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Abstract The search for materials with suitable ther-

moelectric properties that are environmentally friendly and

abundant led us to investigate p- and n-type hydrogenated

nanocrystalline silicon (nc-Si:H) thin films, produced by

plasma-enhanced chemical vapor deposition. The Seebeck

coefficient and power factor were measured at room tem-

perature showing optimized values of 512 lV K-1 and

3.6 9 10-5 W m-1 K-2, for p-type, and -188 lV K-1

and 2.2 9 10-4 W m-1 K-2, for n-type thin films. The

thermoelectric output power of one nc-Si:H pair of both n-

and p-type materials is *91 lW per material cm3, for a

thermal gradient of 8 K. The output voltage and current

values show a linear dependence with the number of pairs

interconnected in series and/or parallel and show good

integration performance.

1 Introduction

Thermoelectric (TE) materials have been investigated since

the early 1800s, but the doors to the commercialization of TE

modules were only opened in the 1950s due to the discovery

of Bi2Te3 with a figure of merit (ZT) around 1, at near room

temperature. Bi2Te3 alloys are environmentally unfriendly

and rare; therefore, the research onmore abundant and green

materials must pursue. ZT quantifies the relative efficiency

of TE materials and correlates their electrical conductivity

(r), Seebeck coefficient (S) and thermal conductivity (k), for

a given temperature (T): ZT = r S2T/k. The total k of a

material is defined from both the electron (kel) and phonon

contributions (kph): k = kel ? kph. To achieve high ZT val-

ues, the power factor (PF = r S2) must be maximized, while

k must be minimized. However, all these parameters are

interrelated in a way that poses challenging fundamental

material science problems to optimize ZT.

Crystalline silicon, one of the most abundant materials

on Earth, has a very high S but also high k, posing a serious

limitation for its applications in TE devices [1, 2].

Increasing the scattering of phonons (therefore decreasing

kph) is a key factor to decrease k while keeping the mobility

of electrons, and kel, high. To fulfill these demands, a

number of innovative solutions have been shown such as

multilayer configurations, quantum dots and nanocrys-

talline-structured materials [3–5]. Focusing on these pos-

sibilities, we have investigated the thermoelectric

properties of nanocrystalline hydrogenated silicon (nc-

Si:H) thin films, produced by plasma-enhanced chemical

vapor deposition (PECVD). The strong arguments to

investigate and improve the TE properties of nc-Si:H

include a low temperature, low-cost deposition process, a

well-established thin film solar cell industry, material

abundance and environment sustainability.

2 Materials and methods

In this work, nc-Si:H films were deposited on corning glass

(1 mm thick) using a PECVD system and rf power density

between 35 and 90 mW cm-3, substrate temperature (Ts)
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of 150 and 170 �C and total pressure in the range of

1–3 Torr. The gas mixture to produce the p-type and n-type

nc-Si:H films consisted of trimethylboron (TMB) and

silane (SiH4), respectively, with a flow ratio (TMB/SiH4)

of 0.26, highly diluted in hydrogen (99 %), and a mixture

of silane and phosphine (PH3) with a flow ratio (PH3/

SiH4) 9 100 of 1.42, with TMB and PH3 97 % pre-diluted

in hydrogen (DH). These deposition conditions are based

on previous studies [6, 7] in order to obtain optimized r
and high crystallinity fraction (Xc). Those studies have

demonstrated a remarkable influence of film thickness (up

to 80 nm) on the Xc of the bulk and surface layers and also

on r. To ensure crystallinity above 85 %, all samples, in

this work, were produced with thicknesses between 100

and 150 nm. Our study focuses on the TE properties

variation with the rf power density, for p-type films, and

with the change of substrate temperature, for n-type, which

are the most significant parameters for each film.

The structural characterization of nc-Si:H films was per-

formed by micro-Raman spectroscopy, spectroscopic ellip-

sometry (SE), as referred in previous studies [7], and X-ray

diffraction (XRD). The relative crystalline fraction, XRC, was

estimated via micro-Raman as described by He et al. [8].

