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Simultaneous measurements of Seebeck coefficient and thermal
conductivity across superlattice
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A method is developed to simultaneously measure the Seebeck coefficient and thermal conductivity
in the cross-plane direction of thin films and applied taagpe Si/Ge quantum-dot superlattice. In

this method, an Au/Cr pattern serves as both a heater and a thermometer, and a microprobe is
prepared between the heater and the thin film to extract the Seebeck voltage. Using a differential

measurement between the thin films with different thickness, the temperature and voltage drops

across the thin film are determined to deduce its cross-plane thermal conductivity and Seebeck
coefficient. At room temperature, the cross-plane Seebeck coefficient and thermal conductivity are

312 uV/K and 2.92 W/mK, respectively, for thetype S{75 A)/Ge15 A) quantum-dot superlattice

doped to 8.¥ 10" cm 3. © 2002 American Institute of Physic§DOI: 10.1063/1.1458693

Semiconductor superlattic€SLs) are attracting consid- heater and the thermometer, similar to the conventional 3
erable interests because their low dimensionality may inmethod!”*8A microprobe between the metal pattern and the
crease the thermoelectric figure of méfit. Thermoelectric ~ SL layer, together with a metal contact pad far away from the
transports in the in-planélong the film plangand cross- heater, is used to extract the cross-plane Seebeck voltage.
plane(perpendicular to the film plapalirections of SLs are Since the Seebeck coefficient of the Au lead is much smaller
highly anisotropic and need to be characterized separately. lcompared to the semiconductor SL and a differential method
the cross-plane direction of SLs, electrons and phonons mag used, the contribution of the Au lead to the measured See-
experience much stronger interface scattering than that alortgeck coefficient is neglected in our experiment. A reference
the in-plane directiori=® Furthermore, the thermionic emis- sample, not shown here, has a structure exactly same as the
sion process may improve the thermoelectric energy convelSL sample except the thinner SL film. A differential measure-
sion efficiency in the cross-plane direction of S£52To  ment between the SL and reference samples is used to elimi-
understand thermoelectric transports in the cross-plane direcate the effects of the substrate, the insulating layers, and
tion, one needs to measure, in addition to the thermal coninterfaces on the voltage and temperature measurements.
ductivity (k), the Seebeck coefficierit), and the electrical
conductivity (o) in the same direction since the device per-
formance depends on the figure-of-métit S2o/k.*2 In the
cross-plane direction of SLs, the thermal conductivity has
been studied extensively®!4*>There are also limited ex-
perimental reports for the cross-plane electrical conductivity
of SLs1® Experiments on the cross-plane Seebeck coefficient
in thin films, defined a$=—AV/AT, are difficult because
it requires the simultaneous determination of the voltage and
temperature drops across very thin filfasum).

In this letter, we report a method for the simultaneous
measurement of the cross-plane Seebeck coefficient and ther-
mal conductivity in thin films. This method has been applied
to ann-type Si/Ge quantum-dot SL.

The principle to measure simultaneously the cross-plane
Seebeck coefficient and thermal conductivity of thin films
can be explained in Fig.(d). The SL layer is fabricated into

a mesa structure. The top metal pattern serves as both the

FIG. 1. (a) Schematic illustration of cross section, afil photographs of

the top surface of the superlattice sample instrumented with heater, tempera-

3 Author to whom all correspondence should be addressed:; electronic maiture sensor, and the voltage probe. The bottom right-hand side picture shows
gchen2@mit.edu the microprobe underneath the heater.
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If a sinusoidal current at frequeney is passed through 1.6 .
the top heater, a thermal wave ab 2will be generated <& (@)
throughout the sample. The temperature oscillation of the P L
heater at @ (T,,) is measured through the small voltage = 13
oscillation at % (V3,) due to the temperature dependent g - 30mwW .
resistancg of the heater. The temperature drop across the SL g- ——Superlattices
is determined by the measured surface temperatures of the ) —=—Reference
SL and the reference samples. Thus the thermal conductivity =
of the SL film is given by 400 (b) '

