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ABSTRACT

Silicon, a candidate as an abundant-element thermoelectric material for low-temperature thermal energy scavenging applications, generally
suffers from rather low thermoelectric efficiency. One viable solution to enhancing the efficiency is to boost the power factor (PF) of amor-
phous silicon (a-Si) while keeping the thermal conductivity sufficiently low. In this work, we report that PF >1 m Wm ™' K2 is achievable
for boron-implanted p-type a-Si films dispersed with ultrafine crystals realized by annealing with temperatures <600 °C. Annealing at
550 °C initiates crystallization with sub-5-nm nanocrystals embedded in the a-Si matrix. The resultant thin films remain highly resistive and
thus yield a low PF. Annealing at 600 °C approximately doubles the density of the sub-5-nm nanocrystals with a bimodal size distribution
characteristic and accordingly reduces the fraction of the amorphous phase in the films. Consequently, a dramatically enhanced electrical
conductivity up to 10* S/m and hence PF>1 m Wm™" K2 measured at room temperature are achieved. The results show the great potential
of silicon in large-scale thermoelectric applications and establish a route toward high-performance energy harvesting and cooling based on
silicon thermoelectrics.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0004318

INTRODUCTION two major issues. One is the persistently poor conversion efficiency,
which is primarily characterized by the dimensionless figure of
merit ZT = (O‘SZ/K')T, where o, S, k, and T represent the electrical
conductivity, the Seebeck coefficient, the thermal conductivity, and
the absolute operating temperature, respectively. The other issue is

A thermoelectric generator (TEG) represents a unique device
to directly convert waste heat into electricity. Advances in minia-
turization and integration of electronic circuits for Internet of
Things (IoT) call for solutions to mobile, and distributed and

renewable power sources and TEG appear to be an attractive associated with the use of rare and toxic tellurides, e.g., Bi;Te; and
alternative.' This application requires thermoelectric materials PbTe, for their unprecedented TE performance in the low tempera-
operating in low temperature range around room temperature (RT) ture regime below 400 °C; in bulk form, they typically deliver a ZT
with bismuth telluride as the main candidate so far."”® The antici- value close to 1 at RT. For sustainable development and wide appli-
pated broad applications of TEG require innovations to address cations, the selection of abundant and environmentally benign
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materials coupled with the consideration of low-cost production is
of paramount importance. Silicon is the second most abundant
element in the Earth’s crust and has been the base material in the
modern microelectronics industry. However, single crystalline
silicon (sc-Si) suffers from a rather low ZT around 0.01 due to its
large bulk thermal conductivity (~150 Wm™ K™!).”* An efficient
strategy to enhance ZT of sc-Si is suppressing its thermal conduc-
tivity by nanostructuring in the form of, e.g., superlattice, nano-
wires, and nano-meshes of sc-Si, which generally involves
demanding and complicated processing.”'’

In general, a too low value of x is not beneficial to maximizing
output power in a specific TEG and a too high value reduces tem-
perature gradient (AT) across thermoelectric (TE) legs. The latter
causes a degradation of the TEG conversion efficiency. Therefore, it
is necessary to prioritize the increase of power factor (PF = $%¢)'""”
as long as « is reasonably low. Recently, it becomes an attractive
solution to engineer amorphous silicon (a-Si) thin films using stan-
dard silicon technology to obtain high PF silicon."” To construct a
TEG, n- and p-type constituents of equal performance are crucial.
We have obtained a PF of ~3.4m Wm™' K™? at RT using arsenic-
doped n-type a-Si thin films processed at ~500 °C."” For p-type Si,
a PF>1mWm™" K> has been reported for boron-doped Si thin
films which have been treated at rather a high temperature (1000 °C
for hours) for the recovery of implantation damages and for dopant
activation.'' It has been well known that the crystallization of a-Si is
very sensitive to annealing temperature and duration.'* The condi-
tions with elevated temperatures (e.g., >650 °C) and extended dura-
tion (i.e., hours) often lead to crystals of hundred nanometers to
micrometer in size.'”'® Si thin films with large-crystal-size Si crystals
are expected to have high thermal conductivity and thus lower ZT.
As a TEG requires both n- and p-type thermoelectric legs of similar
efficiency, it is important to explore temperature process windows
for boosting PF of p-type TE silicon thin films with sufficient
low .77

