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Abstract: This study reports on the behaviour of the thermoelectric properties of n- and p-type
hydrogenated microcrystalline silicon thin films (pc-Si: H) as a function of applied uniaxial stress
up to £1.7%. pc-Si: H thin films were deposited via plasma enhanced chemical vapour deposition
and thermoelectric properties were obtained through annealing at 200 °C (350 °C) for n-(p-) type
samples, before the bending experiments. Tensile (compressive) stress was effective to increase
the electrical conductivity of n-(p-) type samples. Likewise, stress induced changes in the Seebeck
coefficient, however, showing an improvement only in electron-doped films under compressive stress.
Overall, the addition of elevated temperature to the bending experiments resulted in a decrease in
the mechanical stability of the films. These trends did not produce a significant enhancement of the
overall thermoelectric power factor, rather it was largely preserved in all cases.

Keywords: thermoelectric; microcrystalline silicon; thin films; annealing; uniaxial stress; temperature;
power factor

1. Introduction

The use of strain to improve transport properties of semiconductor materials is ubiqui-
tous in a number of technologies, [1-6] with thermoelectrics (TE) not being an exception.
The study of the strain-dependence of TE properties gains even more relevance in the case
of flexible materials/devices, which operate under strain most of the time. A number of
works have reported the enhancement of TE properties through the introduction of strain in
the microstructure of the substrate, and by applying pressure [7-9] in commercial materials,
however, showing little control over the strain application. To date there has been little
research dedicated to revealing the influence of strain on the thermoelectric properties of
silicon-based materials. However, strain-inducing defects in silicon, e.g., dislocation loops
(DLs), have been shown to have a significant impact on silicon’s thermoelectric properties
when present within the crystal lattice, resulting from the significant pressure the DLs exert
by pushing-apart nearby Si atoms—this pressure increasing the band-gap local to the dislo-
cation site [10]. This suggests that unravelling these effects further is important. Bearing
this in mind, this work aims to determine if tensile or compressive strain drives an increase
or reduction in the thermoelectric power factor (PF) in hydrogenated microcrystalline
silicon (pc-Si: H) thin films.

There are well-founded reasons to embark on the exploration of this material for
flexible thermoelectric applications. First, uc-Si: H is a functional and scalable material
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recognised in other sectors, i.e., photovoltaics and thin-film transistors (TFTs), with a
heterogeneous microstructure that mimics that of nanocomposites. Second, attempts to
optimise the power factor of these films deposited on glass substrates have succeeded
in previous works in both n- and p-type specimens [10,11]. The ability of the plasma
enhanced chemical vapour deposition (PECVD) technique to deposit this material on
flexible substrates, widely applied in the photovoltaic and TFTs industry [12,13], opens
the possibility to explore its use in flexible TE applications. This approach might also take
advantage of the band degeneracy lifting produced by strain when a sample is bent. In
fact, improvements of the electrical conductivity (¢) depending on the doping species and
strain nature was reported for this material in TFTs [12]. In this study, unlike others in Si
for thermoelectrics, that applied theoretically and /or experimentally low strain levels, the
TE characterisation is carried out with the sample under large strains.

This research is structured in the following way. Firstly, a detailed study of the total
stress generated from deposition and annealing is reported, along with the strain generated
due to forced bending. Then, the variations of ¢ and « in n- and p-type samples, with
both tensile and compressive strain, are investigated. Subsequently, another set of samples
was used to study the variation of the same properties with the simultaneous effect of
strain and temperature. Finally, the expected trends of the power factor for each strain case
are reported.

2. Experimental Methodology

The flexible pc-Si: H thin films used for this study were deposited and thermoelec-
trically optimised based on deposition parameters, following the approach described in
previous works [10,11]. The optimised o, Seebeck coefficient («) and PF correspond to the
as-grown values shown in each figure.

In these pc-Si: H thin films, TE properties could be affected by the different types
of stress/strain (s/s) developed during deposition, annealing, and externally applied
mechanical loading. For the latter, uniaxial s/s through forced bending has been selected
because of the widely reported advantages related to enhancement of transport properties
versus biaxial s/s, and because it enables accurate application of strain in both magnitude
and direction [14]. The interaction of these stresses/strains results in a total mechanical s/,
which is used for the study of the TE properties.

2.1. Materials Preparation

The fabricated samples started with the deposition of pc-Si: H thin film (1-pum thick-
ness) onto a Kapton HN substrate of 150-pm thickness with the deposition conditions
described in [10] for n-, and in [11] for p-type thin-films, respectively. Microstructural
characterization of these samples confirmed that the required thickness and composition
had been achieved. The reader should refer to ref. [10,11] to observe these data. Then,
samples were subjected to an annealing treatment to optimise the PF in anticipation of
the results achieved in previous studies [10,11]. This was realised in air using a hot plate
stocked with a programmable temperature controller, which allowed a rapid temperature
stabilisation. The annealing treatment was applied in the range from 200 to 400 °C for 1 h
employing a ramp up time of 8 min for both n- and p-type samples. During the cooling
process, the samples remained on the hot plate until they reached room temperature (RT)
~25 °C, which occurred in approximately 2 h. Then, the values of ¢ and & were measured
to determine the optimum annealing temperatures for each sample type.

2.2. Materials Characterization

The residual s/s created during deposition and optimisation was determined indirectly
drawing on the Stoney equation [15] through the radius of curvature. This parameter was
obtained using a confocal microscopy system stocked with an objective with a magnification
of 100, which is part of the Renishaw (United Kingdom) inVia Raman microscope, to
collect the coordinates (x, y) of about 100 points located along the profile of the sample
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(2 x 1 cm). The acquisition accuracy was in the order of 5 um based on the image resolution,
and considering the total sample thickness of 151 pum (substrate plus film), the maximum
error incurred is about 3%. The data points were used to replicate the sample profile in
Auto-CAD 2019, and by means of fitting analysis, the radius of curvature was determined.
Three samples per sample type, i.e., n-/p-type as-grown and, and n-/p-type annealed,
were used to average the final curvature profile.

