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Abstract Holey silicon has been considered a viable
candidate as a thermoelectric material in view of its
low thermal conductivity. However, since voids are ef-
ficient scattering centers not just for phonons but also
for charge carriers, achievable power factors (PFs) are
normally too low for its most common embodiment,
namely porous silicon, to be of practical interest. In this
communication we show that high power factors can
indeed be achieved in nanoporous structures in highly
doped silicon. High power factors, up to a huge 22 mW
K~2m~! (more than six times higher than bulk val-
ues), were observed in heavily boron doped nanocrys-
talline silicon films where nanovoids (NVs) were gen-
erated by Het ion implantation. Differently than in
single-crystalline silicon where He™ implantation leads
to large voids, in polycrystalline films implantation fol-
lowed by annealing at 1000 °C results in the forma-
tion of a homogeneous distribution of NVs with final
diameters of about 2 nm and densities on the order
of 10'? cm™3 with an average spacing of 10 nm. Its
morphology shows silicon nanograins of 50 nm in di-
ameter decorated by SiB, 5-nm precipitates. We re-
cently reported that PFs up to 15 mW K~2m~! can
be achieved in silicon-boron nanocomposites (without
NVs) due to a simultaneous increase of the electrical
conductivity and Seebeck coefficient. In that case, high
Seebeck coefficient was achieved by potential barriers
on the grain boundaries, and high electrical conductiv-
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ity by extremely high doping values. The additional in-
crease in the PF observed in the presence of NVs (that
also include SiB, precipitates) might be attributed to
several possible reasons, currently under investigation.
Experimental evidence is put forward to elucidate this
paradoxical effect of NVs on silicon PF.

Keywords Silicon - Thermoelectricity - Nanovoids -
Energy filtering

1 Introduction

In spite of its low thermoelectric (TE) efficiency, it
would be highly desirable that silicon might qualify as
a material for TE conversion due to the large scien-
tific and technological know-how available on silicon,
and because of the easy integrability of Si—based TE
devices. As well known, the low TE efficiency of silicon
is due to its high thermal conductivity (ranging from
~ 130 W K~'m~! in intrinsic single-crystal silicon [1]
to a2 25 W K~ m™~! in nanocrystalline silicon [2]) and to
its relatively low power factor (PF) (< 3 mW K—?m~!
— although larger values, up to 6.3 mW K2m~! at
350 K, were recently reported [3]). In previous papers
[4-6] we have shown that, upon boron precipitation,
highly boron-doped nanocrystalline silicon may reach
PFs as high as 15 mW K~2m~! at 300 K. In order
to decrease its thermal conductivity, the introduction
of voids by HeT—implantation appears to be a viable
route to explore, possibly with a marginal reduction of
the hole conductivity. Previous literature [7,8] reported
contrasting results, clearly suggesting the role of pore
size and structure on both the PF and the thermal con-
ductivity.

The aim of this paper is to report preliminary results
obtained in the thermoelectric characterization of heav-
ily doped nanocrystalline silicon implanted with He™. It
is shown that He™ implantation followed by annealing
leads to the formation of nanovoids that, rather unex-
pectedly, improve the material power factor. Although
the data currently available are admittedly incomplete,
the picture they fit in is consistent with models and
results previously reported in heavily doped nanocrys-
talline silicon and may be supposed to raise interest in
the thermoelectric community in view of the exception-
ally high power factors.

2 Experimental

Silicon polycrystalline 450-nm thick films were deposited
by chemical vapor deposition (CVD) onto oxidized single-
crystal silicon substrates. Films were doped with boron

by ion implantation (60 keV, 2 x 106 ¢cm™?2) to a nom-
inal total boron concentration of 4.4 x 102° cm=3 and
submitted to a standard damage recovery treatment
(1050 °C, 30 s in Ng). An aluminum 250-nm thick sac-
rificial layer was then deposited by sputtering onto the
films that were further implanted with helium in a two-
step process (90 keV, 4x 106 ecm~2 4 58 keV, 1.5 x 1016
cm~?). To prevent contamination and to match the 90
keV He end-of-range distribution within the poly layer,
an aluminum layer was then removed by etching in HCIL.
Finally, a standard cleaning treatment (piranha etch,
90 °C, 30 min, followed by 3% mol. HF) was carried
out prior to evaporating Al-Si 1% electrical contacts
through a shadow mask. Thermal desorption spectra
obtained at constant heating rate showed a behaviour
similar to the single crystal case [9] with He fully des-
orbing at 800 °C.

Samples were submitted to annealing in argon to
analyze the structural and functional evolution of the
films. Metal contacts were removed by HCI etch prior
to each annealing and redeposited afterward.