Through SE measurements, Xc and Xa (amorphous fraction)

were determined by fitting the experimental data of the real

and imaginary component of the dielectric function with a

multilayer model, as shown in Fig. 1. This model considers

the sample stratified in at least two layers (a bulk thick layer

and a surface thin layer) both containing a percentage of

crystalline and amorphous materials and/or voids material

(reference spectra are suppliedby Jobin–Yvon software, and it

limits the usage of three materials per layer). However, more

layers could be added if needed to achieve the lowest error (v2)
between measured data point and generated data from the

model. The model was only considered correct when v2 was
\1, and only then, the film structure was assumed as well

modeled (as in previous work [7]). XRD patterns were col-

lected using a PANalytical X’Pert PRO with CuKa radiation,
at 45 kV and 40 mA, equipped with an X’Celerator detector

and performing the scan in a grazing incidence with a step of

0.08� over the angular 2h range 20�–70�. The analysis of the
XRD patterns allows estimation of the crystallite mean sizes

and determinationof themain growthorientationsof thefilms.

The thermal conductivities of the films were measured using

time domain thermoreflectance [9–11] (TDTR), an optical

pump-probe experiment which utilizes a train of ultra-short

laser pulses to induce amodulatedheating event on the surface

of the sample in the through-plane direction.

The carrier mobility (l), concentration (N) and electrical

conductivity (r) were obtained in a Bio Rad HL 5500 Hall

effect system with a van der Pauw configuration. The acti-

vation energy, DE, was calculated from the Arrhenius plot of

the electrical conductivity as a function of temperature,

measured in vacuum and with in-plane contacts, for both

n-type and p-type nc-Si:H films. The S coefficient (S = DV/
DT) was obtained as described in our previous works [12, 13].

TE modules were made by depositing the optimized

n-type and p-type nc-Si:H elements on the same glass

substrate using a mechanical mask to define the geometry

(4 mm wide and 2 mm long) and the interconnection

between elements. Two n–p pairs were electrically inter-

connected in series and then in parallel with other two, in a

way that all elements are thermally interconnected in par-

allel. The maximum output power was obtained from I–

V curves acquired using a variable load resistance con-

nected in series with the thermoelectric module, for two

temperature gradients (5.5 and 8.5 K).

3 Results and discussion

The crystalline and amorphous fraction of bulk layers

Xcb ; Xabð Þ, surface layers Xcs ; Xasð Þ and the respective layer

thickness (db and ds) is shown in Table 1 and is obtained

Fig. 1 SE spectra of the real and imaginary component of the

dielectric function and corresponding fitted curve of the models

indicated on the top of figure
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based on the models presented in Fig. 1. Thickness errors

are below 1 nm.

Bulk layers with Xc above 85 % and Xa below 7 %

confirm high crystallinity for both p-type and n-type films

and thickness above 80 nm, as expected. In all samples, Xa

and void fraction (Xv = 100 - Xa - Xc) of the surface

layer are significantly higher than the bulk layers, corre-

sponding to surface roughness. Generically, Xcb and Xcs

increase for power density above 50 W cm-3, while Xab

decreases. This behavior substantiates the improvement of

p-type films r from 10.6 to 104 Xm-1 (as shown in

Fig. 2a), which is accompanied by a decrease in activation

energy from 56 to 35 meV (Table 1). From this, we may

conclude that higher power densities have contributed to an

increase in incorporation efficiency of the dopant and/or

decrease in trapping caused by the amorphous material. In

agreement with this conclusion is the observed increase in

the carriers’ concentration by an order of magnitude, up to

1.2 9 1019 (m-3) and the hall mobility from 0.2 to

0.5 cm2 V-1 s-1 (still for p-type films).