The 0 and « were measured in the zone of maximum stress/strain during bending.
This area was determined drawing on a well-known computational model in COMSOL
Multiphysics [16]. A tetrahedral grid was generated for a rectangular sample with 98,833 el-
ements with dimensions (length = 2 cm, width 1 cm, thickness = 151 um). Convergence
tests suggested reliable solutions above 50,000 elements. The computation model used a
Multifrontal Massively Parallel Sparse direct Solver (MUMPS) with a parametric sweep
range (0.125 mm, 0.125 mm, 4 mm) to compute several displacements of the boundaries of
the sample. The model investigated a pre-described displacement of both the short edges
in the x-direction, and stress/strain on the material. All other surfaces were defined free
to move. The computational solver was started considering the ambient temperature at
20 °C, where the Young’s modulus, Poisson’s ratio and density were defined as from the
specification catalogue [17].

2.3. Thermoelectric Property Tests

The voltage drop and current were obtained with the device mounted on a Wentworth
four-point probe station that enabled the accurate positioning of the electric contacts on
the surface of the sample during bending, and arranged according to the Van der Pauw
technique. These quantities were measured through a Keithley 2700 digital multimeter
and 2661AC/DC current source. Data were obtained at room temperature in air. The
sample bending was carried out with a home-built vice-like device. The bend, either
convex or concave, was produced by the displacement of the sliding jaw in steps of 0.5 mm
per bending cycle. This displacement was controlled through a digital Vernier calliper
coupled in the vice. The o was first determined for each sample (2 x 1 cm) in flat state
with probes situated on the corners and in a reduced area in the centre of the sample
(maximum stress). The calculation was performed based on the approach developed in [18]
for rectangular samples of anisotropic material. The conductivity reported corresponds to
principal component in the longitudinal direction, matching with the strain application.
Hereafter, all the o values were determined in the reduced area, first with the sample
in bending state, and later in re-flattened state, completing the measurement cycle. This
process was repeated for each bending step until the mechanical failure of the sample
was reached.

The application of simultaneous uniaxial strain and elevated temperature to determine
the 0 needed the fabrication of an integrated apparatus. The bending was performed with
the aid of convex, and concave cylinders, machined with pre-defined radius of curvature in
the range from infinite (flat) down to 6.4 mm. Machining to lower radius of curvature in the
concave direction was not possible due to the lack of specialised tools. The heating system
comprises of cartridge electrical resistances of 3/8” that are inserted inside the cylinders,
and a PID temperature controller, able to reach a maximum temperature of 250 °C. The
measurement equipment included a high precision multimeter from Keysight and a current
source, a Keithley 2400 AC/DC. For more details on the design of this equipment see [19].
The characterisation of the voltage drop and current was the same as that followed for
samples subjected solely to strain, but the data were recorded only when the samples
reached steady state at 60 °C.

A Seebeck stage coupled with a vice-like mechanism was built for characterization
of samples (2 x 1 cm) under bending conditions. This system consisted of a LakeShore
325 temperature controller with heater and resistance temperature detector that allowed the
feedback mechanism with the proportional-integral-derivative (PID) controller, a Linkam
LTS420 temperature-controlled stage, two contacting thermocouples, a Keithley 2700 digital
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multimeter (DMM) and a Keithley 7700 switch card. A steady state temperature method
was used that stabilised the sample at a specific temperature difference before the measure-
ment of the signals. Seebeck values were collected in the zone of maximum stress from
room temperature up to a maximum of 60 °C in air, in the sequence flat, bending, and
re-flattened states until the mechanical failure was reached (similar to the procedure for o).

3. Results
3.1. Mechanical Stress/Strain Characterisation

The variation of TE properties were evaluated as a function of the total mechanical s/s.
This s/s results from the interaction of the residual strain (RS) generated in the film during
deposition and the optimisation process, with the s/s produced by the forced bending.

3.1.1. Residual Stress in Flexible pc-Si: H Thin Films

The total RS is reflected in the radius of curvature adopted by the sample after deposi-
tion (intrinsic stress), and after optimisation of the PF via annealing. With this correlation,
the Stoney’s equation appears suitable to determine the final s/s in the film if complying
with certain conditions [20]. It establishes a linear relation of the stress generated in a
thin-film with the amount of bending produced in the film/substrate system (radius of
curvature) in the following way [15]:

Es KW [/1 1
o~ gisar i (R %) .

where E; = 2.76 GPa, h; = 150 x 10~ m, and vs = 0.34 are the Young’s modulus, the
thickness and the Poisson’s ratio of the substrate, respectively, and & = 1x107® m
represents the thickness of the film. R and Ry are the radii of curvature after and before the
deposition of the pc-Si: H film on the substrate.

Even though in some cases one or more of such conditions are not strictly compliant,
this formula has frequently been applied for determining the stress of similar thin films,
i.e., nano-crystalline silicon thin films, and amorphous silicon thin films [20]. In this study,

the very low ratio (8 = Z—ﬁ = 0.0066) along with the rectangular shape of the sample,
allowed us to gain more accuracy by augmenting the propensity of it to adopt a spherical
shape in bending state. In fact, with this condition, the stress becomes more homogeneous
approaching the criterion for the applicability of the Stoney ’s equation.

Table 1 illustrates the results of intrinsic and total residual stress produced in the
film/substrate system for n- and p-type samples. It is important to remark that owing
to the optimisation process carried out to enhance the PF, n-type samples were annealed
at 200 °C while p-type samples at 350 °C. For the calculations, Ry was neglected as the
Kapton used provided an excellent dimensional stability and flatness at RT. For the sake of
comparison with other studies, the widely used convention of assigning a positive value to
tensile s/s, and negative to compressive s/s are employed herein.

Table 1. Intrinsic and total residual stress generated during deposition and after TE optimisation via
annealing, respectively, with R, and R; as the radius of curvature measured for the former and latter,
based on the methodology described in the experimental section.