Samples for the Seebeck coefficient and the electrical
conductivity measurements were 50 x 5 mm? rectangu-
lar chips while Hall measurements were carried out on
17 x 17 mm? samples with aluminum contacts evapo-
rated on small areas in the four corners according to
the Van der Pauw geometry. Hall measurements were
carried out at room temperature (298 K) using a max-
imum magnetic field of 0.5 T. Accuracy was found to
be better than +1%. Precision was estimated, based on
the deviation of contact design with respect to the ideal
Van der Pauw configuration [10], to be +0/ — 17% for
the Hall mobility and of +18/ — 0% for the carrier den-
sity p. Seebeck coefficient and electrical conductivity
were measured using a home—built system. For the See-
beck coefficient measurements the integral method [11]
was used, fixing the temperature of the cold contact
at 20 °C while heating the other contact between 40
and 120 °C. Conductivity was determined by current-
voltage characteristics at 20 °C. Each set of Seebeck co-
efficient measurements was repeated on the same sam-
ple at least three times to ensure data reliability. Also,
charge transport coeflicients were measured on nomi-
nally identical samples and found to be reproducible
within +10%. The whole experimental setup was cal-
ibrated toward single-crystal silicon samples of known
doping level.

Cross-sections for electron microscopy (EM) analy-
ses were prepared by both conventional and focused-ion
beam lift-out methods. EM analyses were performed
both in low-energy (30 keV) dark field scanning trans-
mission EM (DF-STEM) and in high-energy (200 keV)
transmission (TEM) mode. Low-energy analyses have
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been performed with a FEI Strata235M (FEI Com-
pany, Hillsboro, OR, USA) equipped with bright field
(BF)-dark field (DF) solid state detector. TEM and en-
ergy filtered electron spectroscopic images (ESI) have
been performed with a JEM2011 electron microscope
(Jeol Ltd., Tokyo, Japan) (spherical aberration coeffi-
cient 0.5 mm, chromatic aberration coefficient 1.1 mm)
equipped with conventional LaBg electron source and
an electron energy loss imaging filter GIF 200® (Gatan
Inc., Pleasanton, CA, USA). This attachment allows to
record both electron energy loss spectroscopy (EELS)
data and ESIL.

In order to evaluate the density of helium atoms
effectively presents inside the silicon lattice Temper-
ature Programmed Desorption (TPD) measurements
were carried out after helium implant. TPD experi-
ments, consisting in the measurement of the helium
effusion rate during a thermal treatment in a tempera-
ture ramp with assigned heating rate, is an ideal tech-
nique to study the evolution towards stable cavities of
vacancy—like defects in helium implanted silicon. It can
actually give information about the kinds and the states
of the structures where helium is trapped. TPD spectra
were performed at a pressure of ~ 106 mbar, with a
ramp rate of 0.75 °C/s in the temperature range 80-800
°C.

3 Results

Heat treatments promote three simultaneous diffusion
processes, namely (a) vacancy diffusion, leading to the
final formation of nanovoids; (b) boron diffusion, result-
ing in its segregation at grain boundaries (GBs) and
then eventually to its precipitation as a second phase;
and (c) helium outdiffusion from silicon. As the three
processes are characterized by different rates, several
sets of sequential annealing cycles were carried out. In
the first, we analyzed the variations of ¢ and « upon
annealing of two hours in steps of 100 °C from 500 °C
to 1000 °C. In the second one, a shorter cycle was im-
plemented, sequentially annealing the samples for 2 h
at 500 °C and 1000 °C only. We will refer to these two
experiments as EXpl and Exp2.

The evolution of the Seebeck coefficient « in Exp1
showed a trend closely reminiscent of that observed in
non-He-implanted (nHel) samples [4,6] (Fig. 1). See-
beck coefficient shows actually a rather abrupt increase
upon annealing at 800 °C, reaching a topmost value
of 0.45 mV/K after being annealed at 1000 °C. The
electrical conductivity o displays instead an almost lin-
ear increase with the annealing temperature T,, quite
different from that observed in nHel specimens.
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Fig. 1 (a) Electrical conductivity and (b) Seebeck coefficient
vs. annealing temperature upon sequential annealing in Ar
from 500 to 1000 °C in two-hour long, 100 °C steps (Expl);
and upon two-hour annealing at 500 and 1000 °C only (Exp2)
compared to non-He implanted samples annealed in Ar from
500 to 1000 °C in two-hour long, 100 °C steps.

