° F
~ 6 = [ SampleB
< >2F
'3 a Sample C
2 4 § ! M
L 0 1 fassnsnssl
3 A 2 L 2 L "
0 100 200 300 0 100 200 300
Temperature (K) Temperature (K)
[ (c) ——1x 0% cm? G,f; )
14T —=—75x10" cm?| 20w
) —a—5x10"" cm? 1
513 eo.o
>
a >
212 N(E)
3 Ej
4 GaAs
<11 DM g
1DWL|
00,00
1 ‘0 5 1 5 1 5 Il
0 100 200 300

Temperature (K) [110}, across QDCs N(E)

FIG. 5. (a) The Hall mobilities and (b) the electron sheet densities measured
as a function of temperature for samples A, B, and C along the QDCs ([110]
direction, solid symbols) and across the QDCs ([110] direction, open sym

bols); (c) anisotropy as function of temperature and remote doping for sam

ples A, B, and C. The inset shows a schematic band diagram in the (100)
plane for [110] (along QDCs) and [110] (across QDCs) crystallographic
directions as well as the density of states diagrams.
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temperature mobility (7' < 90K) progressively decreases
with doping. At high temperatures, mobility along the chains
shows only a slight variation with doping. At the same time,
the high-temperature mobility across the QDC is obviously
affected by the doping levels. This observed difference is
small but is the result of the anisotropy in the conductivity of
the 1D WL and of the QD chains. This is only observable
due to the lowering of the Fermi energy with the decreasing
doping level into the states of the lower dimensional sys-
tems. In other words, if the doping level was very high, into
the GaAs conduction band, we expect to see no anisotropy in
the conductivity.

At higher temperatures, we find as predicted from the
1D model in Fig. 3 that the mobilities decrease as the tem-
perature rises. There are two effects which contribute to this
decrease: the modulation of QD occupancy which inhibits
hopping as described before and the increase in scattering
rate by phonon interaction.'® At temperatures below 100K,
the electron mobility reaches the maximum and starts to
decrease again towards lower T. This decrease of mobility
cannot be associated with enhanced scattering on ionized
impurities at low temperatures because the thick spacer
layers at 17.5nm prevent this."® Instead, the mobility
decrease here is due to the cross-over between 1D states in
the InGaAs WL and 0D states in the QDs. The decrease of
doping and temperature makes these states dominant in
charge transport. Hopping conduction becomes a dominant
mechanism at lower temperatures which results in the
observed drastic mobility decrease as T decreases. As pre-
dicted by the 1D model, the change in the Fermi level posi-
tion by varying the doping density leads to the systematic
shift of the mobility maximum.

Figure 5(c) presents the experimental results of the ani-
sotropy, #, as functions of temperature and doping level.
Notably, the QDCs behave differently with temperature and
doping than a QWR system.” Our previous work on QWRs’
showed that as the temperature decreases the anisotropy in
the conductance increases and ultimately saturates. This was
explained as the result of the dominating contribution of the
ID states as the Fermi level lowers in the low temperature
regime.’

For QDCs, an interference of channels of a different na-
ture may occur. The presence of QDs with 0D states effec-
tively localizes carriers, reduces the charge transport in both
[110] and [110] directions, and leads to the peculiar behavior
displayed in Figure 5(c). At room temperature, for the high-
est remote doping of 1 x 102 cm 2, Sample A, the anisot-
ropy is less than for the moderately doped Sample B,
Nop =7.5x 10" cm 2. This is an indication that the iso-
tropic 2D states of the InGaAs WL and even the GaAs con-
tribute to the conductance in Sample A, while for sample B
the lower Fermi energy enhances conduction in the aniso-
tropic 1D states. However, for Sample C, the Fermi level is
lowered further into the 0D states of the QDs where hopping
conduction dominates. This leads to lower anisotropy.

For all samples, decreasing the temperature leads to an
increase in anisotropy as expected due to pinning of the
Fermi energy in the 1D states. However, for samples B and
C at ~110 K, the anisotropy reaches its maximum and

J. Appl. Phys. 113, 183709 (2013)

decreases slightly. This non-monotonic behavior is a
signature which is expected for hopping (see Fig. 4). This
behavior is enhanced in the lightly doped sample C,
Nap =5 x 10'"" cm 2. This sample shows the smallest con-
ductance anisotropy between the three samples; however, its
temperature dependence is completely different than the one
obtained for QWRs,” where the highest # was measured for
the sample with the lowest doping level. This suggests that
for conduction in the QDC system the 0D states dominate
over the 1D and 2D states. In sample C, at T ~ 110 K, the
anisotropy rapidly starts to decrease with temperature, simi-
lar to sample B. This decrease of anisotropy with tempera-
ture as well as the sharp drop in mobility at low temperatures
indicates that QDs dominate the transport. As shown by the
schematic diagram in the inset of Fig. 5, when the Fermi
energy is low enough and is in the 0D states of QDs, the
transport will be governed by electron hopping in both the
[110] and [1 10] directions.