Intrinsic Stress Total Residual
Sample Type Ry (m) Rt (m) (GPa) Stress (GPa)
N 0.048 0.030 —0.328 —0.527
P 0.059 0.027 —0.265 —0.584

Table 2a-e illustrates, in sequence, the schematic curvature produced in the film/substrate
system due to the stress generated during deposition and TE optimisation, which is ex-
plained in the following manner.
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Table 2. Bending steps of the film/substrate system produced by the stress/strain created during
deposition and optimisation process. Different curvatures were found depending on the doping type,
and annealing conditions. Ry and Rp represent the radius of curvature of the n- and p-type sample,
respectively, and the curvature is determined as the inverse of the radius (1/R).

(a)
[
Outward bending due to
compressive stress O TT——
As-grown state N-type P-type

(b)
Compressive stress ‘ .
RN < Rp /
R R

ion bombardment, H content, Different CTE, kapton shrinkage

Annealing N-type: (200 °C) P-type: (350 °C)
()
,-T-\ _.-——-.._/

N R

Expected behaviour of the film curvature
due to annealing

Ry <Rp Hydrogen is lost due to annealing, more in p-type than n-type,
creating a tensile stress that counteracts the initial compressive

stress produced during deposition.

(d)
Isolation of substrate curvature due to ‘ .
annealing
RP < RN N Rr

A larger curvature was produced in p-type due to a larger shrinkage

created by the higher annealing temperature.

(e)

All interactions in as-grown + optimisation process produce a

Final curvature
R p< RN

larger final curvature in p-type samples (smaller radius of

curvature)
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In general, from the results it can be observed that after deposition, the samples
developed a negative intrinsic s /s independently of the doping nature, which is reflected
in the biased bending in the outward direction in agreement with previous results [21-24].
The intrinsic s/s showed a slighter higher value for n-type (=—0.33 GPa) samples in
comparison to p-type ones (~—0.27 GPa). The negative nature of this stress is likely
acquired during film growth due to the deposition technique employed. Ion bombardment
was found to be a typical process occurring in PECVD where energetic ions strike the
silicon atoms in the subsurface layer with an energy higher than the atomic displacement
energy of silicon [25-28]. As a result, the bonding between silicon atoms is compressed
producing a force in the plane of the film as shown in box a) in Table 2; however, as the
film is constrained by the substrate, it cannot expand, but instead the substrate can bend. A
qualitative estimation of the ion momentum, the parameter that controls ion bombardment,
drawing on the correlation developed in [27] gives ~1.48 a.u., and ~1.27 a.u for n- and
p-type samples, respectively, in arbitrary units (a.u.). It suggests a slightly higher negative
stress formation for n-type films considering its direct relationship with ion momentum,
which supports the stress results computed from the curvature measurements.

There are other factors that might contribute to negative stress generation during
deposition that cannot be precluded. Hydrogen content, both non-bonded and bonded,
have been ascribed as responsible for compressive stress creation in numerous studies
regarding PECVD and pc-5i: H [22,29-31]. Given the microstructure of this material, that
was proven to have a columnar structure and voids in a previous work [10], and the
high hydrogen dilution ratio ((Hp/SiH4) n: 200; p:133.3), it is probable that non-bonded
hydrogen was trapped in these micro-spaces. This stored molecular hydrogen can raise
the gas pressure of the micro-voids increasing macroscopically the mechanical stress.
Likewise, bonded hydrogen in the form of SiHy species is thought to contribute to negative
stress formation [29]. During deposition, atomic hydrogen diffuses into the subsurface
zone inserting into strained Si-Si bonds forming Si-H-Si configurations, increasing the
compressive stress. Indeed, compressive stress seems to be a requisite for nucleation of pc-
Si: H from the amorphous phase, as a direct correlation has been found between hydrogen
dilution and stress, which coincides with the transition from amorphous to microcrystalline
phase [31].

On the substrate side, other stress effects might appear during deposition that interact
with the film stress described above. As the film/substrate system returns to RT after
deposition, an additional negative stress is generated on the film due to mismatches of the
coefficient of thermal expansion (CTE) between the film and substrate. In fact, the higher
CTE of Kapton HN (~x7) with respect to pc-5i: H allows the former to shrink faster when
cooling down, applying compressive loads on the film [17,32]. The computing of thermal-
induced stress is not straightforward as the CTE of Kapton changes with temperature [33],
and because, according to the thermal properties of Kapton HN [34], the substrate was
expected to undergo a minimal shrinkage (~0.17%) at 185 °C, further contributing to
negative stress.

As was expected, the negative intrinsic stress created during deposition was not
definitive, but underwent further changes produced during the optimisation of the PF
via thermal annealing that ends in the total residual stress. Overall, it is noticeable that
both film types are under a more pronounced negative stress than as-deposited samples
showing slightly higher values for p-type (—0.58 GPa) as compared to ~—0.53 GPa for
n-type after post-processing, as shown in box e) in Table 2. On the film side, considering
that hydrogen has been found to begin diffusing out at temperatures over the deposition
temperature (185 °C) [35], annealing likely produced the hydrogen out-diffusion from
the microstructure whose amount strongly depends on the exposure time and annealing
temperature employed in each case. Consequently, considering the different annealing
temperatures used in n- (200 °C) and p- (350 °C) type samples, it is reasonable to presume
a higher loss of hydrogen in p-type films. With the loss of hydrogen, the intrinsic negative
stress mechanism assumed previously, exerted by both non-bonded and bonded hydrogen
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in as-grown state, would be reduced leaving the microstructure less compact, and probably
originating an additional positive stress due to a reduction in volume that counteracts the
initial intrinsic negative stress. In fact, a number of publications reported a correlation
between positive stress creation and hydrogen out-diffusion [22,33,36]. Hence, it is plausible
to infer that p-type films are left under less negative stress (higher positive stress creation)
than n-type films (less positive stress creation) after the optimisation process, as shown
in box (c) in Table 2 which seems to contradict the computed values. Nonetheless, the
annealing effect on the substrate during optimisation might provide an explanation for the
results of total residual stress.

