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Measurements of anisotropic thermoelectric properties in superlattices
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Thermoelectric properties, i.e., thermal conductivity, electrical conductivity, and the Seebeck
coefficient, have been measured in the directions parélheplane and perpendicular to the
interface of ann-type Si{80 A)/Ge(20 A) superlattice. A two-wire 3 method is employed to
measure the in-plane and cross-plane thermal conductivities. The cross-plane Seebeck coefficient is
deduced by using a differential measurement between the superlattice and reference samples and the
cross-plane electrical conductivity is determined through a modified transmission-line method. The
in-plane thermal conductivity of the Si/Ge superlattice is 5—6 times higher than the cross-plane one,
and the electrical conductivity shows a similar anisotropy. The anisotropy of the Seebeck
coefficients is smaller in comparison to electrical and thermal conductivities in the temperature
range from 150 to 300 K. However, the cross-plane Seebeck coefficient rises faster with increasing
temperature than that of the in-plane direction. 2802 American Institute of Physics.
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Semiconductor superlattice$SLs) are attracting much The experimental methods used in this letter are de-
attention because their low dimensionality may increase thecribed briefly her&2°-23 Two samples, named the SL
thermoelectric figure of merit.” Theories have been devel- sample and the reference sample, are used in the differential
oped on both electron and phonon transports in ‘SE§71*  measurement to eliminate the effects of the substrate, the
Experimental characterization of thermoelectric propertiebuffer layer, and the interfaces since the reference sample has
has proven to be very challenging because these propertiéise same structure as the SL sample except a thinner SL film,
are highly anisotropic and need to be characterized for eithesis shown in Fig. 1. The SL film is grown on a silicon-on-
or both directions parallefin-plane directioh and perpen- insulator(SOIl) wafer to ensure the electrical insulation be-
dicular (cross-plane directigrto the SL interfaces. Thermo- tween the SL film and the substrate, which is necessary for
electric properties include thermal conductivily, electrical  the SL electrical conductivity measurement. To measure the
conductivity (o), and the Seebeck coefficief8) that deter-  anisotropic thermal conductivity, a two-wiraw3method is
mine the figure of meriZ=S?/k.'” The cross-plane ther- applied to the SL sampf&:?>Two heaters with different wire
mal conductivity of SLs has been extensively studiéd/  widths are deposited on the top of the sample. The one hav-
however, there are less experimental reports on the in-plariag a wire width much larger than the film thickness is used
thermal conductivity of SLs because of the heat leakaggo determine the temperature drop due to cross-plane heat
through the substrate in the measureménts?*Measuring  conduction. The one with a width smaller or comparable to
the electrical conductivity and Seebeck coefficient in thethe film thickness will measure the temperature drop due to
cross-plane direction is particularly difficult because of thepoth in-plane and cross-plane heat conduction. The in-plane
small film thickness~um).®** Most previous experimental and cross-plane thermal conductivities can be extracted from
studies on thermoelectric thin films such as SLs were carrieghe temperature rise data for these two wires.
out in separate samples or different directions. It is highly
desirable to characterize all thermoelectric properties in both

directions on the same sample. Si (10004)
In this letter, we re [ Si (10004)

. port an experimental study on the 100 Periods 20 Period
thermoelectric properties, i.e., thermal conductivity, electri- Si(804)/Ge(204) s,(s.,,;;g;’(;m
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FIG. 1. Configurations of the SL sampla) and the reference samplb).
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To determine the cross-plane Seebeck coefficient of thec 20 ' r e 20
SL film, the temperature and voltage drops across the film £ | ==K ——K
need to be measured at the same tffna. Au/Cr pattern, = =K siane
deposited on the top of SL film, serves as both a heater and ¢ . 151 1'°
thermometer, and a microprobe is prepared between thej*_S-_’ C i
heater and the thin film to extract the Seebeck voltage. Using§
a differential measurement between the SL sample and the@

reference sample, the temperature and voltage drops acros®

_ O '
the thin film are measured to deduce its cross-plane Seebecg 5 | m@o—)
coefficient. £

The cross-plane electrical conductivity of the SL film is [ ,—UI‘
obtained by a modified transmission-line metifddM ) that 0 15'0 . 2(;0 . 25'0 . 30'0 + 358
is a classical approach for the semiconductor—metal contac T

