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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 g£5iy /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%csn' at room temperature and 6.80

X 10% cn? V™t st at 77 K. The average value of the thermal conductivity measuredsbméthod 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 proportioh@rl toT 2,

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, §8& &8i 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 fogSge,/Si quantum dot superlattice structure optimization for the high-temperature
thermoelectric applications.
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Quantum dots and different types of quantum dot arrays continueeter is 40 nm. The height of 4 nm has been determined from the
to attract significant attention of the physics and device researctatomic force microscopy scans.
communities: Quantum dot superlattice®QDS have been pro- Thermally diffused contacts made of aluminum were formed on
posed for the thermoelectric, photodetector, and photovoltaictop of the superlattices to carry out Hall measureméhtg. 2b.
applications“‘.’5 In all of the envisioned applications, it is crucial to Extended annealing time has been chosen to make sure that the
maintain relatively high carrier mobility or product of the mobility contact is formed for all layers of quantum dots. The voltage was
and carrier concentration. Good carrier mobility and electric con-applied across the gap between the pairs of electrodes, so that cur-
ductivity are important for thermoelectric materials where the figure rent flows parallel to the quantum dot layers. Before measuring the
of meritZ at given temperatur€ is defined ag T = o0 T/K (where carrier mobility we have verified that the electrical contacts are in-
« is Seebeck coefficieng is electrical conductivity, an& is ther- deed Ohmic by carrying out IV measurements between different
mal conductivity. It is also beneficial for thermoelectric applica- pairs of electrodes and switching the polarity. It has been established
tions to have the lowest possible thermal conductivity. Carrier transthat in the examined range of biases from -2 V to +2 V the elec-
port in quantum dot arrays can manifest both hopping transport andrical current varies from —-0.02 A to +0.02 A, and it depends
conduction band transport featufeBhe hopping transport regime is ~ strictly linearly on the applied bias voltage.
characterized by much lower mobility values than the band conduc- From the data obtained by micro-Raman spectroscopy we have
tion transport, and by different temperature dependence. What transstablished that the Ge dot layers were not under very strong strain.
port regime would prevail depends on the structural and morpho-This conclusion is based on comparison of Si and Ge peak positions
logical properties of QDS. Despite its importance for practical in Ge/Si QDS with those in bulk S520.4 cm') and
applications, there has been relatively little work done on carrierGe (301 cntl). Raman spectroscopy has been carried out using
transport in QDS. Experimental investigation of thermal transport Renishaw instrument under 488 nm laser excitation. Figure 3 shows
in such structures has also just begun. For thermoelectric applicatypical spectra for two samples. The position of TO peak in Ge dots
tions, it is important to measure both electrical and thermal conduc-and bulk Si are indicated by the arrows. In some QDS samples, the
tivities in the same set of the quantum dot superlattice samples. peak position coincides with bulk almost exactly. The spectra of

In this paper, we report results of measurements of Hall mobility undoped samples LJ017 and LJ018 shown in Fig. 3 exhibit only
and thermal conductivity in a set of ¢&,_,/Si QDS grown by small deviation.
molecular beam epitax¢MBE).81°

Sample Description Hall Mobility Measurements

For this study we have used a batch of MBE grown QDS The Hall mobility was measured using EGK HEM-2000 system
samples with typical Ge content in the dots of 50%. The investigatecfit the room temperature and 77 K. The measurements were con-
QDS had either 5 or 20 layers of quantum dots grown on p-type gjducted in a_standard four-terminal schen_]e to ensure the accuracy.
wafers(see Fig. 1 The Ge/Si QDS samples used in this study were The data points Were_t_aken at t_he magnetic field of 0.37 T. In Fig. 4,
fabricated using a solid-source MBE system. P-ty@0) Si with a we present Hall mobility Ge/Si quan.tgm QOt superlattices at. room
resistivity of 8-10Q cm was used as a substrate and cleaned using 4&mperature and 77 K. The Hall mobilify; is shown as a function
standard Shiraki clearing method followed inysitu thermal clean-  Of input currentl;y, to demonstrate its weak dependencegn The
ing at 930°C for 15 min. The substrate temperature was maintainedi@ll mobility u; is defined as the product of the Hall coefficiétf
at 550°C during the epitaxial growth. The nominal growth rates and the electric conductivity
were 1 and 0.05 A/s for Si and Ge, respectively. Figure 2a shows a -