On the substrate side, the same thermal effects identified during deposition might
appear in the optimisation process but with higher magnitude, in particular in p-type films.
First, a larger thermal-induced stress was probably developed in p-type films due to the
obvious higher difference between annealing and RT (AT = 350-30 °C) as compared with
n-type films (AT = 200-30 °C), and also due to a higher expected difference in CTE owing
to a diverging behaviour between the pc-5i: H film and Kapton under thermal annealing.
In fact, while a decrease in CTE is expected in the film with hydrogen desorption according
to [37], an increase in CTE of Kapton with annealing temperature is predicted according to
the product specification [34]. Second, a shrinkage process likely continues to happen in
the substrate associated with the time the sample is under the effect of higher temperature,
which further contributes to a negative stress creation. Therefore, the interaction of stress
during deposition and optimisation might explain the slightly higher negative total residual
stress in p-type films.

To corroborate the distinct contribution of substrate to the film stress due to the
application of a different annealing temperature, the thermal-induced stress in the substrate
was isolated. To do this, two film-free Kapton substrates were annealed at the same
conditions as n- and p-type samples, and later, the curvature was measured. It was
evident that a larger curvature was produced on the sample annealed at 350 °C (~7 m~!) in
comparison to the sample annealed at 200 °C (0.63 m~!). This difference, by about one order
of magnitude, is probably related to the proximity of the annealing temperature (350 °C)
to the glass transition temperature (360 °C) specified for this Kapton type [34], where an
increase in molecular motion takes place changing the intrinsic amorphous structure from
glassy to a rubber-like state [38]. The schematic of the behaviour of both cases is illustrated
in box (d) of Table 2. These results confirm that larger compressive loads are applied on the
p-types film by the substrate.

3.1.2. Total Mechanical Strain (Residual plus Forced Bending)

For large strains and rotations such as the ones applied by forced bending, the Stoney
correlation does not accurately describe the strain behaviour anymore. Instead, this type of
strain (¢) as a function of the radius of curvature is described by [39]

. (s the\ 14 2xn + xp? )
surface — 2R (1+7’])+(1+X77)

where R is the applied radius of curvature, x and 7 are defined by x = Y¢/Ysand n = hy/hs.
Ys and Yy are the Young’s moduli, and i, hs the thickness with subscripts s and f represent-
ing the substrate and film. From the mechanical perspective, the structure of this composite
is essentially a bilayer composed of a 1-um thick microcrystalline silicon layer on top of a
150-um thick Kapton sheet.

Figure 1a,b shows the total mechanical strain as a function of the radius of curvature.
This value was calculated by subtracting (adding) the total negative residual s/s to the
strain generated by forced bending in the positive (negative) direction. As the total residual
strain showed to be slightly different for n- and p-type films, it was necessary to plot a curve
for each film type considering tension and compression. This strain-radius relationship is
used to correlate the variation of ¢, and « with mechanical s/s.
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Figure 1. Total positive (tensile) and negative (compressive) mechanical strain vs. radius of curvature
for (a) n-type and (b) p-type puc-Si: H thin film calculated using Equation (2), and schematic for the
tensile (c) and compressive (d) bending direction.

3.1.3. Zone of Maximum Stress by Forced Bending of the Sample

Figure 2 shows the simulation of stress distribution in a sample under tensile produced
by bending. The simulation was carried out considering the dimensions and material
properties of the actual sample, and the degrees of bending applied in the experiments. It
can be noticed that the maximum stress is produced in the centre of the sample and lessens
towards the edges, more strongly in the bending direction than in the transverse direction.
For large deformations such as the ones applied in this study (> £0.7%), the stress and
curvature components inevitably vary spatially, but the deliberate bending along the length
of the sample (2 x 1 cm), that approaches the uniaxial bending case, diminishes this effect
producing a more uniform stress in the transverse direction. This zone of maximum stress
is the area where the film will fail with the highest probability with progressive bending,
and thus, it is reasonable to measure here the o to obtain representative results. The area
defined for the measurements is a rectangle (1 x 0.5 cm) with the centre in coincidence
with the centre of the sample. With these considerations, the o to be determined is actually

an average o that results from the average stress in the zone of measurements that changes
with bending.
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Figure 2. Numerical simulation of the stress distribution due to tensile stress for a pc-Si: H sample
showing the zone of maximum stress. This was carried out generating a tetrahedral grid with
98,833 elements in a stationary mode as described in the experimental section.

