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The inﬂuence of post-deposition thermal annealing on the thermoelectric properties of n- and p-type nanocrystalline hydrogenated silicon thin ﬁlms, deposited by plasma enhanced chemical vapour deposition, was
studied in this work. The Power Factor of p-type ﬁlms was improved from 7 × 10− 5 to 4 × 10− 4 W/(m.K2) as
the annealing temperature, under vacuum, increased up to 400 °C while for n-type ﬁlms it has a minor inﬂuence.
Optimized Seebeck coeﬃcient values of 460 μV/K and − 320 μV/K were achieved for p- and n-type ﬁlms, respectively, with crystalline size in the range of 10 nm, leading to remarkable low thermal conductivity values
(< 10 W.m− 1.K− 1) at room temperature.

1. Introduction
Nanocrystalline hydrogenated silicon (nc-Si:H) has been investigated and developed with the purpose of enhancing the eﬃciency
of thin ﬁlm solar cells [1,2]. In addition to solar cells, a broad range of
applications were also demonstrated for these materials including thin
ﬁlm transistors [3], sensors [3], biomedical devices [4], etc. While
plasma enhanced chemical vapour deposition (PECVD) [5] is commonly used for the production of thin ﬁlm solar cells, laser crystallization of a-Si:H [6] and thermal annealing [7] processes have also
been demonstrated in literature. Regarding thermoelectric (TE) energy
conversion, crystalline silicon is known by its high Seebeck coeﬃcient
(S) values but also high thermal conductivity (k). This is a major
drawback to maximize its eﬃciency, which can be compared among
materials through the Figure of Merit value (ZT, Eq. (1)), since ideal TE
materials need to combine high electrical conductivity (σ) and Seebeck
S2·σ

coeﬃcient with low thermal conductivity: ZT = k ·T .
Recently, signiﬁcant reduction in the thermal conductivity of silicon-based materials [8,9] has been achieved through nanometer scale
grain sizes, approaching the values of the most eﬃcient TE materials
BiTe based alloys [10,11]. In previous work, we have reported the
thermoelectric properties of both p-type and n-type nc-Si:H thin ﬁlms
(TF), with optimized deposition parameters, and applications to a small
TE module as proof of concept [12], but more research can be found in
literature related to nanocrystalline silicon thin ﬁlms with optimized TE
⁎

properties [13,14]. In this paper we report nc-Si:H TF with improved
Seebeck coeﬃcient and Power Factor (PF = S2 × σ) values, comparable to those seen in bulk nanocrystalline silicon produced by sintering
[15]. The enhancement of the TE properties of both p- and n-type ncSi:H ﬁlms was obtained by post-deposition annealing process.
2. Experimental details
The n- and p-type nc-Si:H samples were produced by PECVD with
the optimized conditions described in the previous study [12]. After the
deposition, they were submitted to diﬀerent annealing temperatures
(TA): 170, 250, 300 and 400 °C, during 2 h in vacuum (10− 5 mbar). The
inﬂuence of TA on the ﬁlms properties was studied by several diﬀerent
techniques. Scanning electron microscope (Zeiss Auriga) was used to
analyze the surface morphology. Spectroscopic Ellipsometry (SE) was
used to analyze the percentage of the crystalline (Xc) and amorphous
(Xa) phases, the presence of voids (Xvoids) and the ﬁlms thickness
(160 nm ± 5 nm for n-type and 110 nm ± 5 nm for p-type) [5,16].
The crystallinity was further conﬁrmed by Raman spectra [17].
Thermal conductivity measurements were conducted using time
domain thermoreﬂectance (TDTR) [18,19], an optical pump-probe experiment which utilizes a train of ultrashort laser pulses to induce a
modulated heating event on the surface of the sample. For these TDTR
measurements, samples were coated with thin metal ﬁlms, which act as
a transducer to relate the absorbed pump energy to the temporal
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type ﬁlms, and 5.2 ± 0.8 W/(m.K) for the p-type ﬁlms, which are
comparable to the values of nanowires or bulk nanocrystalline silicon
from nanopowders [11].
To use both types of nc-Si:H samples to build TE devices, the
maximum output power generated by a n-p TE pair occurs when the
load resistance equals the total n-p pair resistance (according to Eq.
(1)).