. . . KH |RHU| (1]
scanning electron microscog$EM) image of the top layer of the
undoped Ge/Si quantum dot samples. The Ge dots can be seen adere Ry = (p — nb?)/e(p + nb)?, and b = ﬁ is the ratio of the
bri_gh_t disks. From this SEM image, we can determine some ch_aracaectronue and holey,;, drift mobilities, n(p) is the electror(hole)
teristics of the quantum dot array. We estimated that the density ofjensity, ance is the charge of an electron. The Hall mobility can be
Ge quantum dots is about’3 10° cm™? and the average base diam- readily correlated with the electron or hole mobility for the heavily
doped samples whene > p (or p > n). In the general case, the
Hall mobility is related to the drift mobilityone type of carriefs
* Electrochemical Society Active Member. through the expressiony = ((72>)/<<~r>>2udrm.ll Herer is the scat-
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Figure 1. Schematic of the quantum dot superlattices structure.
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Figure 2. (a) SEM image of Ge quantum dots on Si grown by molecular
beam epitaxy(b) Optical micrograph of the electrodes on a sample.
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Figure 3. Raman spectra of Ge/Si quantum dot superlattices taken under
488 nm excitation at room temperature.

tering time, the symbol()) denotes averaging for the relaxation
time defined a%(t)) = (Et)/(E), whereE is the energy of the car-
rier and symbok) denotes standard ensemble average. The mea-
sured values of the Hall coefficient were positive indicating the
overall p-type conduction. Table | summarizes the average measured
values of the Hall mobility and apparent carrier concentration for the
investigated quantum dot superlattices. For comparison, the room
temperature electroihole) drift mobility in bulk Si and Ge are
pe=1500cntVtst  (u,=450cnfVist)  and e
=3900 cnt V7t st (w, = 1900 cnt V1 sh), respectively. Elec-
tron (hole) drift mobility at 77 K can be estimated from the equation

W = wo(T/Te) ™32 whereT, = 300 K andp, is the drift mobility at

T =300 K Thus, at 77 K one getp, = 3.0x 10* cn? V1s,
pp=15x 10t cn?V'tst for intrinsic Si and pe=1.2

X 10t em? Vst p,=35% 10°cn? Vst for intrinsic Ge.
Using Eq. 1 and the formula for the Hall coefficient, we can also
estimate what should be the Hall mobility for intrinsic Si and Ge. At
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Figure 4. Hall mobility py in Ge/Si quantum dot superlattice at room tem-
perature and at 77 K.
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Table I. Hall mobility in Ge/Si quantum dots superlattices

DOT 300 K 77 K
Quantum superlattices Wy (cm?/Vs) N, (cm3) Wy (cm?/Vs) N, (cm3)
Ge/Si QDS(JL264 undoped N =6 239 7.57 x 108 7.2 %X 10° 2.86 x 108
Ge/Si QDS(JL265 undoped N = 20 228 1.76 x 108 6.4 X 10° 7.98 x 10Y7

room temperature, the intrinsic Si carrier densities mrep = n;

= 15X 1019 cm™3, and the electron and hole drift mobilities are
pe= 1500 cnt V™t st and p,=450cntVts? correspond-
ingly. Thus, one can estimate the Hall mobility to be
1050 cnf V-1 571, Analogously, for intrinsic Gen=p=n; = 2.4

X 108 cm 3, and the electron and hole drift mobilities ape
=3900 cnt V™t sty = 1900 cnt V=1 s71 Thus, the Hall mobil-
ity for Ge is 2000 crA V™1 s7L. The calculated Hall mobilityvy, at

shows the top view of the fabricatedn3heater. To facilitate the
differential measurements, a Si reference sample used to measure
the thermal conductivity of the insulation layer and substrate, was
prepared and also coated with PECVD gigdhd pattern with the
3w-heater-thermometer. Thas3measurements were conducted in-
side a vacuum cryostat in the temperature range from 10 to 400 K.
An SR850 lock-in amplifier was used to provide first harmonic input
power and collect the third harmonic temperature-rise signals from

77 K for intrinsic Si and Ge is 1. 10*cn?V™'s! and 8
X 10° cn? V71 571, respectively.

As can be seen from Table |, the average value for the undoped
QDS is 2335criVts? at room temperature, and 6.80
X 10° cn? V™1 st at 77 K. These values are much less than those
for Si and Ge Hall mobilities. At the same time the QDS Hall mo-
bility values are larger than typical mobility values in the hopping
conduction regime. The decrease of the Hall mobility in QDS com-
pared to the bulk intrinsic value can be attributed to the presence o
the potential barriers at the Ge/Si interface, charging effects, surfact
disorder, and alloy scattering, etc. Moreover, most of the band dis-
continuity between Ge and Si resides in the valence band thus stror
ger impeding the hole transport. A study of the dislocation line den-
sity conducted for the samples grown by the same g"ﬁ)iunicates
that the high-density dislocations are generated when the number ¢
layers is larger than 25. Thus, in the investigated QDS samples the
role of the dislocation lines on the carrier transport is not expected
be strong. One can also note from Table | and Fig. 4, that the Hall
mobility at 300 K is much smaller than that at 77 K, which is
characteristic for the band conduction-type transport. Indeed, in con:
ventional semiconductors, mobility increases with decreasing tem-
perature (from 300 to 77 K due to reduction in phonon
scattering™? In the hopping transport regime, characteristic for
disordered systems, the temperature dependence of the mobility i
different. This regime is sometimes observed in quantum dot