With a slight (0.2 %) increase in the DH used for the

deposition of p-type films (due to a slight decrease on the

TMB and SiH4 flow ratio), the Xc was further optimized to

94 % for the bulk layer and 62 % for the surface, while Xa

disappeared, leading to the maximum p-type r value of

138 Xm-1.

On the other hand, the power density has a minor role on

the r values of n-type films (varying from 3.3 9 103 to

4.6 9 103 Xm-1) which might be influenced also by their

higher thickness and Xc and/or less fraction of voids. These

values, consistent with highly dense bulk nc-Si:H materials

[7], demonstrate an efficient incorporation of the dopant

atoms in the n-type films, which is confirmed by the carrier

concentration and mobility values: N = 3.5 9 1020 (m-3)

(one order of magnitude higher compared to p-type films)

and lH = 0.52 cm2 V-1 s-1. The best fitting of SE results

also revealed an amorphous incubation layer, thickness

below 2 nm, present on n-type films, which, in agreement

with our previous work [7], was not noticed for p-type

films and is not expected to influence the results. The

lowering of Ts from 170 to 150 �C, without causing a

decrease in crystallinity and keeping high values of

r = 6.4 9 103 (Xm)-1, N = 4.8 9 1020 (cm-3) and

lH = 0.82 cm2 V-1 s-1, was successfully achieved only

for the n-type films. The only side effect of this variation

was a small increase in the surface roughness (Xv increased

15 %) with no further consequences.

The crystallinity was further confirmed by Raman spectra

(depicted in Fig. 3a), and small grain sizes were estimated for

both types of films from XRD (Fig. 3b). From the micro-

Raman spectroscopy, the ratio between the areas of the high-

intensity peaks associated with crystalline silicon (c-Si) and

nanocrystalline and/or grain boundaries (nc/gb-Si) is 50 and

62 % for n- and p-type films, respectively. As shown in

Fig. 3a), the peak related to amorphous silicon (a-Si) is almost

absent for both films, in agreement with the SE results.

Table 1 SE results and DE of the nc-Si:H films

P (W/cm3) db/ds (nm) Xcb=Xab (%) Xcs=Xas (%) DE (meV)

p-type

50 98/10 86/7 40/33 56

66 131/9 94/5 45/5 53

75 120/9 89/3 46/25 41

90 124/8 92/2 48/15 35

90a 137/7 94/0 62/0 33

n-type

35 75/9 89/4 53/20 23

69 156/8 93/1 56/20 16

69b 105/4 92/0 53/8 17

a DH = 99.4; b Ts = 150 �C

Fig. 2 Influence of power density on r and S (a) and PF (b). The
inset is the thermal image taken with a FLIRA310 thermal camera,

showing the DT on the sample during the S measurement (dark side—

cold; bright side—hot). The inset also shows the shape configuration

of the electrodes used. Data are depicted with triangles for n-type

films and squares for p-type. The stars correspond to the optimized

values, having a slight increase in DH
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The crystallite mean size obtained from Sherrer equation

[14] for the (111) growth direction and corrected from

instrumental broadening is 14 nm for n-type with

Ts = 170 �C and 9 nm for Ts = 150 �C. For p-type, a

slight increase in mean crystallite size is observed from

14 nm to 18 nm as the power density is augmented. By

changing the DH, the mean crystallite size further increased

to 21 nm. Although there is some error associated with size

determination, they are clearly less than 25 nm, located in

the bulk layer, and do not significantly depend on the

studied deposition parameters. That is related to the very

high hydrogen dilutions used in the deposition of films that

prevents the growth of large grains due to the establishment

of equilibrium between deposition of SiHx and H erosion.

Regarding the thermoelectric properties, it is shown in

Fig. 2 that the power density has a minor influence on the

S coefficient and remains around 0.5 mV K-1 (for p-type

films) and -0.2 mV K-1 (for n-type films). This finding is

contrary to the conventional drop of S when r increases,

but it is consistent with recent observations in heavy boron-

doped nanocrystalline Si [15]. The S coefficient is deter-

mined by the combined transport in the grain and in the

grain boundaries of the nanocrystalline material. Neophy-

tou et al. [15] proposed a concurrent increase in S and r
outcomes from the rise of grain and grain boundaries

barrier and/or the width of grain boundary regions. It also

claims that it may also be influenced by the precipitation of

dopant inside the grains. In order to observe this phe-

nomenon, both nanocrystallinity and extremely high boron

doping levels are required. This explanation fits well with

our results explaining why S does not show remarkable

changes when the power density increases, while for p-type

films, r does. Since the grain size and grain boundaries do

not have great variation, as estimated from XRD

diffraction, and the doping level in the gas phase is the

same, then it is possible that precipitates with the doping

elements present in the grains lead to a decrease in acti-

vation energy.