Plotting the sheet resistance vs. the inverse temperature,
Fig. 6, demonstrates dramatic differences between our sam-
ples. In both samples A and B, we see the normal increase in
resistance at high temperatures due to increasing electron-
phonon scattering. However, this is strongly suppressed for
sample C where we find a continuous drop in resistance with
increasing temperature.

Even though, the response of our samples matches quali-
tatively with the model of electron hopping, we would like
to investigate the possibility of finding evidence of variable-
range hopping'® in our conductivity data. Ideally, this would
obey Mott’s law, which is given by

o®(T) = oy exp(= (TS /T)). (6)

Here, T(()'f) = 13.8/kgN(&)o? which is determined by mate-
rial properties, N(¢) is the density of states at the Fermi
level, and x = 1/3 for phonon assisted hopping conductivity.
The parameter o) = y©T™, with 7©) the temperature inde-
pendent parameter reflecting the characteristic frequency of
hopping “attempts” and m= 1."*7'® To characterize the

—~ 1.8¢ [110] -
3 sl
:J, 1.2¢ " 2
O 3 sample C 5x10  cm
G 0.9F :
- b
2 e ao— 2
n - )
& 06k sample B 7.5x10 cm 11o)
‘.CI-)‘ - @mrro0-0-0—O0——— O _— (110]
[ 12 2

g :\ - simplef\ 1x10“ cm .
U) 0.3 s 1 . 1

0.00 0.04 0.08

T'(K"

FIG. 6. (a) Sheet resistance as a function of inverse temperature.
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temperature dependence of this variable-range hopping com-
ponent of the conductivity oﬂD (T), we followed the differen-
tial method proposed in Rets 17 and 18, in which o-o'f)
allowed to vary. In order to analyze the data, we consider the
function'”
We(T) = dlog 6¢(T)/dlogT = m+ (T, /7). (1)
Form < x(T((f) /T)", we can write logW;(T) = A; — xlogT,
where Az = xlog T(() ). The plots of log W(T) vs. logT are
shown in Fig. 7, for conduction both along and across the
QDCs.

Certainly, a uniform 1D chain, as modelled before, can-
not be fitted into the random picture of a disordered system
where the variable-range hopping takes place. Thus, it is not
surprising that the calculated values of logW¢(T) vs. log T
differ from the Mott law already at low temperatures, as
depicted in Figs. 7(a) 7(d). The behavior does not depend on
the number of distant hops involved in the calculations, Figs.
7(a) and 7(b). Also, by varying A, the uniform chain
response still deviates from the Mott law, Figs. 7(c) and 7(d),
although the curves shift for each value of the relative hop-
ping state position with respect to the Fermi energy.

Figures 7(e) and 7(f) show the experimental values of
the mobility analyzed using Eq. (7). Deviations from the

3 3
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FIG. 7. log(W¢) versus log(7). (a) and (b) along and across QD chain,
respectively, with different number of hopping neighbors. The 1D Mott
behavior (x 1/2) is shown by solid line. (¢) and (d) along and across QD
chain, respectively, where A is varying. (¢) and (f) are experimental data.

2 —@- 1x10% cm*
—-7.5x10" cm?
—A 5)(10" Cﬂ’l‘z

Log(W), Along QDC
Log (W), Across QDC

J. Appl. Phys. 113, 183709 (2013)

Mott behavior are predicted for variable-range hopping at
low temperatures and obtained where a 1D ordering of sites
in the chain creates a system size that is comparable to the
typical length of a hop.'®?* However, in our case, the diver-
gence at lower temperatures does not fit into these predic-
tions. Although, the curves in Figs. 7(e) and 7(f), are shifted
analogously, in respect to the carrier concentration, as pre-
dicted by the theoretical calculations in Figs. 7(c) and 7(d).
One may conclude that the qualitative discrepancy between
experiments at low temperature with the Mott law and the
1D hopping model does not depend on the position of the
Fermi energy. We were not able to determine the reason for
such a behavior and this has opened an intensive search for a
more systematic study of the conductivity in these QDCs.
Certainly, the combination of various channels mask each
other and assessing the nature of the main transport mecha-
nisms within the whole temperature range is a task that
requires further work.

For high doping levels, the conduction through energy
levels of 1D and 2D systems may interfere. However, even
for this case, conductivity, g¢, is modulated by a hopping
component of agD through localized states in the QDs. For
low doping levels, when the Fermi surface is mainly located
in these 0D states, the hopping conductance is dominant and
conduction through the 1D and 2D states is only possible
through electrons scattered into higher energy states. Further
decrease of sample temperature could bring our system into
the regime of long-range Coulomb interaction, where hop-
ping conduction is possible without phonon assistance. This
will be a subject of our further studies.

IV. CONCLUSIONS

In summary, detailed studies of the mechanisms of con-
ductance in a system of quantum dot chains as a function of
temperature and remote doping level have been performed.
We demonstrated that the behavior of the conductance is
complicated due to the availability of states of different
dimensionalities. We found that the presence of 0D states
plays a key role in the anisotropic behavior of the conduct-
ance in this system and compared the experimental response
to a 1D hopping model. At low temperatures, the experimen-
tal response of all samples deviates from Mott’s law of
conduction.
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