temperature change on the surface of the sample via the thermoreﬂectance change monitored in the time domain. The speciﬁc TDTR
system used is centered around a sub-picosecond Ti:Sapph oscillator.
Pump pulses at 8.8 MHz were sinusoidally modulated using an electrooptic modulator, and the thermoreﬂectance decay monitored from this
pump heating event with a time delayed probe pulse oﬀering up to
6.5 ns of pump-probe delay. An 80 ± 5 nm Al transducer has been
deposited on the thin ﬁlm stack, and the thickness of this transducer
was validated with picosecond acoustic analysis [20,21]. The analysis
of this data, described in detail elsewhere [18,19] involves least squares
ﬁtting to determine through plane thermal resistances in the system
with highest sensitivity to the dominant thermal resistors, in this case
the nano crystalline Si layer. Literature values have been assumed for
the heat capacity and thermal conductivity of the Al [22] and Si [23,24]
correcting for the measured porosity in the nano crystalline region of
the sample [25]. Using laser spot sizes of 48 μm and 12 μm diameters
for the pump and probe, respectively, assures that the thermal transport
monitored via TDTR is a fully uniform column, and therefore nearly one
dimensional in the through-plane direction [19]. Electrical and thermoelectrical characterizations were performed in a home-made setup
[26], where a thermal gradient (ΔT) is created, parallel to the substrate,
by placing the sample between two Peltier modules, TEC1-12707, each
connected to an independent power source. ΔT is monitored through a
thermal image taken with a FLIRA310 thermal camera. The thermovoltage (ΔV) is measured using a nano-voltmeter (Agilent 34420A)
while keeping the average temperature constant at RT. For the materials' Seebeck coeﬃcient determination, ΔV is measured in open circuit
conditions, while for device output power characterization
(Pout = Iout × Vout), a variable load resistance is connected to the TE
elements and the ΔV is measured through its terminals, from shortcircuit to open-circuit conditions. Three diﬀerent TE devices were
fabricated: two devices with 2 n-p pairs (with as deposited ﬁlms and
post deposition annealing at 250 °C) and a third device only with n-type
elements, 4 legs (annealed at 250 °C). The TE legs were patterned using
mechanical masks during their deposition and were interconnected
with Al evaporated paths (250 nm thick, ohmic), ending with a geometry of 2 mm long by 4 mm wide (dimension between metallic pads).

Pmax =

(|Sn| + Sp )2∆T 2
4(Rn + Rp)

(1)

To conﬁrm the inﬂuence of the annealing on a TE device's voltage,
power and current, three diﬀerent TE devices were fabricated and
characterized: two with n-p nc-Si pairs (as deposited and annealed at
250 °C, Fig. 5a) and a third device using only n-type elements (annealed
at 250 °C, Fig. 5b). Their output Voltage/Power vs Current curves were
measured when applying a ΔT = 8 °C (Fig. 5c).
4. Discussion
From Fig. 1 it is visible that the TA increases up to 250 °C leads to σ
enhancement from 4.6 × 102 to 2.2 × 103 (Ωm)− 1 and S decrease
from 400 to 370 μV/K on the p-type samples. A further TA increase
inverts this tendency and a small drop of σ is observed while S augment
up to 460 μV/K. When comparing to p-type ﬁlms, TA has minor eﬀect
on n-type samples both for σ and S, however, for TA between 250 and
300 °C S reaches a maximum of − 324 μV/K (at 250 °C) and σ of
1.0 × 104 (Ωm)− 1 (at 300 °C). The SEM image of the as-deposited ptype samples shows some grains surrounded by amorphous tissue, while
after annealing at 250 °C apparently, the grains get more uniform, with
less amorphous regions. The SEM images of n-type samples reveal
uniform grains after annealing without evident change in amorphous
tissue.
Due to the dependency of the PF with σ and the square of S, it is
visible in Fig. 2 that it increases from 7.5 × 10− 5 W/(m.K2), without
annealing, to 3–4 × 10− 4 W/(m.K2), for p-type samples, and reaches
values around 10− 3 W/(m.K2) for n-type ﬁlms, after annealing in vacuum, with the pair reaching a maximum at 250 °C.
From the SE analysis, it was possible to infer that the increase of TA
enhances Xa%, from 1 to 15%, corresponding to a reduction of bulk Xc
%, from 95 to 80%, meaning that the percentage of voids kept unchanged. Regarding the surface, Xc is lower than it was on bulk, varying
between 45% and 60%, while the amorphous fraction at the surface
almost disappears with the increase of TA. This behaviour agrees with
SEM images were the surface morphology appears to be more crystalline at TA = 250 °C, as mentioned before. These variations on the bulk
Xa and Xc are responsible for the observed optimization of σ and S,
meaning that equilibrium between Xa and Xc is required to simultaneously optimize these parameters. High degree of crystallinity enhances conductivity and grain boundaries contribute to S increase due
to low energy electrons ﬁltering [28].
The crystallinity was further conﬁrmed by Raman spectra, showing
that the percentage of nc/gb-Si has changed from 46% and 64% (for nand p-type ﬁlms, respectively) to 45% and 54% with the annealing at
250 °C, conﬁrming the crystalline fraction enhancement. As shown in
Fig. 4), the peak related to amorphous silicon (a-Si) is almost absent for
both ﬁlms and the intensity of the crystalline peak has decreased with
the annealing step, which agrees with the SE results.
Grain boundary phonon scattering is the expected mechanism
driving the low k values. When comparing the measured k values of the
annealed
ﬁlms,
at
250 °C
(kn = 7.9 ± 2.7 W/(m.K)
and
kp = 5.2 ± 0.8 W/(m.K))
with
the
as
deposited
ones,
(kn = 3.3 ± 0.7 W/(m.K) and kp = 2.7 ± 0.4 W/(m.K)) [12] a small
increase of the k values with the annealing is observed. This is most
likely due to the decrease of phonon-boundary scattering corresponding
to the increase in the nc/crystalline fraction. In these ﬁlms, k is limited