S

kSL: l:)(dSL_ dreferenca/A(Tzw,SL_ T2w,referencg: (1) 3300 L J
whereP is the thermal power ata2 d is the film thickness, g AV, , P=30mW
A is the area of the heater, and subscript SL or reference %200 | ¢ ]
denotes the values associated with the SL or the reference > —e—Superlattices
samplé®® A 2w Seebeck voltage wave is also generated by —=—Reference
the thermal wave in the samples and detected by the voltage 10050 1000 2000
probe embedded underneath the heater. The extra periods in Frequency (Hz)

the SL sample should introduce a frequency-independent in-

crease relative to the magnitude of the Seebeck voltage in tHeS: 2~ Measured amplitudes ¢4 the temperature ant) the Seebeck
voltage oscillations across the SL samfitecles and the reference sample

reference sample. The magnitude of the cross-plane Seebe@guaresas a function of frequency at 320 K with a heat dissipation of 30
coefficient of SL film can be written in the form mW. AT,,, andAV,,, denote the @ temperature and voltage drops across

the Si/Ge SL film, respectively.
|SSL| = |(V2w,SL_ V2w,referencg/(T2w,SL_ T2w,referencg| (2)

In the experiment, it is found thatV,,, varies linearly with  SiGe alloy system® As seen in Fig. &), the cross-plane
AT,, but doesn't go to 0 whileAT,, reaches 0. So the thermal conductivity is lower than the thermal conductivity
cross-plane Seebeck coefficient is determined By of SiGe alloy. The huge thermal conductivity reduction in the
=d(AV,,)/d(AT,,) instead ofS=AV,,/AT,,. The polar-  Si/Ge SL is mainly due to the phonon interface scattéring
ity of the Seebeck coefficient can be deduced from the phasand the decreased phonon group velotity.
information on the voltage and temperature. Figure 3b) shows the Seebeck coefficient in the cross-
The sample growth and fabrication are briefly describedblane direction of the SL, as well as the Seebeck coefficients
as follows® The S{75A)/Ge(15A) quantum-dot SL samples for bulk Si (Ref. 22 and Sj-Ge, 5 alloy?® with a doping
are grown by solid source molecular-beam epitaxy on aoncentration similar to the Si/Ge SL. The temperature de-
(100 orientedn-type Si wafer with electrical resistivity of pendent behavior of the cross-plane Seebeck coefficient in
0.01Q cm. The SL and the reference samples consist of 11&L is typical for the doped semiconductor in this temperature
bilayers and 11 bilayers, in which Ge quantum-dot layéB range, i.e., a gradual rise in Seebeck coefficient with increas-
A) are separated by 75 A-thick Si spacer layers. The Sling temperaturé? In contrast to thermal conductivity, the
layers in both samples are uniformly doped with Sh to apimeasured Seebeck coefficient in the cross-plane direction of
proximately 8.% 10'° cm™3. The fabrication process starts Si/Ge SL shows only a small change compared to the bulk
with 0.4 um-thick plasma-enhanced chemical vapor deposi-

tion (PECVD) SiO, deposition on the sample, whose struc- ; T T T T T
ture is illustrated in Fig. 1. A small window is opened in this 00 g(a) _ "
SiO, layer for the electrical contact of the microvoltage o | PuFaualentValue E
probe with the SL. A layer of 0.2um Au/0.01 um Cr is £ I
deposited to define the microprobe. A Quéh thick PECVD = 10 BukAloySi, Ge, J
SikN, is deposited to insulate the microvoltage probe from < F \E 3
the top heater. Reactive ion etching is used to etch away the [ E — —
SL and the insulating layers to make mesa structure. 1| Amorphous S o
. -600 ' '

The raw experimental data for the reference and SL (b)
samples are shown in Fig. 2. The slope of thaet@mperature - 1
oscillation curves will yield to the thermal conductivity of <
the substraté’'8 As expected, the presence of the SL thin S -300f .
film produces frequency-independent increases in the 2 % S Bulk Si
temperature oscillation of the heafgienoted byAT,,) and ] Buk Allo Si/g i 1
in the 2» Seebeck voltage oscillatiafenoted byAV,,,). 0 . y 07703 )

Figure 3a) shows the cross-plane thermal conductivity 270 300 330
of the SL, as well as the thermal conductivities for the cor- Temperature (K)

responding bulk Si and Gealculated by Fourier’s lank

_ | A 13 8 FIG. 3. (a8 Thermal conductivityk and (b) Seebeck coefficien§ of the
0.9kskge/(0-1Ksi+0.75%gg), ™ amorphous S? and ntype Si/Ge quantum-dot SL film as a function of temperature. For com-

. 20 . .
Sl /G& zalloy.” The Sp /Gey 3 alloy is chosen here because payison, the data for amorphous Si, bulk Si and Ge, and bulk allpy8is

it has the optimized composition for thermoelectrics in theare also plotted.
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