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This paper reports temperature-dependent thermal conductivity measurements in the cross-
plane direction of symmetrically strained Si/Ge superlattices, and the effect of doping,
period thickness and dislocations on the thermal conductivity reduction of Si/Ge superlat-
tices. The Si/Ge superlattices are grown by molecular beam epitaxy on silicon and silicon-
on-insulator substrates with a graded buffer layer. A differentialrithod is used to mea-
sure the thermal conductivity of the buffer and the superlattices between 80 and 300 K.
The thermal conductivity measurement is carried out in conjunction with X-ray and TEM
sample characterization. The measured thermal conductivity values of the superlattices are
lower than those of their equivalent composition bulk alloys.
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1. Introduction

Understanding the thermal conductivity and heat transfer processes in thin films and superlattice structures
is critical for the development of microelectronic and optoelectronic devijemnd low-dimensional ther-
moelectric and thermionic device® [ Experimental results on the thermal conductivity of superlattices have
been reported in recent years for several materials systems, including GaAsBAB\sGaAs/AlGaAs B],
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Si/SiGe [7], Si/Ge B-10 and BbTes/ShTes [11-13. These studies demonstrate that the thermal con-
ductivity of a superlattice could be much lower than that estimated from the bulk values of its constituent
materials 8], and even smaller than the thermal conductivity values of the equivalent composition alloys. In
order to explain these findings, models for the thermal conductivity of superlattices, based on minigap scat-
tering [14], the Boltzmann transport equatiohd, 16], and phonon group velocity reductiohd19, have

been developed. Furthermore, the models suggest the possibility of controlling the thermal conductivity of
superlattice structures through phonon enginee28gZ1].

One of the most significant reductions in the thermal conductivity of superlattices has been reported for
the Si/Ge superlattice syster][ The measured thermal conductivity reduction, coupled with the possible
increase of the Seebeck coefficient and electrical conductivity due to quantum confinement effects in these
superlattices32], makes the Si/Ge superlattice system a good candidate for highly efficient thermoelectric
energy conversion. Previously reported experimental studies on Si/Ge superl&jtiwesd based on sam-
ples grown by metal-organic chemical-vapor deposition (MOCVD) on GaAs substrates with Ge buffers. The
use of un-symmetrically strained Si and Ge layers in the superlattice films leads to high density of threading
dislocations, making the interpretation and modeling of the experimental results difficult.

This paper uses symmetrically strained Si/Ge superlattices and reports temperature-dependent thermal
conductivity measurements in the cross-plane direction of symmetrically strained, molecular-beam-epitaxy
(MBE) grown Si/Ge superlattices and the effect of doping, period thickness and dislocations on the thermal
conductivity reduction in these superlattices. The Si layer and Ge layer in the superlattice period have the
same thickness, ranging from 22—70 A (for each layer) for different samples. The effect of doping is evaluated
for several 40 A period, symmetrically strained superlattices, p-type and n-type doped with carrier concentra-
tions between &k 10'® cm=3 and 2x 10'° cm~3. Thermal conductivity measurements are performed using
the 3» method R3]. In this technique the temperature drop across the superlattice film is experimentally de-
termined and used to estimate the thermal conductivity of the film. Transmission electron microscopy (TEM)
and X-ray characterization measurements are employed to study the quality of the superlattices. Thermal
conductivity measurements have been carried out for the Si/Ge superlattices in the temperature range from
80 K to room temperature. The experimental data demonstrate a strong reduction in the thermal conductivity
of the Si/Ge symmetrically strained superlattices.

2. Samples and experiments

The Si/Ge superlattices are grown by MBE on Si100 and SOI wafers and the layer configuration for each
sample is summarized in Table The influence of the periodicity on the superlattice thermal conductivity
is studied for the superlattices JL155, JL156 and JL157, which have, respectively, 140, 44 and 90 A for
each period and are grown without doping on Si substrates. The effect of doping concentration is studied for
uniformly doped n-type (Sb doped) and p-type (B doped) 40 A period superlattices grown on SOI substrates.
The SOI substrates are selected in order to facilitate thermoelectric measurements presented elBwhere [
The doping concentrations aré n 1-2 x 108 for JL199, n" ~ 4-5x 108 for JL197, n" ~ 2 x 10'° for
JL194 and p ~ 1-2x 10 for JL196.