3. Results
The inﬂuence of the TA on σ and S values, for both p-type and ntype, are shown in the Fig. 1. Since TA of 250 °C corresponds to the
value that optimizes the thermoelectric properties of both p- and n-type
ﬁlms, Fig. 1 also includes the scanning electron microscopy (SEM)
images of samples before and after the annealing step.
By combining both σ and S values, it is possible to calculate the total
PF and its dependence with the TA. Fig. 2 shows a clear optimization of
the PF values for TA around 250 °C.
SE results were modelled as described in previous papers to analyze
the inﬂuence of TA on the crystalline (Xc) and amorphous (Xa) fractions
of bulk material and surface one, as shown in Fig. 3a) and b).
The crystallinity was further conﬁrmed by Raman spectra (depicted
in Fig. 4a), and small grain sizes were estimated for both types of ﬁlms
from XRD (Fig. 4b). The ratio between the area of the peaks related to
nanocrystalline and/or grain boundaries (nc/gb-Si) at ≈500 cm− 1 and
the ones associated with crystalline silicon (c-Si) at ≈ 520 cm− 1 has
been evaluated before and after annealing. The mean grain size was
estimated by the deviation of the transverse optical peak (TO) mode
relatively to that of c-Si (520 cm− 1): dRaman = 2π·sqrt(B / Δω), where B
is 2 nm2 and Δω the deviation to the c-Si peak [27], giving a
d = 5.6 nm (n-type) and d = 4.8 nm (p-type) before annealing and
slightly decreases to 4.8 nm (n-type) and 4.6 nm (p-type) after annealing.
The low grain sizes of these materials are expected to contribute to
low k, which is fundamental to have high ZT values. The measured k
values of the annealed ﬁlms (250 °C) are 7.9 ± 2.7 W/(m.K), for the n277
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Fig. 1. Annealing temperature inﬂuence on S and σ of p-type
samples (top) and n-type samples (bottom). The ﬁgure includes (right side) the top view SEM images for samples
before and after being annealed at 250 °C, for both types.

Fig. 2. Inﬂuence of annealing temperature on the power factor of n-type and p-type
samples.

much more by the grain size than by the ﬁlm thickness; therefore, the
in-plane and cross-plane thermal conductivities will not diﬀer greatly as
the phonons in the system will scatter at grain boundaries more readily
than from the ﬁlm boundaries [10].
The three devices characterization (Fig. 5) shows that the annealing
increases all the output variables since the Seebeck increases and the
electrical resistance decreases, with the maximum output power increasing > 1 order of magnitude, from 0.3 nW (squares curve) to above
3 nW (circles curve). The third device, only with n-type elements,
shows even higher output power, 4.5 nW (as the PF of the n-type elements is higher than the p-type), almost the triple of the output current
(as the conductivity is higher for the n-type elements) but less output
voltage (due to lower Seebeck coeﬃcient). This means that both conﬁgurations (n-p or single n) can be used, depending on the application

Fig. 3. SE results (Xa and Xc) for bulk and surface layer of ﬁlms without annealing and of
ﬁlms with annealing temperature from 170 °C to 400 °C.
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Fig. 4. Micro-Raman spectra of the p- and n-type
ﬁlms before and after the post deposition annealing step at 250 °C (vacuum).

elements, in this case the n-type nc-Si ﬁlm is the chosen one due to the
higher PF. These results, combined with the fact that Si:H is an environmentally friendly and abundant material and can be fabricated
using well-established technology, foreseen their application for largearea energy harvesting.
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