In response to this challenge, this work studies the TE trans-
port properties of boron-implanted p-type a-Si thin films dispersed
with ultrafine nanocrystals realized by limiting the process temper-
ature in the range of 450-600°C. The result reveals a precise
process window that favors the formation of desired sub-5-nm
nanocrystals, which results in a high electrical conductivity of up to
10* $/m and high PF to ~2m Wm ™' K™ at RT. As thin films con-
sisting of ultrafine nanocrystals possess very low x due to efficient
phonon scattering at grain boundaries,'" our study provides a solu-
tion to achieve high performance p-type thermoelectric silicon thin
films, in combination of the n-type counterpart, for the applica-
tions of inexpensive and distributed thermal energy harvesting and
cooling operating in a low temperature range.

EXPERIMENTS

The parent a-Si thin films were deposited on top of thermally
oxidized p-type sc-Si wafers with a 300 nm thick oxide (SiO,) layer.
The a-Si thin films were deposited in a low pressure chemical
vapor deposition (LPCVD) reactor with 45 standard cubic centime-
ter per minute (sccm) silane, at 0.2 Torr pressure and 560 °C. The
deposition rate was 2.6 nm/min. The nominal thickness of a-Si
films was 100 nm at which phonon scattering at surfaces/interfaces

ARTICLE scitation.org/journalljap

may play a role in reducing the thermal conductivity.'” Boron ion
implantation was conducted at RT to obtain four different nominal
dopant concentrations, i.e., Cp= 10*%, 10%°, 10%, and 10*'cm™>.
For each nominal concentration, energies of 30, 50, 100, and
160 keV were used in order to achieve a uniform dopant distribu-
tion in the thin films. The energies and the doses were selected
according to the calculation by using Stopping and Range of Ions
in Matter (SRIM) simulation (not shown here) for the ion implan-
tation. Electrical activation of the boron dopants was carried out by
rapid thermal processing (RTP) in a nitrogen atmosphere at
various temperatures T, from 450 to 600 °C for 10 min with a step
of 50°C. The temperature was well controlled during the rapid
thermal annealing. The morphology of the best performing film
was studied by means of high resolution transmission electron
microscopy (HRTEM) on a FEI Tecnai G2 UT instrument with a
field emission gun operated at 200 kV and a point resolution of
0.19 nm.

The microstructural properties of the thin films were charac-
terized by Raman resonance spectroscopy (RRS) and glancing inci-
dent x-ray diffractometry (GR-XRD). The RRS measurements were
performed using the Renishaw inVia system with the 532 nm laser
at room temperature. Electrical sheet resistance was measured in
darkness on test samples with a van der Pauw geometry using
Keysight B1500A semiconductor parameter analyzer at room tem-
perature (Fig. S1 in the supplementary material). The Hall mea-
surement was conducted using a home-built system consisting of
an electrical magnet, a Keithley 2400 source meter, a Keithley
2182A nanovolmeter, and a Lakeshore 455 DSP Gauss meter.
For the measurement of the Seebeck coefficient, test structures
comprising electrodes of Ti/Au for heating, temperature sensing,
and electrical measurement were fabricated (Fig. S2 in the
supplementary material). Details regarding the test sample fabrica-
tion and Seebeck coefficient measurement can be found in the
supplementary material.