3.2. Electrical Conductivity Characterisation
3.2.1. N-Type pc-5i: H Thin Films under Mechanical Strain

Figure 3 shows the behaviour of both conductivities as a function of radius for positive
bending. The plot shows three clear distinct behaviours for the longitudinal conductivity.
First, in the range from the infinite radius (flat position/unstrained) down to ~18 mm, this
parameter remained at a rather stable value of about 5815 (Om)~!. Then, as the strain
was increased, an increasing trend also occurred, reaching a maximum of ~7162 (Qm)~!
at ~9.5 mm, which represents an enhancement of ~23% from its unstrained value. Further
strain created an abrupt drop of ~85% from its maximum in the last bending radius, at
8.3 mm. The re-flattened conductivity showed a stable trend indicating a recovery to its
initial value of 5815 ((dm)~! until a bending radius of ~9.5 mm. Beyond this limit an
incremental drop was noted of ~ 10%, and ~49% at ~8.8 mm and ~8.3 mm, respectively,
which likely indicates a deterioration of the sample. It is remarkable that the maximum
longitudinal conductivity was reached at the same radius (~9.5 mm) where the re-flattened
conductivity showed the last data point within the stable trend. This coincidence suggests
that for further bending, strain begins to degrade the sample producing structural defects
that interfere in the carrier transport, like those shown in Figure Sla of the Supplementary
Materials. Hence, it can be inferred that the critical radius at which the conductivity allowed
reliable measurements with minimum structural deterioration was ~9.5 mm— ¢ (%) = 0.77.
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Figure 3. Behaviour of longitudinal and reflattened conductivity versus radius for positive bending
at room temperature (20 °C). The former showed an enhancement about 23% at 9.5 mm before an
abrupt fall beyond this critical radius of curvature. The latter does not recover its initial values for
radius smaller than 9.5 mm.
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Figure 4 illustrates the behaviour of both conductivities as a function of radius for
negative bending. In general, unlike the films under positive strain, it is noted that the longi-
tudinal conductivity describes a decreasing trend in the whole range. It showed a decrease
down to 2462 (Om)~! at a radius of ~11.3 mm from its unstrained value 2820 (Qm)~’.
For smaller bending radius it continued to decrease showing some fluctuation reaching
a minimum of ~ 2399 (Om)~! at 6.5 mm — ¢ ~ —1.7%, which means a net fall of ~15%
from its unstrained value. It is important to notice that the measurements were increas-
ingly difficult to perform with the reduction in radius as the available space limited the
positioning of probes, which might explain such fluctuation. On the other hand, the re-
flattened conductivity depicted a stable trend in the whole range with a standard deviation
of nearly 40 (QOm)~! which means a return to its unstrained value. This feature is essential
to demonstrate that the sample has not failed mechanically under the maximum bending
radius applied. Thus, based on these results, one can conclude that the critical radius of
curvature is located in a smaller bending range (¢ (%) > —1.7), which was not possible to
reach with the current measurement tools. The state of the sample after characterisation is
shown in Figure S1b in the Supplementary Materials.
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Figure 4. Behaviour of longitudinal and re-flattened conductivity with radius for negative bend-
ing, at room temperature (20 °C). The former showed a decreasing trend reaching a minimum of
2399 (Om)~! at 6.5 mm, while the latter remained stable in the whole range showing no mechani-
cal failure.

Experiments were also carried out to measure conductivities as a function of tensile
and compressive strain at a temperature of 60 °C, instead of RT. In general, similar trends
were obtained in all cases, as shown in Figure S2 of the Supplementary Materials, but
showing deviations in the rate of change and the film mechanical resistance. Under tensile
strain, o showed a lower rise ~11% < 23% accompanied by a lower mechanical resistance
reflected in a larger critical radius of curvature (35.2 > 9.5 mm) against those samples under
strain only. Under compressive strain, o showed a larger drop ~21% against the 15% for
samples under strain only. The larger drop is explained by the reduction in the mechanical
resistance of the film. In fact, while samples under strain did not show a mechanical failure
for strains >1.7%, the samples under strain at elevated temperature showed a degradation
at strains ~0.64%, which is validated by the non-recovery of the re-flattened conductivity.

3.2.2. P-Type pc-5Si: H Thin Films under Mechanical Strain

Figure 5 shows the behaviour of the longitudinal and re-flattened conductivity as a
function of radius for positive bending. It can be observed that the longitudinal conductivity
describes a smooth decreasing trend from its unstrained value of ~2530 (Om)~! down to
~1967 ((dm)~! at 12.7 mm. Then, in the next bending step (11.3 mm) the decline accelerates
to ~1315 ((m) ! followed by an anomalous fluctuation in the last bending steps ending in
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~437 (Qm) 1. The re-flattened conductivity shows a stable trend down to 11.3 mm. Then,
for smaller bending radius a steep decline can be visualised showing a fall of ~81% from its
initial value, which suggests that film degradation/cracking started, as depicted in Figure
S1c of the Supplementary Materials. Thus, based on these results, it can be determined that
the critical radius occurred at 11.3 mm — ¢ (%) = +0.58.
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Figure 5. Behaviour of longitudinal and re-flattened conductivity with radius for positive bending
measured at room temperature (20 °C). The longitudinal conductivity shows a decreasing trend
reaching a minimum of ~1315 ((0m)~! at the critical radius of 11.3 mm, which is corroborated by the
abrupt fall of the re-flattened conductivity for smaller radius.

P-type films were now submitted to a negative stress. Figure 6 shows the behaviour of
the longitudinal and re-flattened electrical conductivity as a function of bending radius.
In general, both conductivities show a parabolic-like behaviour for a decreasing bending
radius. The longitudinal conductivity increased about 90% from its unstrained value
(3718 (Qm)~ 1) up to a maximum of ~7095 (Qm)~! at a radius of 10.3 mm, followed by a
fall down to a minimum of 4742 (Om)~! at 7.4 mm. Similarly, the re-flattened conductivity
increased form its initial value up to a maximum of 5874 (Qm)~! at 10.3 mm, and then
showed a decreasing trend down to a minimum of 468 (Qm)~! at a radius of 7.4 mm, which
represents a drop about 92% from its maximum.
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Figure 6. Longitudinal and re-flattened electrical conductivity variation of p-type films at room
temperature as a function of radius for negative bending. The longitudinal conductivity shows a net
enhancement of about 21% from its optimised unstrained value. The non-recovery of the re-flattened
conductivity suggests that the critical radius takes place at 10.3 mm.
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The substantial increase, about 90% in the longitudinal conductivity from its un-
strained value, does not look that great if one checks the trend of the re-flattened conduc-
tivity in the same range. The non-recovery from the unexpected higher values appears
to indicate that it is in a progressive optimisation process due to strain up to a radius of
10.3 mm. With this consideration, the net increase in the longitudinal conductivity would
be ~21%. The reasons for the permanent increase in the re-flattened conductivity under
compressive strain are not known, however, one can speculate that the gradual strain
applied does not completely relax after releasing, but instead induced a permanent change.
For the contrary, the decreasing trend of both conductivities is explained by the continued
degradation of samples reflected in the fall >92% of the re-flattened conductivity, as is
shown in Figure S1d of the Supplementary Materials. If a mechanical failure occurred at
10.3 mm, it is intriguing why the longitudinal conductivity still remains at relative high
values, i.e., 4742 ((dm)~! at the last bending radius. A probable explanation is likely related
to the compressive strain that re-joins separated surfaces of a crack at the moment of the
measurements. In this way, a temporal path is provided for current flow while the sample
is under compressive strain.

