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Electrical and Thermal Conductivity of Ge/Si Quantum Dot
Superlattices
Y. Bao,a W. L. Liu, a M. Shamsa,a K. Alim, a A. A. Balandin,a,* and J. L. Liu b

aNano-Device Laboratory, Department of Electrical Engineering,bQuantum Structure Laboratory,
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Recently proposed thermoelectric applications of quantum dot superlattices made of different material systems depend crucially on
the values of the electrical and thermal conductivities in these nanostructures. We report results of the measurements of Hall
mobility and thermal conductivity in a set of Ge0.5Si0.5/Si quantum dot superlattices. The average measured in-plane Hall mobility
for the undoped Ge/Si quantum dot superlattices on a p-type substrate is 233.5 cm2 V−1 s−1 at room temperature and 6.80
3 103 cm2 V−1 s−1 at 77 K. The average value of the thermal conductivity measured by 3v method is about 10 W/mK at room
temperature and 3.5 W/mK at 77 K. In the low-temperature region, the thermal conductivity is proportional toT 0.7 − T 0.9.
Relatively large values of the carrier mobility and its temperature dependence suggest that the carrier transport in the investigated
structures is likely of the band conduction type rather than hopping type. The thermal conductivity of the Ge0.5Si0.5/Si quantum dot
superlattices is strongly reduced and has its peak value shifted toward the high temperatures as compared to the constituent bulk
materials. Obtained results can be used for GexSi1−x/Si quantum dot superlattice structure optimization for the high-temperature
thermoelectric applications.
© 2005 The Electrochemical Society.@DOI: 10.1149/1.1897365# All rights reserved.
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Quantum dots and different types of quantum dot arrays con
to attract significant attention of the physics and device rese
communities.1 Quantum dot superlattices~QDS! have been pro
posed for the thermoelectric, photodetector, and photovo
applications.1-5 In all of the envisioned applications, it is crucial
maintain relatively high carrier mobility or product of the mobi
and carrier concentration. Good carrier mobility and electric
ductivity are important for thermoelectric materials where the fi
of merit Z at given temperatureT is defined asZT = a2sT/K ~where
a is Seebeck coefficient,s is electrical conductivity, andK is ther-
mal conductivity!. It is also beneficial for thermoelectric applic
tions to have the lowest possible thermal conductivity. Carrier tr
port in quantum dot arrays can manifest both hopping transpor
conduction band transport features.6 The hopping transport regime
characterized by much lower mobility values than the band con
tion transport, and by different temperature dependence. What
port regime would prevail depends on the structural and mor
logical properties of QDS. Despite its importance for prac
applications, there has been relatively little work done on ca
transport in QDS.7 Experimental investigation of thermal transp
in such structures has also just begun. For thermoelectric ap
tions, it is important to measure both electrical and thermal con
tivities in the same set of the quantum dot superlattice sample

In this paper, we report results of measurements of Hall mob
and thermal conductivity in a set of GexSi1−x/Si QDS grown by
molecular beam epitaxy~MBE!.8-10

Sample Description

For this study we have used a batch of MBE grown Q
samples with typical Ge content in the dots of 50%. The investig
QDS had either 5 or 20 layers of quantum dots grown on p-typ
wafers~see Fig. 1!. The Ge/Si QDS samples used in this study w
fabricated using a solid-source MBE system. P-type~100! Si with a
resistivity of 8-10V cm was used as a substrate and cleaned us
standard Shiraki clearing method followed byin situ thermal clean
ing at 930°C for 15 min. The substrate temperature was maint
at 550°C during the epitaxial growth. The nominal growth r
were 1 and 0.05 Å/s for Si and Ge, respectively. Figure 2a sho
scanning electron microscopy~SEM! image of the top layer of th
undoped Ge/Si quantum dot samples. The Ge dots can be s
bright disks. From this SEM image, we can determine some ch
teristics of the quantum dot array. We estimated that the dens
Ge quantum dots is about 33 109 cm−2 and the average base dia
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eter is 40 nm. The height of 4 nm has been determined from
atomic force microscopy scans.

Thermally diffused contacts made of aluminum were forme
top of the superlattices to carry out Hall measurements~Fig. 2b!.
Extended annealing time has been chosen to make sure th
contact is formed for all layers of quantum dots. The voltage
applied across the gap between the pairs of electrodes, so th
rent flows parallel to the quantum dot layers. Before measurin
carrier mobility we have verified that the electrical contacts ar
deed Ohmic by carrying out IV measurements between diff
pairs of electrodes and switching the polarity. It has been estab
that in the examined range of biases from −2 V to +2 V the e
trical current varies from −0.02 A to +0.02 A, and it depe
strictly linearly on the applied bias voltage.

From the data obtained by micro-Raman spectroscopy we
established that the Ge dot layers were not under very strong
This conclusion is based on comparison of Si and Ge peak pos
in Ge/Si QDS with those in bulk Sis520.4 cm−1d and
Ge s301 cm−1d. Raman spectroscopy has been carried out u
Renishaw instrument under 488 nm laser excitation. Figure 3 s
typical spectra for two samples. The position of TO peak in Ge
and bulk Si are indicated by the arrows. In some QDS sample
peak position coincides with bulk almost exactly. The spectr
undoped samples LJ017 and LJ018 shown in Fig. 3 exhibit
small deviation.