RESULTS AND DISCUSSION

The amorphous nature of an as-deposited Si thin film was
confirmed by XRD and Raman as described in our previous
work."” The subsequent boron implantation is expected to induce
damages to the thin films. The annealing process is meant for
improving electrical transport properties of the materials, which
usually requires rather a high temperature at 1000°C.”” As our
samples were annealed at temperature T, <600°C, the ion
bombardment-associated damages most likely remain in the thin
film. We found that annealing at temperatures below 500 °C did
not change the amorphous nature as evidenced by XRD analysis
(not shown here), and the samples remained highly resistive with
their sheet resistance out of the measurement range of our instru-
ment. Therefore, the discussion below focuses on the samples
annealed at 550 and 600 °C. As the XRD data shown in Fig. 1(a),
the Si thin films with low boron concentrations (i.e., Cg = 10'® and
10" cm™) and annealed at T,=550°C persistently stay in the
amorphous state. By increasing the boron concentration to
10*° cm™>, two well-established diffraction peaks assigned to Si
(111) and (220) appear. The peaks become very weak when the
boron concentration is further increased to 10*' cm™. On the
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FIG. 1. XRD patterns of the boron-implanted a-Si thin films with different nominal boron concentrations after annealing at (a) T, =550 and (b) 600 °C. The XRD index was

inferred from Refs. 22 and 23.%7%

other hand, for T, =600 °C, as displayed in Fig. 1(b), the crystalliza-
tion tends to occur at lower boron concentration. One can see that
the crystallinity feature appears similar between 550 and 600 °C
when Cpy=10* cm™>.

Raman resonance spectroscopy provides a powerful means to
investigate crystals of ultra-fine sizes as the atomic vibration modes
are sensitive to grain size.”™*° As shown in Fig. 2, a broad
Gaussian peak at ~480 cm™" attributed to a-Si*° is visible, particu-
larly in the samples with high boron concentrations of 10*° and
10> cm™. All the samples under investigation possess an asym-
metric Lorentzian signal at ~516-518cm™'. As the Raman
peak from crystalline Si appears at 520.5cm™', the peaks at
~516-518 cm™' can be ascribed to a peak shift caused by the
reduction of crystal size to the nanometer scale.”””””* They corre-
spond to the transverse optical (TO) phonon peaks, are asymmetri-
cally broadened toward the low energy side, and exhibit
characteristics of a Fano line shape.”>”” Note that an additional
signal at ~508-510 cm™" and further down to 503 cm™" appears in
the Raman patterns of the samples with 10'° and 10?° cm™ boron
concentration and annealed at 600 °C, which can be presumably
ascribed to the presence of ultrafine nanocrystals or ordering
domains. This signal was previously observed by other research
groups and assumed to be the effect of grain boundaries.””™'

From the degree of peak shift with respect to the sc-Si peak
(520.5 cm™"), the size of nanocrystals can be estimated according to
the following relationship:*’

MoD) = o (2, M

D
—+0.53
D+

where D is the diameter of a nanocrystal, a the lattice parameter for
Si (a=0.543 nm), and Aw(D) the Raman frequency shift associated

with the size reduction. The volumetric fraction of the crystalline
phase, ., can be obtained by considering the ratio of peak intensity
for the amorphous phase (480 cm™) to that for the crystalline
phase (~510-520 cm™Y) according to

, 2

where I, and I, are the peak areas for the crystalline and
amorphous Si, respectively. Corrections need to be considered
by subtracting the peak intensity contributed by the underlying
Si substrate.”*® For the calculation of grain size and degree of
crystallization, each Raman peak was deconvoluted into three
components corresponding to amorphous, bimodal nanocry-
stalline (~516-518cm™ and ~503-510cm™}), and crystalline
(520.5 cm™) [see an example in Fig. 2(b)]. The calculation results
indicate that the peak at ~516-518 cm™" corresponds to a grain
size of 4-5nm, while the peak at ~503-510cm™" to the size of
1-2 nm. As shown in Table I, annealing the samples with a boron
concentration of 10'%, 10*°, and 10*! cm™ at 550 °C gives rise to
nanocrystals of 4-5nm in size with ~36% crystallization degree.
For Cg=10"" cm™, the Si thin film exhibits an increased crystalli-
zation degree, i.e., ~69%, with the grain size reduced to ~3 nm. By
increasing T, to 600 °C, the grain size of nanocrystals is decreased
to 3-4 nm while the fraction of a-Si drops rapidly and becomes
undetectable for Cg =10** and 10*' cm ™. Interestingly, finer crys-
tals with the size of 1-2 nm appear and coexist with the larger crys-
tals as indicated by the double peaks in the Raman spectra (Fig. 2).
As boron can effectively enhance the crystallization rate in a-Si,'***
the presence of boron atoms facilitates the formation and growth of
the ordered domains in the amorphous phase. A higher boron con-
centration leads, in general, to smaller crystal size under the same
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450

annealing conditions. Bimodal grain size distribution for B-doped
Si nanocrystals has also been reported for samples annealed at
800 °C. 3>