Again, the inclusion of temperature (60 °C) in the experiments provoked a faster decay
of the electrical conductivity under tensile strain, and a lower increase under compressive
strain (6% < 21%) as a result of the earlier mechanical failure of the film. In fact, the capacity
of the film to absorb tensile (compressive) strain without failure reduced from +0.58% —
+0.27% (—1.2%— —0.66%) with temperature. The results are illustrated in Figure S3 of the
Supplementary Materials.

3.2.3. Discussion

To the best of the author’s knowledge, no pc-Si: H strain-induced works for the
examination of TE properties has been realised. A few works on some silicon-based
structures for TE application have been reported [7,40,41], which can be useful to carry out
a qualitative comparison. Additionally, detailed studies covering the behaviour of electrical
conductivity under strain developed mostly for TFTs and strain gauges are available to
contrast the results found herein [1,12,13].

A summary of the impacts of tensile and compressive strain on the electrical conduc-
tivity is presented in Table 3. It is expected that the applied uniaxial strain by bending
reduces the crystal symmetry varying the effective mass, and lifting the degeneracy of
the either the six-fold conduction band minimum or both heavy hole (HH) and light hole
(LH) valence bands of silicon, depending on the nature of strain. These effects cause a
redistribution of charge carriers amongst the bands [14,41,42]. Accordingly, the increase in
longitudinal conductivity in n-type films under tensile strain can be attributed to the energy
lifting of the four conduction A4 valleys that induced the repopulation of electrons into
the lowered A; valleys. In this way, more carriers with lighter effective mass participate
in the transport increasing the conductivity. It is remarkable that a lower enhancement
(~23%) was achieved in n-type pc-Si: H films as compared to bulk silicon (35%) [40], even
though a larger strain was applied in the former (0.77 > 0.2%). This might be related to
the different level of carrier concentration (1) and morphology of each material structure.
It was reported that to achieve a complete redistribution of occupied states, the applied
strain required is proportional to the level of n [40]. Thus, for a higher # as in our films
(~4 x 10?° cm~3), a larger strain is required to achieve a similar enhancement as that in
bulk silicon (~8 x 10 cm™3). Likewise, it was demonstrated that pc-Si: H films contain a
large number of grain boundaries which are probably softening the strain applied.
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Table 3. Trend of longitudinal electrical conductivity of n- and p-type pc-Si: H thin films under tensile
and compressive stress showing the corresponding strain at the critical bending radius (ec).

Tensile Strain Compressive Strain
Doping
Trend ec (%) Trend ec (%)
N Increase? ~0.77 Decrease | >—1.7
P Decrease| ~0.58 Increase 1 ~—1.2

For compressive strain the opposite occurs. The decreasing trend observed is probably
the result of lifting the A, valleys allowing the transfer of electrons to the lowered four
A4 valleys giving rise, at the same time, to an increase in effective mass, which in turn,
decreases the electrical conductivity. Similarly, under the same compressive strain (0.6%)
it can be verified that n-type pc-Si: H films show a minor decrease in conductivity ~5%,
against ~15% for bulk silicon [40], giving more support to the softening effect of grain
boundaries and the importance of the 7.

On the other hand, the physics for the strain-dependent valence bands is more complex
because apart from the band splitting, the strain is thought to warp the valence band
inducing a change in the effective mass [14]. The decreasing trend shown for p-type
uc-Si: H films under tensile strain is likely related to a degeneracy lifting process. It
shifts energetically the HH band up, and lowers the LH band with the corresponding
repopulation of high energy carriers into the latter, and the alteration of the band curvature.
In this way, the dominant band for transport becomes the HH band, which has a relative
larger effective mass that reduces the overall conductivity. This trend deviates from the
bulk silicon, which shows a slight increase, but is coherent with the reduction reported
in [13] for uc-Si based TFTs, which is ascribed to the decrease in the hole mobility.

For compressive strain, the degeneracy lifting is reversed. It is, the LH band becomes
the top valence band which contains more light holes to participate in the transport,
reducing the effective conductivity mass [40]. As a result, an increasing conductivity trend
is appreciated in pc-Si: H films similar to that reported for bulk silicon, but with different
rate of change. While an increase of ~23% at ~1% strain was obtained in pc-Si: H films, a
larger increase ~40% at a lower strain ~0.6% was reported for bulk silicon. This deviation is
probably explained again by the morphological and carrier concentration features of each
material structure.

From the results, it is noticeable that either within n-type or p-type films, those samples
bent in compressive strain offer a larger mechanical resistance (smaller bending radius)
than those bent under tensile strain. It is well known that crack-formation due to tensile
strain is produced entirely in the film, whilst delamination due to compressive strain is
produced in the film/substrate interface. Regarding that a good adhesion force between the
film and substrate was demonstrated for pc-Si: H films deposited via PECVD in a previous
work [11], it is not surprising that the system film/substrate failed first in the film.

Finally, in order to confirm that the effect of strain on the electrical properties is
via alteration of crystalline grains, it is possible to draw on the Raman technique, which
distinguishes the presence of tensile and compressive strain through the shift of the Raman
signal to lower and higher values, respectively. The focusing parameters are the same as
the ones used in [10]. Figure 7 illustrates the behaviour of Raman shift of a p-type sample
as a function of tensile strain. The first point of the plot (522.5 cm~!) represents the Raman
frequency in flat position before the bending experiments. The calculation of stress based
on [43] gives a stress (~0.62 GPa) very similar to that previously obtained from the analytical
Stoney s method (0.58 GPa). Clearly, this higher Raman shift with respect to the stress free
single crystalline Silicon (520.7 cm ') confirms the total residual compressive stress creation
during growth and post-processing. Overall, it can be observed that the Raman-active
phonon modes corresponding to the crystalline fraction moves steadily towards lower
values with decreasing bending radius in the spectra. It confirms the presence of a local
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tensile stress in the crystalline grains, which alters the band structure, and gives rise to the
change in the electrical conductivity.
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Figure 7. Bending Raman shift as a function of radius for tensile (positive) bending for a p-type
sample. The Raman shift moves to lower values with decreasing radius suggesting the creation of a
local tensile strain in the crystalline grains.