(a)

arrays'~" or nanoparticle samples. Under the assumption of conven-
tional phonon-assisted hopping transport regime the conductanc 14+
in quantum dot array is described by the equdflos(T) & . 'S
= G, exp{—(T,/T)%}, where T, is a parameter determined by the E 124 %o o0, o0
properties of the material, and parametex 1 is defined by the 1 oo 304
energy dependence of the density of states near the Fermi level. Ib 104 ° o..O“OO’.o...'
the case when the interaction energy between electron and a hole * ¢ o0 ", -
large compared to energy perturbation due to disorder, paramete‘g 8- . guntu MEg gtgn "ea"
x =1/2, and the conductivity is described by the Efros-Shklovskii @ ] ¢ al®
law*® In the hopping transport regime, the mobility is higher and, & .’.u
correspondingly, the resistivity is lower, at high temperature than at¢) 6- % 2"
low temperature due to the temperature activation mechanism. Reﬁ 4 ’:.::- s C: Si200A/Ge18A
sults of our measurements suggest that for given Ge/Si quantum dc 1 ou™ . Q:
superlattices the carrier transport is of the band type rather tharE 1 '-' e B: Si200A/Ge15A
thermally activated hopping typé:® 2 2 ”‘l. o A: Si200A/Ge12A
Thermal Conductivity Measurements = 0.
The thermal conductivity of the QDS was measured in the ex- 0

J % L] L4 1] L 1] L3 L) » 1] L L) - 1]
50 100 _150 200 250 00 350 400
tended temperature range from 10 to 400 K using a home-huwilt 3 Temperature (K;

experimental setup. Details of the@3neasurement technique can be
found in Ref. 17. On the top surface of the samples, we depositec
SiN, layer with the thickness of 100 nm using the plasma-enhancec
chemical vapor depositiofPECVD). This layer was required to
provide _ electrical insulation for the measurement. The Figure 5. Top view micrograph of the heater-thermometer fabricated for
Cr (100 A)/Au (1000 A) metallic 3» heater-thermometer with the thg therm(aall)conpductivity megsueements by the t&chnique.(b) Measured
wire width of 5um was patterned on the insulation layer and fab- temperature dependence of the thermal conductivity for three Ge/Si quantum
ricated by e-beam evaporation and lift-off technique. Figure 5adot superlattices.

(b)
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the sample. A numerical program based on the analytical solution ofind significantly reduced thermal conductivity indicate that the ex-

the 3» heat conduction model was developed to fit the experimentalamined structures are good candidates for the “electron transmitting-

data and obtained the thermal conductivity. phonon blocking” structures required for thermoelectric applica-
Figure 5b shows the measured thermal conductivity as a functiortions.

of temperature for three QDS samples. The bilayer thicknesses of
the samples are indicated in the figure legend. The measured data
indicate significant reduction of the cross-plane thermal conductivity
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The average thermal conductivity of the three samples is about
10 W/mK at 300 K and 3.5 W/mK at 77 K. Another important
observation is that in the low-temperature region, the thermal con-
ductivity is proportional toT %7 - T%9 This temperature depen-
dence differs significantly from that one in bulk materials. The 3.
strongly reduced thermal conductivity with relatively good electrical
conductivity of Ge/Si QDS indicate that such structures are prom- %
ising candidates for thermoelectric applicati&ﬁ%? 5.
Note that the examined QDS were characterized by only partial 6.
ordering of quantum dotsvertical site correlation Further im-
provement in the growth technique is expected to lead to three- -
dimensional(3D) regimentation of quantum dots, with correspond-
ing modification of the electron and phonon dispersibfihe latter
would allow a better control of the electrical and thermal transport 8.
in QDS. Tuning of the phonon transport., phonon engineering,
may lead to additional reduction of the thermal conductivity and ™
enhancement of the thermoelectric figure of merit of QDS. 10.

1.

Conclusions 11

For the proposed thermoelectric applications of quantum dot su-42.
perlattices it is important to understand the specifics of both electri-
cal and thermal conduction in such nanostructures. In this paper, wé
report results of the measurements of Hall mobility and thermal
conductivity in a set of GgsSig 5/Si quantum dot superlattices. The
average measured in-plane Hall mobility for the undoped Ge/Sil5.
quantum dot superlattices on p-type substrate is 2335\ths™!

17.
at room temperature and 6.8010° cn? V-1 st at 77 K. The av- 18,
erage value of the thermal conductivity measured byn3ethod is 1

about 10 W/mK at 300 K and 3.5 W/mK at 77 K. In the low- 0
temperature region, the thermal conductivity is proportional to ™
TO07- T09 Relatively large values of the charge carrier mobility 21.
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