It is interesting to compare such a trend with that
observed in Exp2. While both ¢ and « after annealing
at 500 °C are similar in the two experiments, ExXp2
leads to an electrical conductivity at 1000 °C closely
comparable to that of the nHel samples; while Exp1
results in a final o value about half of that observed in
the absence of helium implantation. On the contrary,
the final Seebeck coefficient for Exp1 is equal to that
of the nHel material while EXP2 returns a final a value
about 15 % larger.

To elucidate such differences, Hall effect measure-
ments were carried out. We set to carry out the se-
quential annealing under conditions intermediate be-
tween ExP1 and EXP2 — namely 30-minute annealing
from 500 to 1000 °C in 100 °C steps (Fig. 2). We will
refer to this annealing cycle as to EXP3. As expected,
the steady increase of o observed in all He-implanted
samples is apparently caused by the regular increase of
the hole mobility u, changing by almost a factor of four
from the as-implanted to the fully cured film.

As of the carrier density, in nHel specimens p re-
flected the diffusion-limited precipitation of boron from
the supersaturated Si-B solid solution [4,5]. A differ-
ent p(T,) trend is observed in EXP3, where actually p
smoothly increase by a factor of five upon annealing up
to 700 °C, still leveling to 102 cm™2 — a value close
to that measured in nHel films — for higher annealing
temperatures.

TPD analyses performed on as—implanted samples
showed a total effusive helium fluence of 4.5 x 10'°



B. Lorenzi et al.

N
3

IL T
b— ~

T T T

—0O-— non-He implanted
—O— He-implanted, ExpP3

g
o
T

N
(&)
T

-
o
T

carrier density (10%° cm)
o
&

g
o

s
(2] (o]
o o
s

N
o

T
—H]

N
o
T

/@/@ i

@ @,,«—4*@1"/
. (b)

@rﬁ*’@*

hole mobility (cm?V"!

o

500 600 700 800 900 1000
Annealing temperature (°C)
Fig. 2 (a) Carrier density and (b) hole mobility and vs. an-

nealing temperature upon sequential annealing in Ar from
500 to 1000 °C in 30-minute long, 100 °C steps (EXP3).

cm 2. These results are compatible with those reported
in literature on single—crystalline samples [12], showing
no difference in the amount of helium implanted and
outdiffused also in the polycrystalline case. A single
outdiffusion peek was found at 780 °C.

TEM provided highlights on the formation of voids
and precipitates. Helium implantation in single crys-
tal silicon was the subject of several investigations over
the past years [12-14]. In summary, radiation damage
is known to generate a large excess of vacancies (and
other defects) in the crystal. Upon annealing at temper-
atures above 300 °C, vacancies begin clustering, leading
to the formation of He-filled platelets, then evolving to
form voids. In parallel, helium outdiffuses with three
desorption peaks at 450-500, 650, and 800 °C [9] as its
solution enthalpy in silicon is positive (0.84 eV). An-
nealing at temperatures higher than 600 °C promotes
the enlargement of voids and their reshaping to reach
their minimum free energy shape (approximately that
of a tetrakaidecahedron) We will refer to this type of
objects as to mesovoids.

The evolution of He—generated vacancies in polysili-
con is much less known and elucidated, being obviously
dependent upon the pristine micromorphology of the
material [15,16]. In the present case, TEM images of
polysilicon films before He implantation [Fig. 3(a)] re-
port an in-depth distribution of grain size roughly bi-
modal, with a top layer, approximately 200-nm thick,
characterized by larger lateral grain sizes of about 80
nm; and an inner layer with smaller grains (lateral grain
size of ~ 50 nm) extending for another 250 nm. DF-
STEM images relative to films annealed at 1000 °C for

00 n

Fig. 3 (a) DF-STEM image of the as—deposited non-He im-
planted sample; (b) DF-STEM and (¢) TEM bright field im-
age of the same sample after annealing at 1000 °C. Circled
areas in the TEM image mark diffraction contrast details
relating to SiB, precipitates. Note also the preservation of
grain sizes upon annealing at high temperature. TEM im-
ages of He implanted sample upon annealing at 500 °C, two
hours (d) and upon subsequent annealing at 1000 °C, two
hours (e). Note the distribution of nanovoids throughout the
grains, their size shrinking down to a sub-nanometric size
when increasing the annealing temperature.

two hours in argon show no significant modification of
grain size or shape [Fig. 3(b)]. Although possibly sur-
prising, this observation is in good agreement with pre-
vious accounts on heavily boron doped polycrystalline
silicon, reporting truly marginal grain size variations
(if any) at temperatures as high as 900 °C [17]. Also,
as reported in previous publications [18], TEM bright
field images [Fig. 3(c)] show diffraction contrast details,
particularly at GBs, strongly suggesting the formation
of boron-rich precipitates (SiBy).