In order to grow equal layer thickness Si/Ge superlattices, it is necessary to prepare a buffer layer with a
lattice constant on the top surface equal to the average lattice constant of Si and Ge. The superlattices grown
on this buffer have a symmetric, ‘zero’ strain configuration over one period, because the strain in the Ge layer
is compressive and the strain in the Si layer is of equal value and opposite sign (tensile). Detailed growth and
configuration of the buffer layer are described in R&6][ The growth starts with a 1000 A Si buffer. One
monolayer of Sb surfactant is deposited, followed by the growth of the continuously grade®&8&i layer
with the Ge mole fraction beginning from 0 to 0.5. The thickness of the continuously graded layenifo?
samples JL155, JL156 and JL157 andrh for samples JL194, JL196, JL197 and JL199. The buffer growth
ends with the deposition of 0,3m Sip5Ge&y 5. The growth temperature of the superlattice layers is°&10
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Table 1: Sample configurations.

Sample One period Periods Doping (cth Buffer

JL155  Si(70 A)/Ge(70A) 33 — 2m continuous graded
Si — Sip5Gep 5 + 0.3 um
SiosGens

JL156  Si(22 A)/Ge(22 A) 100 — same as JL155

JL157  Si(45A)/Ge(d5A) 50 — same as JL155

JL194  Si(20 A)/Ge(20A) 100 f~2x10° 1 um continuous graded
Si— SipsGeys+ 0.3 um
SipsGeps

JL196  Si(20 A)/Ge(20A) 100 P~1-2x 10'° same asJL194

JL197  Si(20 A)/Ge(20 A) 100 i~ 4-5x 10 same as JL194

JL199  Si(20 A)/Ge(20A) 100 i~ 1-2x 10  same as JL194

for the undoped samples and 3&Dfor the doped samples. Dopant activation for the doped superlattices is
achieved by a 10 min annealing step at 380

A differential 3» method is employed to perform the cross-plane thermal conductivity measurements on
the Si/Ge superlattices. In the3nethod P3], a metal wire is deposited onto the film to act as both a heater
and a temperature sensor. Since the superlattice film is semiconducting, the metal wire must be insulated from
the film to avoid current leakage. The electrical insulation is provided b0 nm SiN film deposited by
plasma enhanced chemical-vapor deposition (PECVD) at@%mto the samples. In order to determine the
thermal conductivity of the Si/Ge superlattice film, the temperature drop across the superlattice is determined.
This temperature drop is experimentally measured by a differential technique using a series of samples, as
illustrated in Fig.1. The differential 2 thermal conductivity characterization of the superlattice requires
deposition of wires on three different samples, including a substrate, a buffer grown on the substrate and a
superlattice grown on the identical buffer. The insulation layer and the metallic heaters/temperature sensors
with wire widths between 2 and 50m are processed for all the samples during the same process flow.
For a given wire width, the temperature rise at a given frequency and identical power input is recorded for
the substrate, buffer and superlattice samples. The measured temperature difference between the substrate
sample and the buffer sample is used to determine the thermal conductivity of the buffer. Furthermore, the
measured temperature difference between the buffer sample and the superlattice sample is used to determine
the thermal conductivity of the superlattice. Both the in-plane and the cross-plane thermal conductivity of
the films can be determined if the experiment is carried out for different heater width/film thickness aspect
ratios and a two-dimensional heat conduction model is used to fit the experimental temperature drop across
the film [7, 26]. However, a simpler one-dimensional heat conduction model can be used to determine the
cross-plane thermal conductivity of the film if the width of the heater is much larger than the film thickness,
and if the film thermal conductivity is much smaller than the substrate thermal conducg8@]tyir this
work, 30 um width heaters are used to measure the temperature drop aebdsgm thick superlattice
films. The heater-width/superlattice-thickness aspect ratioG6, and the ratio between the superlattice
thermal conductivity and substrate thermal conductivity is at ma&033. Under the above conditions,
one-dimensional heat conduction modeling for the heat transport across an anisotropic film yields an error
of <2% for its thermal conductivity, as long as the film anisotropy of thermal conductivity is smaller than
five [26]. However, the measured Si/Ge superlattices are grown on relatively thick 13r2Riffer layers
and the film anisotropy is unknown. Due to the heat spreading effect in the buffer layers, the one-dimensional
heat conduction approximation generates large errors in the measured thermal conductivity of the buffer and
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Fig. 2. TEM micrographs of undoped Si/Ge superlattices.

superlattice films. Therefore, a two-dimensional, multilayer, anisotropic heat conduction model was used to
back up the cross-plane thermal conductivities of the Si/Ge superlattices reported in this work.