3.3. Seebeck Coefficient under Mechanical Strain

The typical trends described by the Seebeck coefficient vs. temperature are illustrated
in Figures 54 and S5 of the Supplementary Materials for n-, and p-type samples, respectively.

3.3.1. N-Type pc-Si: H Thin Films

Figure 8a displays the behaviour of the longitudinal Seebeck coefficient as a function
of tensile bending radius and following re-flattening. The longitudinal Seebeck coefficient
started at ~—129 pV /K in the unstrained state, and then decreased almost linearly with
increasing strain in the whole range reaching a minimum of ~—98 nV/K at a radius of
~6.8 mm — ¢ (%) ~1.1, which represents a fall of ~24%. A similar behaviour was reported
for biaxial-strained silicon in ref. [40] which was ascribed to a degeneracy lifting pro-
cess. Under sufficient tensile strain, the electrons from the lifted A4 pockets repopulate
the lowered A; pockets, increasing their occupation. According to the Mott’s relation o
~(n)~2/3 [44], the ratio of redistribution of the carrier concentration (n = 6/2) in the A,
pockets induces a reduction in Seebeck ratio (¢ = 0.48). This decrease is strengthen by
an expected lighter effective mass attributed to the A, bands. Compared to bulk silicon
at the same strain (~0.2%), the Seebeck coefficient in this work shows a lower decrease
(~5 < ~9%), which is likely related to both the higher absorption of the applied stress in the
grain boundaries and the different level of n-doping.

Similarly, the behaviour of the longitudinal Seebeck coefficient under compressive
strain is shown in Figure 8b, alongside values following re-flattening. Initially, the longi-
tudinal Seebeck remained stable at ~—155.5 uV /K up to a radius of 18 mm, followed but
an increasing trend reaching a maximum of ~—175 uV/K at a radius of 6.5 mm, which
represents an enhancement of about 13% over its unstrained value. An analogous qual-
itative enhancement was found in [40], but under a lower strain (—0.25%). The higher
strain (6.5 mm —¢ (%)= —1.7) needed to maximize the Seebeck is related to both the higher
n-doping and the softening of the strain at the grain boundaries as cited in ref. [40]. The
repopulation into the lowered A4 pockets (n = 6/4) in this strain case according to the
Mott’s relation produces a Seebeck ratio of 0.76. This result justifies a less decrease in the
Seebeck compared to the tensile case, but not an improvement. The increase should come
from the raise of the electron effective mass attributed to the A4 pockets under compressive
strain as found in [45].
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Figure 8. (a,b) Variation of the longitudinal and re-flattened Seebeck coefficient as a function bending
radius measured at a fixed temperature of 60 °C for n-type samples (a) under tensile strain, (b) under
compressive strain.

Regarding the re-flattened Seebeck coefficient, it showed a stable trend in the whole
range of measurements in both tensile and compressive strain cases. This behaviour would
mean that the film did not degrade or fail under the effect of strain and temperature, which
contradicts the results found in the conductivity measurements. The explanation is in
the measuring technique employed in each property. While conductivity was measured
using four-point probe, the Seebeck was measured based on two-probe configuration. It
is probable that during the Seebeck measurements cracks already formed, but extended
parallel to the path that joins the two probes allowing a flow of carriers, which is more
complicated in the case of four probes in a rectangular arrangement.

3.3.2. P-Type uc-Si: H Thin Films

Figure 9a shows the results of the longitudinal Seebeck coefficient as a function of
tensile strain and subsequent re-flattening. It can be observed that Seebeck coefficient
experienced a slight decreasing trend starting at ~255 uV /K in the unstrained state and
reaching a minimum of 247.5 uV /K at a radius of 7.1 mm — & ~1.1%, which represents a
marginal fall ~ 3%. Compared to bulk silicon at the same strain (0.6%), it is noticeable the
lower reduction in the Seebeck for pc-Si: H films (3 < ~10) % [40]. This result is explained
again by the weaker effect of strain in a material with a higher doping level, and a large
density of grain boundaries, as it is pc-Si: H thin films.

The same parameters as a function of compressive radius are illustrated in Figure 9b.
The longitudinal Seebeck showed a slight decreasing trend starting at an initial value of
~245 1V /K and running down to 232 uV/K at a bending radius of 7.1 mm — ¢ ~—1.6%,
which represents a drop of around 5%. A similar marginal fall was reported for bulk silicon
which was attributed to the redistribution of carriers in the valence band valleys [40].
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Figure 9. (a,b) Variation of the longitudinal and re-flattened Seebeck coefficient as a function of
bending radius measured at a fixed temperature of 60 °C for p-type samples under (a) tensile strain,
and (b) compressive strain.

The small deviation in decay of the Seebeck coefficient under tensile (compressive)
strain can be explained by the repopulation of holes from the lifted HH (LH) band into the
lowered LH (HH) band in a similar proportion. From Mott’s relation o ~ n—2/3[44], and
assuming a twofold degeneracy for the valence band, the correspondence of the Seebeck
ratio to the ratio of redistribution of the carrier concentration (n =2/1) would be 0.63 for
both stress cases. This decrease is counteracted by an expected larger effective mass of the
top HH band for the tensile stress case. Again, the re-flattened conductivity shows a stable
trend for both strain cases, which is likely explained by the lower sensitivity to cracks of
the two probe configuration.