' e ; emperature (K)
resistance measuremérft The modification taken here is to
etch down the SL film except the area underneath the met&lG. 2. In-plane and cross-plane thermal conductivities of tH80SA)/
contact line to make a mesa structure. In this SL mesa stru@820 A) SL as a function of temperature.
ture, the measured total contact resistance includes the Si—

metal contact resistance and the cross-plane SL resistangs. and 1.25 for Ggin the high-temperature range due to the
Mesa structures with different heights are used to e"minat‘?)redominating umklapp scattering and normal three-phonon
the effect of the SL—metal contact and to obtain the crossscattering?>?® The thermal conductivities of the Si/Ge SL,
plane SL resistivity. One critical condition for the cross-planepnowever, do not show a similar temperature dependence. In
resistivity measurement is that the contact resistance Shoutﬂe Cross_p|ane direction, the temperature dependence fol-
not overwhelm the cross-plane SL resistance. In our experiows the specific heat behavior. This implies that
ment, the contact resistance is Iarge relative to the SL reSi$emperature-dependent Scattering mechanisrns7 such as um-
tance near room temperature and below, which limited th&japp scattering, do not contribute too much to heat conduc-
cross-plane electrical conductivity measurements to the ekion, and interface scattering, which is insensitive to tem-
evated temperatures. perature should dominate the transport. In the in-plane
The conventional four-point-probe method is employeddirection, the SL thermal conductivity decreases slowly with
to measure the in-plane electrical conductivty’ The in-  increasing temperature, and a peak appears at a temperature
plane Seebeck coefficient is also measured in the same strugich higher than that in bulk materials. These suggest that
ture while a temperature gradient is applied along thefor the in-plane heat conduction, the interface still plays an
sample. important role while the normal three-phonon scattering and
The samples were grown by solid-source molecularumklapp scattering gradually set in with increasing tempera-
beam epitaxy or(100-oriented SOI wafers. To obtain the ture. The anisotropy of the thermal conductivity is mainly
symmetrically strained Si/Ge SL, a relaxed SiGe buffer isattributed to the interface scatterihgand SL phonon
needed. In this approach, we used low-temperature-Si aselocity?°2'The ratio of the in-plane to the cross-plane ther-
sisted SiGe layer growtHf. A 2000-A-thick Si buffer layer mal conductivities decrease with increasing temperature be-
was grown at 400 °C, followed by a 2000-A-thick,§6&>  cause the umklapp scattering and normal three-phonon scat-
alloy layer grown at 550 °C. The SL film contains a 100- tering become more important in the high-temperature range.
period S{80 A)/Ge(20 A) layer, uniformly doped with Sb to The in-plane electrical conductivities of the(@ A)/
~10' cm™3. This low doping is chosen based on the mini- Ge20 A) SL are shown in Fig. 3. Due to the contact resis-
mum contact resistance we can realize and the estimatagnce issue, the cross-plane electrical conductivity is mea-
cross-plane electrical conductivity. For the purpose of maksured by the modified TLM only at 480 K. At this
ing Ohmic contact, a 1000-A-thick Si layer with a doping temperature, the cross-plane and in-plane conductivities are
concentration of about #cm™2 is grown on the top of the 117 and 5800 *m™?, respectively. The in-plane electrical
SL layer. A reference sample, which has exactly the sameonductivity atT<300 K is measured by the conventional
structure as the SL sample except a thinner SL 1d@&  four-point-probe method. The temperature dependence of the
periods, is prepared to eliminate the effects of the substratein-plane electrical conductivity in the SL is typical for the
the buffer layer, and the interfaces in the differential meadightly doped semiconductor in this temperature range, i.e.,
surements. The structures of the SL and the reference samplée electrical conductivity declines with decreasing
are shown in Fig. 1. In the thermal conductivity measure-temperaturé® The ratio of the in-plane electrical conductiv-
ment, the Si cap layer is etched away by a reactive ion etchety to the cross-plane electrical conductivity Bt= 480 K is
to avoid heat spreading. about 5, similar to the thermal conductivity. It is worth not-
The in-plane and cross-plane thermal conductivities oing that the electrical conductivity anisotropy of the heavily
the Si80 A)/Ge(20 A) SL are shown in Fig. 2. The anisot- doped BjTe;/Sh,Te; SL is much lower according to a re-
ropy and the temperature dependence of thermal conducticent reporf The possible reason for the anisotropy differ-
ity can be used to infer the effects of various phonon scatence between the Si/Ge SL and thg B4 /Sh,Te; SL is that
tering mechanisms, which depend on temperature in differerthe conduction-band offset in Bie;/Sh,Te; SL is smaller
ways. It is well known that the bulk Si and Ge thermal con-than that in the Si/Ge SL. Also, the high doping concentra-

ductivities go asl ~* (wherea has a value of about 1.65 for tion may benefit more the cross-plane electron transport be-
Downloaded 27 Nov 2002 to 128.97.88.70. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp

/K
in-plane  cross-plane

cross-plane

10 + -

o =
K K
in-plane

Q
-
-




3590 Appl. Phys. Lett., Vol. 81, No. 19, 4 November 2002 Yang et al.

600 ZTross-plandZ Tin-plane Should become larger at the higher
temperatures since the cross-plane Seebeck coefficient in-
creases faster with temperature.

In summary, the cross-plane and the in-plane thermo-
1 electric properties of an-type Si/Ge SL have been measured
and their anisotropy and temperature dependence have been
studied. Both thermal and electrical conductivities show a
. large anisotropy. In contrast, the Seebeck coefficient does not
show a large anisotropy in the temperature range from 150 to
300 K, but the cross-plane Seebeck coefficient depends more
strongly on temperature than that of the in-plane direction.
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