Hall Mobility Measurements

The Hall mobility was measured using EGK HEM-2000 sys
at the room temperature and 77 K. The measurements were
ducted in a standard four-terminal scheme to ensure the acc
The data points were taken at the magnetic field of 0.37 T. In F
we present Hall mobility Ge/Si quantum dot superlattices at r
temperature and 77 K. The Hall mobilitymH is shown as a functio
of input currentI inp to demonstrate its weak dependence onI inp. The
Hall mobility mH is defined as the product of the Hall coefficientRH
and the electric conductivitys

mH = uRHsu f1g

where RH = sp − nb2d/esp + nbd2, and b =
me

mh
is the ratio of the

electronme and holemh drift mobilities, nspd is the electron~hole!
density, ande is the charge of an electron. The Hall mobility can
readily correlated with the electron or hole mobility for the hea
doped samples wheren @ p ~or p @ n!. In the general case, t
Hall mobility is related to the drift mobility~one type of carriers!
through the expressionm = kkt2ll/kktll2m .11 Heret is the scat
H drift
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tering time, the symbolkkll denotes averaging for the relaxat
time defined askktll = kEtl/kEl, whereE is the energy of the ca
rier and symbolkl denotes standard ensemble average. The
sured values of the Hall coefficient were positive indicating
overall p-type conduction. Table I summarizes the average mea
values of the Hall mobility and apparent carrier concentration fo
investigated quantum dot superlattices. For comparison, the
temperature electron~hole! drift mobility in bulk Si and Ge ar
me = 1500 cm2 V−1 s−1 smp = 450 cm2 V−1 s−1d and me
= 3900 cm2 V−1 s−1 smp = 1900 cm2 V−1 s−1d, respectively. Elec
tron ~hole! drift mobility at 77 K can be estimated from the equa
m = m0sT/T0d−3/2, whereT0 = 300 K andmo is the drift mobility at
T = 300 K.12 Thus, at 77 K one getsme = 3.0 3 104 cm2 V−1 s−1,
mp = 1.5 3 104 cm2 V−1 s−1 for intrinsic Si and me = 1.2
3 104 cm2 V−1 s−1, mp = 3.5 3 103 cm2 V−1 s−1 for intrinsic Ge
Using Eq. 1 and the formula for the Hall coefficient, we can
estimate what should be the Hall mobility for intrinsic Si and Ge

Figure 3. Raman spectra of Ge/Si quantum dot superlattices taken
488 nm excitation at room temperature.

Figure 4. Hall mobility mH in Ge/Si quantum dot superlattice at room te
perature and at 77 K.
Figure 1. Schematic of the quantum dot superlattices structure.
Figure 2. ~a! SEM image of Ge quantum dots on Si grown by molec
beam epitaxy.~b! Optical micrograph of the electrodes on a sample.
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room temperature, the intrinsic Si carrier densities aren = p = ni
= 1.5 3 1010 cm−3, and the electron and hole drift mobilities a
me = 1500 cm2 V−1 s−1 and mp = 450 cm2 V−1 s−1, correspond
ingly. Thus, one can estimate the Hall mobility to
1050 cm2 V−1 s−1. Analogously, for intrinsic Ge,n = p = ni = 2.4
3 1013 cm−3, and the electron and hole drift mobilities areme
= 3900 cm2 V−1 s−1, mp = 1900 cm2 V−1 s−1. Thus, the Hall mobil
ity for Ge is 2000 cm2 V−1 s−1. The calculated Hall mobilitymH at
77 K for intrinsic Si and Ge is 1.53 104 cm2 V−1 s−1 and 8
3 103 cm2 V−1 s−1, respectively.

As can be seen from Table I, the average value for the und
QDS is 233.5 cm2 V−1 s−1 at room temperature, and 6.
3 103 cm2 V−1 s−1 at 77 K. These values are much less than th
for Si and Ge Hall mobilities. At the same time the QDS Hall m
bility values are larger than typical mobility values in the hopp
conduction regime. The decrease of the Hall mobility in QDS c
pared to the bulk intrinsic value can be attributed to the presen
the potential barriers at the Ge/Si interface, charging effects, su
disorder, and alloy scattering, etc. Moreover, most of the band
continuity between Ge and Si resides in the valence band thus
ger impeding the hole transport. A study of the dislocation line
sity conducted for the samples grown by the same group13 indicates
that the high-density dislocations are generated when the num
layers is larger than 25. Thus, in the investigated QDS sample
role of the dislocation lines on the carrier transport is not expe
be strong. One can also note from Table I and Fig. 4, that the
mobility at 300 K is much smaller than that at 77 K, which
characteristic for the band conduction-type transport. Indeed, in
ventional semiconductors, mobility increases with decreasing
perature ~from 300 to 77 K! due to reduction in phono
scattering.11,12 In the hopping transport regime, characteristic
disordered systems, the temperature dependence of the mob
different. This regime is sometimes observed in quantum
arrays6,14 or nanoparticle samples. Under the assumption of con
tional phonon-assisted hopping transport regime the conduc
in quantum dot array is described by the equation14 GsTd
= Go exph−sTo/Tdxj, where To is a parameter determined by
properties of the material, and parameterx , 1 is defined by th
energy dependence of the density of states near the Fermi lev
the case when the interaction energy between electron and a h
large compared to energy perturbation due to disorder, para
x = 1/2, and the conductivity is described by the Efros-Shklov
law.15 In the hopping transport regime, the mobility is higher a
correspondingly, the resistivity is lower, at high temperature tha
low temperature due to the temperature activation mechanism
sults of our measurements suggest that for given Ge/Si quantu
superlattices the carrier transport is of the band type rather
thermally activated hopping type.14-16