Table 4 summarises the trends of the Seebeck coefficient for all the strain cases, showing
the net variation with respect to the unstrained case along with its corresponding strain
value. Overall, referring back to the conductivity results, their consistency with the opposite
trend is clear in all cases except for p-type under tensile strain, where the conductivity and
the Seebeck drop very slightly at the same time. This unusual strain-dependent behaviour
is not entirely unexpected. A concurrence decay of both parameters with tensile strain
over 0.2% was theoretically predicted in [40] for highly p-doped bulk silicon. Additionally,
a concurrent increase in both parameters was demonstrated in p-Bi2Te3 [46] due to the
application of pressure, which is equivalent to applying compressive strain. The reasons
for such deviations remain an open question, but could be related to a too low increase in
the effective mass as a result of the softening in the grain boundaries of the applied stress.

Table 4. Trends of the Seebeck coefficient for n-and p-type pc-Si: H showing the maximum strain
applied during the measurements.

Tensile Strain Compressive Strain
Doping
Trend € (%) Trend € (%)
N decrease (24%) | ~1.1 Increase (13%) 1 ~—1.7
P Decrease (3%) | ~1.1 Increase (5%) | ~—1.6

3.4. Impact of Strain on the Power Factor

Given that the strain experiments for conductivity and Seebeck coefficient were carried
out on different samples, a qualitative description of PF is given below, rather than a
numerical derivation.
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Based on the conductivity and Seebeck trends shown in Table 5, along with the
correlation (ca?), a good approximation of the PF trends can be obtained. Overall, it can
be expected a marginal change in the PF in the cases where the electrical conductivity
and Seebeck coefficient showed an opposite trend. The results also showed that only in
p-type samples under tensile strain the PF might experience a noticeable drop due to the
simultaneous fall of both parameters. Unfortunately, a notably increase in PF might not be
achieved through the application of uniaxial strain and temperature in this study; however,
in most cases, this is a positive finding for this material in application where the magnitude
of strain might vary, i.e., in a system where the TE device undergoes significant flexing. The
fact that this parameter remained largely unchanged for large strain values suggests that
the power output will be largely indifferent to this variation in strain and will be consistent
and predictable.

Table 5. Implications of the trends described by the electrical conductivity and Seebeck coefficient on
the power factor.

N-Type P-Type
Parameter
(+) Strain (—) Strain (+) Strain (—) Strain
0 t ) ! }
« 4 ) 4 {
PF ~invariable ~invariable { ~invariable

To summarise the findings, one can conclude that the absolute unstrained PF values
from the hole-doped film surpass by about one order of magnitude those from the electron-
doped films. Weighting the influence of each parameter on the PF, these difference can
be attributed to the larger Seebeck of the hole-doped films despite the relative lower
conductivity with respect to the electron-doped films. Likewise, strain demonstrated to
change the conductivity and Seebeck, but unfortunately a noticeable enhancement of PF
could not be obtained for the range of bending used in this study:.

In future the effect of strain on the thermal conductivity will also require investigation.
However, thermal conductivity is widely acknowledged as the most difficult thermoelectric
property to measure. Apparatus does not currently exist on which samples can be easily
strained in a measurable way during testing. In attempting to build a rig of this nature,
it was difficult to thermally isolate the sample in a way that it remained independent
from the bending apparatus. This factor had too great an influence on the results to yield
reliable data.

4. Conclusions

The research field of flexible and even foldable electronics is growing, due to the
exciting potential for flexible devices [47,48]. In this study the PF of both n- and p-type pc-
Si: H thin films were optimised via annealing treatment at 200 °C and 350 °C, respectively,
showing a larger value for p-type samples, along a larger limit of mechanical stability under
temperature. A slightly larger total residual stress was found to be created during the
deposition and optimisation in p-type films (—0.58 GPa) against that created in n-type films
(—0.53 GPa). Overall, the electrical conductivity increased in n-type samples under uniaxial
tensile stress, and in p-type samples under uniaxial compressive stress, showing a reverse
trend for the conjugated stress cases. On the other side, the Seebeck coefficient showed an
opposing trend with the electrical conductivity, as classically expected, in all stress cases
except for p-type samples under tensile stress. The inclusion of elevated temperature in
the bending experiments, overall, resulted in a decrease in the mechanical resistance of the
film reflected in the larger radius of curvature held during the conductivity measurements.
The resulting trends of the conductivity and Seebeck coefficient did not translate into a
notable increase in the PF with the application of uniaxial stress and temperature combined,
however, it is remarkable the stability of this parameter for large stresses. In this study, the
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Seebeck coefficient could be measured under larger strains higher than the conductivity
and showed no failure. Although the PF was only determined qualitatively, it is remarkable
the fact that this parameter remained largely unchanged for large strain values for both
doping types and both strain directions. In a flexible TE system based on pc-Si: H thin
films a positive finding is that in any application where the magnitude of strain might vary,
the PF should be insensitive to any variation in strain, meaning TE power output will be
consistent and predictable. Users should however be cautious about ensuring high strain
levels do not cause film failures during operation.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/electronics11244085/s1, Figure S1: SEM micrographs of final state
of samples after bending experiments for a) n-type under tensile strain, b) n-type under compressive
strain, c) p-type under tensile strain, d) p-type under compressive strain, and e) a p-type sample
not submitted to bending loads; Figure S2: Variation of the longitudinal and re-flattened electrical
conductivity for fixed carrier concentration and temperature (60 °C) as a function of bending radius
for n-type samples in a) positive strain, and b) negative strain; Figure S3: Variation of longitudinal
and re-flattened electrical conductivity for fixed carrier concentration and temperature (60 °C) as
a function of bending radius for p-type samples under a) positive strain, and b) negative strain;
Figure S4: Example of the temperature dependence of the Seebeck coefficient in the range from
room temperature up to 60°C for n-type samples bent at a radius of 10.3 mm in a) tensile strain
b) compressive strain; Figure S5: Temperature dependence of the Seebeck coefficient for p-type
samples measured in the range from room temperature up to 60°C under (a) tensile strain, and (b)
compressive strain.
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