The electrical conductivity ¢ is found to strongly depend on
Cg and T,. At Cg= 10'® cm™3, all the a-Si thin films, after annealed
at 450-600 °C, remain non-conductive. At higher Cp, o generally
increases with T, as shown in Fig. 3. Remarkably, o jumps up by
2-3 orders of magnitude and reaches (1.5+0.1)x 10* and
(3.7+£0.1)x10*S/m for Cy=10° and 10*' ecm™>, respectively,
when T, is raised from 550 to 600°C. The Hall measurement

TABLE I. Crystallinity of the annealed samples extracted from the Raman analysis
where the sample identification refers to the boron concentration/annealing
temperature.

Samples Fraction of Crystal size (nm)/
(em™/°C) amorphous phase (%)  corresponding fraction (%)
10'#/550 64.4 4.6/35.6

10"%/550 63.9 4.2/36.1

10%°/550 31.2 3.3/68.8

10%'/550 57.7 42/42.3

10'%/600 24.8 4.0/75.2

10"°/600 12.5 3.6/52.0; 1.5/35.5
10%°/600 0 3.9/42.5; 2.0/57.5
10%'/600 0 4.2/62.5; 2.4/37.5

520

Raman shift (cm™)

reveals that the annealing at 600 °C leads to hole mobility (uy) of
26+2 and 23+2cm®’V~'s™' and a hole concentration of
5.2 x 10" and 1.6 x 10°° cm™ for the samples with Cg=10?° and
10> cm™, respectively. It has been previously revealed that
implanted boron atoms dramatically enhance the crystallization of
a-Si annealed at a temperature as low as 500 °C™* and can be effec-
tively electrically activated already at 550 °C.”> The activated boron
atoms are bonded with silicon atoms in re-ordered domains, donat-
ing holes to increase the carrier concentration, and thus to enhance
the electrical conductivity. In our samples, the boron-doped Si thin
films can be visualized as nanocrystals embedded in the amorphous
phase after appropriate annealing. As seen in Table I, the rapid
reduction in the fraction of the amorphous phase and crystalliza-
tion with bimodal size distribution occurs when T, is raised from
550 to 600 °C. These changes effectively shorten the inter-distance
between the nanocrystals, leading to enhanced electrical conduc-
tance. Compared to the single grain size distribution (i.e., ~4-5nm
in the case of T, =550 °C), a much larger inter-grain contact area is
expected with the bimodal grain size distribution as the smaller
ones (~1-2 nm) replace most the amorphous phase in the network
of the larger grains (~3-4 nm). Previous studies appear to suggest
that the crystallization process recombines the dangling bonds and
passivates defects, both of which would improve electronic
transport.' ¢