The temperature-dependent thermal conductivity measurements were carried out in a cryostat in the tem-
perature range from 80 K to room temperature. The temperature in the chamber was adjusted to the desired
temperature by a temperature controller. During then®asurements, the ambient temperature variations in
the cryogenic chamber were within 0.1 K. The calibration of the temperature coefficient of resistance (TCR)
of the metallic wire was carried out during the slow warm-up of the cryostat. #heoBage was measured
by a lock-in amplifier. A computer was used for automatic data acquisition and control.

3. Experimental results and discussion

X-ray diffraction and transmission electron microscopy (TEM) were employed to evaluate the quality and
periodicity of the JL155, JL156 and JL157 Si/Ge superlattices. The above-mentioned samples show good
X-ray diffraction peaks and the electron diffraction patterns reveal satellite spots due to the superlattice
periodicity. These results confirm the quality and periodicity of the JL155, JL156 and JL157 superlattices.
Furthermore, cross-sectional transmission electron micrographs of the Si/Ge superlatticBsvgFify the
periodicities of the superlattices and the morphologies of both the buffer layers and the superlattice films.

Figure3 shows the temperature dependent cross-plane thermal conductivity of the symmetrically strained
Si/Ge superlattices JL155, JL156 and JL157. The experimental results indicate a strong reduction in the
thermal conductivity of the symmetrically strained Si/Ge superlattices relative to the Si/Ge alloy film. The
thermal conductivity values vary from 2.9—-4.0 WK1 at room temperature to 2.6-3.5 WK1 at
83 K. As a general trend, the thermal conductivity of the superlattices decreases with decreasing temperature.
The thermal conductivity values of the Si/Ge superlattices measured in this work are slightly higher than the
values measured by L&t al. [8] on Si/Ge superlattices with comparable superlattice periods, but still lower
than the thermal conductivity of the SiGey s alloy samples. It should be noted that the superlattice sam-
ples reported in Refg] were not symmetrically strained, were grown on different buffers with the MOCVD
method and were doped with carrier concentrations between-31@% cm~2. Therefore, the lower thermal
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Fig. 3. Temperature dependence of the thermal conductivity of undoped Si/Ge superlattices.

conductivity values in Lee’sg] samples could be due to additional phonon scattering by dopants and dis-
locations arising from the strained relaxation in the un-symmetrically strained film. The error bars3n Fig.
represent the experimental uncertainty of the thermal conductivity. If the thermal conductivity anisotropy of
the superlattice and buffer films is smaller than four (i.e. the cross-plane thermal conductivity is no more
than four times smaller than the in-plane thermal conductivity) or if the buffer anisotropy is larger than the
anisotropy of the superlattice, then the estimated values of the cross-plane thermal conductivity of the su-
perlattices reported in this work are within the experimental uncertainties shown i& Ngrrower heaters
must be used in order to measure more accurately the in-plane thermal conductivity of the superlattices.
The superlattice period thickness dependence of the thermal conductivity is shown4n Hig. results
in Ref. [8] are also plotted for comparison. Venkatasubramanian and Cdpesfgested that the dip in the
data of Leeet al. [8] is physical rather than an experimental variation and provided in-plane thermal conduc-
tivity data with a large dip in the thermal conductivity at around a 65 A period thickness. The current sample
series does not have enough data points to confirm their observations. Our cross-plane thermal conductivity
data show a decreasing trend as the period thickness increases, and a relatively small dependence on super-
lattice period for periods between 90 and 140. eeal. [8] suggested that the drop in thermal conductivity
of the Si/Ge superlattices at larger periods is due to the formation of dislocations in the studied samples.
The modeling of Chen and Neagi indicates that the needed dislocation density- 011102 cm—2.
Cross-sectional TEM micrographs of the JL155, JL156 and JL157 superlattices show threading dislocations
propagating from the top surface of the buffer layer into the superlattice films. However, quantitative estima-
tions of the dislocation densities using a Schimmel defect etch and counting the etch pits with a Nomarski
interference microscope yields the same range of dislocation densities in all three samples3inTkéay.
dislocation density in the above superlattices is estimated tolb& x 10* lines cnt2 and is equal to the
dislocation density on the top surface of the buft&][ Therefore, a different mechanism, other than thread-
ing dislocations, must be responsible for the reduction in thermal conductivity of the larger period Si/Ge
superlattices. One possible reason could be the increasing residual stress within the layers of larger period
Si/Ge superlattices.
In order to study the effect of carrier type and concentration on the thermal conductivity reduction, super-
lattices JL194, JL196, JL197 and JL199 were grown on SOI substrates withyanlc®ntinuously graded
SiGe buffer. The reason for the use of SOI substrates is to facilitate the electrical conductivity measure-
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Fig. 4. Thermal conductivity of the symmetrically strained Si/Ge superlattices as a function of period thickness, at two temperatures and
in comparison with results in Ref8].