Thermal Conductivity Measurements

The thermal conductivity of the QDS was measured in the
tended temperature range from 10 to 400 K using a home-buiv
experimental setup. Details of the 3v-measurement technique can
found in Ref. 17. On the top surface of the samples, we depo
SiNx layer with the thickness of 100 nm using the plasma-enha
chemical vapor deposition~PECVD!. This layer was required
provide electrical insulation for the measurement.
Cr s100 Åd/Au s1000 Åd metallic 3v heater-thermometer with th
wire width of 5 mm was patterned on the insulation layer and
ricated by e-beam evaporation and lift-off technique. Figure

Table I. Hall mobility in Ge/Si quantum dots superlattices

Quantum superlattices
DOT 300 K
mH scm2/Vsd

Ge/Si QDS~JL264 undoped N = 5! 239
Ge/Si QDS~JL265 undoped N = 20! 228
f

-

f

-

s

e

n
is
r

-
t

shows the top view of the fabricated 3v heater. To facilitate th
differential measurements, a Si reference sample used to m
the thermal conductivity of the insulation layer and substrate,
prepared and also coated with PECVD SiNx and pattern with th
3v-heater-thermometer. The 3v measurements were conducted
side a vacuum cryostat in the temperature range from 10 to 4
An SR850 lock-in amplifier was used to provide first harmonic in
power and collect the third harmonic temperature-rise signals

77 K
Nb scm−3d mH scm2/Vsd Nb scm−3d

7.573 1018 7.2 3 103 2.863 1018

1.763 1018 6.4 3 103 7.983 1017

Figure 5. ~a! Top view micrograph of the heater-thermometer fabricate
the thermal conductivity measurements by the 3v technique.~b! Measured
temperature dependence of the thermal conductivity for three Ge/Si qu
dot superlattices.
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the sample. A numerical program based on the analytical soluti
the 3v heat conduction model was developed to fit the experim
data and obtained the thermal conductivity.

Figure 5b shows the measured thermal conductivity as a fun
of temperature for three QDS samples. The bilayer thickness
the samples are indicated in the figure legend. The measure
indicate significant reduction of the cross-plane thermal conduc
compare to bulk constituent materials. The peak thermal condu
ity values of the measured samples are shift to higher temper
~near room temperature!. In bulk crystalline semiconductors such
Si or Ge, the maximum value is achieved around 20 K. The
served shift of the maximum value is in line with reported da18

The average thermal conductivity of the three samples is a
10 W/mK at 300 K and 3.5 W/mK at 77 K. Another importa
observation is that in the low-temperature region, the thermal
ductivity is proportional toT 0.7 − T0.9. This temperature depe
dence differs significantly from that one in bulk materials.
strongly reduced thermal conductivity with relatively good electr
conductivity of Ge/Si QDS indicate that such structures are p
ising candidates for thermoelectric applications.19,20

Note that the examined QDS were characterized by only p
ordering of quantum dots~vertical site correlation!. Further im-
provement in the growth technique is expected to lead to t
dimensional~3D! regimentation of quantum dots, with correspo
ing modification of the electron and phonon dispersion.21 The latter
would allow a better control of the electrical and thermal trans
in QDS. Tuning of the phonon transport,i.e., phonon engineerin
may lead to additional reduction of the thermal conductivity
enhancement of the thermoelectric figure of merit of QDS.

Conclusions

For the proposed thermoelectric applications of quantum do
perlattices it is important to understand the specifics of both el
cal and thermal conduction in such nanostructures. In this pape
report results of the measurements of Hall mobility and the
conductivity in a set of Ge0.5Si0.5/Si quantum dot superlattices. T
average measured in-plane Hall mobility for the undoped G
quantum dot superlattices on p-type substrate is 233.5 cm2 V−1 s−1

at room temperature and 6.803 103 cm2 V−1 s−1 at 77 K. The av
erage value of the thermal conductivity measured by 3v method is
about 10 W/mK at 300 K and 3.5 W/mK at 77 K. In the lo
temperature region, the thermal conductivity is proportiona
T 0.7 − T 0.9. Relatively large values of the charge carrier mob
f
a

s

t

and significantly reduced thermal conductivity indicate that the
amined structures are good candidates for the “electron transm
phonon blocking” structures required for thermoelectric app
tions.
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