Samples implanted with He were comparatively an-
alyzed by TEM at the end of each step of ExP2 [Fig.
3(d)—(e)]. While film morphology remains that observed
in nHel, still showing nanograins of ~ 50 nm in diam-
eter decorated by SiB, 5-nm precipitates, we found a
homogeneous distribution of nanovoids with diameters
of about 5 nm at 500 °C, either disappearing or shrink-
ing to subnanometric sizes at 1000 °C. Also, mesovoids
of irregular shape are observed at GBs. Further analy-
ses about void dynamics in nanocrystalline silicon are
reported in a companion paper presented at this Con-
ference [19].
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4 Discussion

The set of preliminary evidence just reported confirms
that film properties are controlled by the simultane-
ous occurrence of vacancy and helium diffusion, and
of boron diffusion—limited precipitation, leading to the
generation of nanovoids and to the formation of a SiB,,
second phase.

In the longest processing sequence (Exp1), the vari-
ation of the Seebeck coefficient basically reproduces that
observed in nHel specimens submitted to the same an-
nealing sequence. The concurrent increase of ¢ and «
with the annealing temperature properly fits in the
framework of carrier energy filtering in two-phase sys-
tems [20,21]. The conductivity is however smaller than
in nHel samples as a combined effect of the damage re-
covery (at low T,) and of the residual presence of shrunk
nanovoids (at high T,).

By lowering the duration of the annealing sequence
(ExP3) one observes how initially different values of
carrier densities in implanted and non-implanted films
tend to very similar values for T, > 800 °C. The con-
centration of dissolved (electrically active) boron deeply
differs upon He implantation as most of the boron is de-
activated by implantation damage . Annealing enables
recovery. Also, since it is known that the decrease of
carrier density in nHel samples at high annealing tem-
peratures is due to the partial precipitation of boron
to form SiB, precipitates, the likely evolution of p(73,)
in nHel and ExP3 samples suggests that precipitation
also occurs in EXP3 specimens. This also explains the
increase of hole mobility at T, > 800 °C, that is ac-
counted for once again by the occurrence of energy
filtering in the presence of precipitates. As in EXP1,
however, one expects u values lower than those found
in nHel samples due to the incomplete damage recov-
ery in the low T, range and to the residual presence of
nanovoids at higher T,.

Finally, the shortest annealing cycle (EXp2) appar-
ently leads to an increase of o over that observed in
nHel films, calling for an effect of sub-nanometric voids.
Hall measurements are currently under way. In the ab-
sence of carrier density data it may be anyway conjec-
tured that in the depletion region surrounding NVs a
lower carrier density (and, as a result, a larger fraction
of neutral dopants) would be found. Alternative mech-
anisms reducing hole density might be related to the
large concentration of vacancies made available by the
(partially) dissolved voids, thus favoring the formation
of boron-vacancy (BgVa) complexes that would shift
the acceptor level deeper into the energy gap [22]. In
both cases the lower carrier density would lead to a
larger Seebeck coefficient. Also, since ionized impurity—

limited mobility linearly depends on the reciprocal car-
rier density [23], the reduction of p would be compen-
sated by an increase of pu, thus justifying a conductivity
comparable to that observed in nHel films.

Although no detailed analysis of stability was car-
ried out, based upon data on single-crystalline silicon
one may argue that also polycrystalline He-implanted
films should be stable up to 800 °C. Actually, between
500 and 800 °C all active processes involving voids are
driven by the differential pressure of He in differently
sized He-filled voids. Since in samples annealed up to
1000 C helium has already left the voids, no driving
force is expected that might cause a micromorphologi-
cal modification of the material. Thus, one may antic-
ipate that this class of systems might turn out to be
of interest also for relatively high temperature applica-
tions [24].

5 Conclusions

In this paper we have reported preliminary results con-
cerning the thermoelectric characterization of heavily
doped nanocrystalline silicon implanted with He™. It
has been shown that He™ implantation followed by an-
nealing leads to the formation of nanovoids. Their dy-
namics was found to drastically differ from that ob-
served in monocrystalline silicon, with much tinier voids
forming at 500 °C that further shrink at higher anneal-
ing temperatures. Also, thermal processing was found
to either not affect or further enhance silicon power fac-
tor, leading to a record value of 22 mW K—?m~!. Data
could be qualitatively explained within the framework
of a previously proposed energy—filtering model. Ther-
mal conductivity is currently under measurement and
full data on this very promising Si-based system will
be reported in forthcoming papers.
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