ments R7]. Due to the smaller buffer layer thickness, the density of threading dislocations in the top surface
of the buffer layer is~1.5 x 10° lines cnT2, four orders of magnitude larger than the density of threading
dislocations in the JL155, JL156 and JL157 superlattices.

Figure5 shows the temperature dependent thermal conductivity of several 40 A period Si/Ge superlattices
with different doping concentrations. These doped superlattices have smaller thermal conductivity values
than the 44 A period undoped JL156 superlattice shown inJigossibly indicating the influence of higher
dislocation densities and doping on the thermal conductivity reduction. The thermal conductivity of a p-type
superlattice (JL196) is larger than the thermal conductivity of an n-type superlattice doped with the same
dopant concentration (JL194). The n-type samples doped at higher carrier concentrations have higher ther-
mal conductivity values. This behavior is opposite to the doping effect reported for bulk sil8hmfere
the heat conduction is impeded by higher dopant concentrations. In bulk silicon, the lattice thermal con-
ductivity reduction due to the scattering by dopant ions is more than the increase of the electronic thermal
conductivity. In superlattices, due to the already low phonon thermal conductivity, it is possible that the elec-
tronic thermal conductivity makes a large contribution to the total thermal conductivity. Currently, we do
not have cross-plane electrical conductivity measurements for these superlattices, so we used the measured
in-plane electrical conductivity and the calculated Lorentz number to estimate the electronic thermal conduc-
tivity based on the Wiedeman—Franz law. The calculated relative electronic contribution at 360 82%sof
the total thermal conductivity for JL194,6% for JL197 and~5% for JL199. At 80 K the relative electronic
contribution to the total thermal conductivityis5% for JL194 ~2% for JL197 and<2% for JL199. These
preliminary results indicate an increase in the relative electronic contribution to the total thermal conductivity
at higher doping concentrations but do not quantitatively explain the thermal conductivity trends shown in
Fig. 5. Cross-plane electrical conductivity measurements are necessary in order to fully understand the effect
of doping on the thermal conductivity of strained Si/Ge superlattices.

4. Conclusion

This work presents experimental results on the temperature dependent cross-plane thermal conductivity
of symmetrically strained Si/Ge superlattices grown by MBE on graded buffers, for several superlattices
with periodicities from 40-140 A. The measured thermal conductivity values for the undoped samples are
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Fig. 5. Temperature dependence of the thermal conductivity of several p-type and n-type doped Si(20 A)/Ge(20 A) superlattices.

lower than those of the corresponding bulk alloy, but higher than those reported in the literature for compa-
rable thickness, doped, asymmetric superlattices grown by MOCVD on Ge buffers. The doped superlattices
characterized in this work have larger dislocation densities than the undoped samples and lower thermal con-
ductivity values. The thickness dependence of the studied samples and the doping effect shows a complex
behavior that has yet to be fully understood.
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