The low grain sizes of these materials are expected to

contribute to lower the films k, which is fundamental to have

highZTvalues. Themeasured k values of the optimized films

are 3.3 ± 0.7 W m-1 K-1 for n-type and 2.7 ±

0.4 W m-1 K-1 for p-type. In these films, k is limited 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

[12, 16, 17]. The uncertainties in these values arise primarily

from uncertainty and variation in the thickness of the Al

transducer used for TDTR measurements and the

nanocrystalline silicon region. These values are in agreement

with previous studies showing that nc-Si thin films exhibit

much lower thermal conductivities than bulk materials [8,

18–20]. With the above results, the optimized values for

power factor and figure of merit, at room temperature, are:

PF = 3.6 9 10-5 W m-1 K-2 and ZT = 4 9 10-3 for

p-type and PF = 2.2 9 10-4 W m-1 K-2 and ZT = 2 9

10-2 for n-type. Although it will be important to improve

these values for TE applications, we note that these ZT

values of nc-Si:H thin films are above those found in the

literature [21, 22] for similar materials. Other authors

demonstrated that both p-type and n-type [23] Si nanowires

(SiNW) can exhibit PFs one order of magnitude higher than

our current nc-Si:H films; however, the production process

of our films is simpler and takes profit from an already

established technology for very large-area films.

To evaluate the power generation of a nc-Si:H pair

(composed of both n-type and p-type elements), the output

Fig. 3 a Micro-Raman spectra

of the optimized p- and n-type;

b XRD spectra of the different

films studied. The typical

diffraction planes of Si are

identified as (111), (220) and

(311)
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voltage and power were measured by changing the load

resistance and temperature gradient. As predicted theoret-

ically [13], the current voltage characteristic of a thermo-

electric pair is linear, while the output power has a

parabolic response with the output current. In order to

study the impact of the pair interconnections on the ther-

moelectric output, two different modules were fabricated:

two pairs in series and four pairs (a parallel of two pairs

connected in series). The results are shown in Fig. 4a, b. At

DT = 8 K, the open-circuit voltage, for both modules, is

7 mV, while the output current increases from 0.16 to

0.28 lA with the parallel configuration, leading to a

maximum output power of 0.55 nW (almost doubling to

output of the series configuration). Hence, the output power

is proportional to the number of pairs connected in series

and/or parallel meaning that, depending on the application,

the TE modules can be designed with the necessary

geometry to fulfill the voltage, current and power specifi-

cations. The deviations of output voltage and current when

associating the modules in series or parallel are due to

small variations on the elements resistance related to some

shadow effect coming from the masks used to pattern the

elements during the deposition, which cause thickness

variation. When looking to the maximum output power per

volume of TE material (one pair, at DT = 8 K), we obtain

91 lW cm-3 which enable foreseeing the usage of this

technology for heat harvesting in large areas.

4 Conclusions

In summary, p-type and n-type nc-Si:H thin (100 nm) films

deposited by PECVD have been presented showing inter-

esting room temperature thermoelectric properties that

foreseen their application for large-area energy harvesting.

The optimized films, with a crystalline fraction above

92 %, have a PF of 2.2 9 10-4 W m-1 K-2 for n-type and

3.6 9 10-5 W m-1 K-2 for p-type while S is -0.19 and

0.5 mV K-1, respectively. Since Si:H is an environmen-

tally friendly and abundant material and TE devices based

on it can be fabricated using well-established technology,

further investigations to optimize their thermoelectric

properties will continue, focusing on post-deposition pro-

cedures. With this work, we aim to contribute for a new

field of applications for thermoelectric materials, as the

thermal losses are the major source of energy losses in

actual electrical power sources and large-area harvesting

can use less efficient but also less expensive TE materials.
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