The measurement of Seebeck coefficient S yields 356 +2 and
177 £ 1 uV K™! for the samples with Cg= 10*° and 10*'cm™3,
respectively, both were annealed at T, = 600 °C. They are lower than
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that of boron-doped sc-Si (~500 uVK™), with a carrier concentra-
tion of 1.5 x 10'°. The sample with Cz=10*" cm™ has lower ¢ but
larger S than those of Cz= 10%! cm™3, which follows the Pisarenko
formula, ie., Soc %ln(a),”’38 where K and e are the Boltzmann
constant and the electronic charge, respectively, and the similar
result has also been observed in highly doped polycrystalline Si
with a similar doping concentration.”” When we compare the
samples of the same Cp=10?° cm™ annealed at different tempera-
tures, S of 550°C (220 +9uVK™") is lower than that of 600°C
(356 + 2 uVK ™), which cannot be explained by using the Pisarenko
theory as the former has lower electrical conductivity (¢ =760 S/m).
This contradiction indicates that energy filtering might come in to
play in the sample with Cy=10"cm™> annealed at 600°C to
increase its Seebeck coefficient. As for the sample with
Cp=10*" cm™ annealed at 600 °C having the highest hole concen-
tration, the Pisarenko mechanism dominates and thus leads to a
low Seebeck coefficient of 177+ 14V K™'. Using the aforemen-
tioned o (=1.5x 10* S/m), PF of the sample with Cg= 102 cm™
annealed at 600 °C is calculated to be 1.9 m Wm™ K2 In compar-
ison to the state of the art in p-type Si TE thin films near the room
temperature range (Fig. 4), our process with a-Si films doped with
boron and annealed at low temperatures shows excellent advan-
tages with respect to the TE power factor, manufacturability, and
scalability. In addition, the obtained PF surpasses those offered by
nanostructured Bi,Te; thin films. Although these thermoelectric
materials have different thermal conductivities, a higher power
factor of a thermoelectric material is more relevant to the output
power of TEGs as mentioned earlier. It is noticed that annealing of
a-Si at temperatures beyond 600 °C and/or extended duration to
many hours is expected to crystallize the a-Si with relatively large
grain sizes'* which may lead to electrical and thermal conductivi-
ties close to that of sc-Si.*’
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It is possible to estimate the value of thermal conductivity.
The total thermal conductivity x is the sum of the lattice and elec-
trical thermal conductivity components denoted as x; and k.,
respectively. k, can be calculated using the Wiedemann-Franz law,

K. = o - mk3T/3€%, (3)

where e is the electron charge and kg is the Boltzmann constant.”’
Taking the measured ¢ of the sample with C=10*° cm™ annealed
at 600 °C, k, ~0.2 Wm™' K™' is obtained. The lattice thermal con-
ductivity of nanocrystalline materials can be calculated based on a
model proposed by Dong et al.,*

T

1+ Rk[K'o/(l + lo/Da]/D’

K] =

where «x, is the single crystal thermal conductivity, J, the single
crystal phonon mean free path (nm), D the grain size (nm), @ an
affirmatory exponent ranging between ' and %, and Ry the
Kapitza resistance (m”KW™'). With a crystal size smaller than
10 nm, x; was compu‘(ed“’39 to be less than 10 Wm 'K .
Experimental measurements of x for non-doped nanocrystalline Si
with a nanocrystal size of ~64nm also yielded a value below
10 Wm™' K~1.* Similar values of x (3.2 and 1.5Wm™ K™ for
as-grown and annealed samples at 500 °C, respectively) have also
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been obtained in microcrystalline p-type silicon.”* By assuming x
of 10Wm™ "K', which is reasonably the upper limit for the
thermal conductivity of all the samples under investigation, room-
temperature ZT of the sample with Cg=10°"cm™ annealed at
550 °C is low at around 107>, The value increases to ~0.06 for the
sample with Cg=10""cm™ and annealed at 600°C and to ~0.04
for the sample with Cg=10>' cm™ and annealed at 600 °C. The
persistent low ZT values, to a large degree, are mainly due to their
small Seebeck coefficient.

CONCLUSION

We have demonstrated a low-temperature process window for
achieving thermoelectric power factor ~2m Wm™" K2 for p-type
a-Si thin films dispersed with sub-5-nm nanocrystals. By varying
the boron concentration and annealing temperature, a
several-order-of-magnitude increase in the electrical conductivity
has been obtained. Our study of the structural and transport prop-
erties of boron doped p-type a-Si thin films reveals that the sub-
stantial enhancement in the electrical conductivity is correlated
with the doubling in the density and the emergence of the bimodal
characteristic of the sub-5-nm crystals in the a-Si thin films. The
bimodal nanocrystals favor a close packing which can maximize
the inter-nanocrystals electrical contact and thus increase the elec-
trical conductivity of the thin films. As thin films of ultrafine nano-
crystals have low thermal conductivity, our results pave the way
toward the improvement of the thermoelectric properties of silicon
for developing silicon-based thermoelectric devices.

SUPPLEMENTARY MATERIAL

See the supplementary material for test structure and method
for electrical, thermoelectric measurements.
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