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ABSTRACT: We investigate a method for fabricating layers that exhibit both high optical absorption and promising thermoelectric
properties. Using plasma-enhanced chemical vapor deposition (PECVD), amorphous Si and Si72Ge28 layers are deposited on glass
substrates and subsequently processed via laser annealing to achieve nanostructured layers. Our results show that a single laser
annealing pulse at 40 mJ yields the highest power factor, approximately 90 μW/m·K2. Additionally, we observe a maximum
absorbance enhancement factor of 60 times in the spectral region near 880 nm for samples treated with a single pulse of 60 mJ
compared to untreated samples. The effects of laser energy, the number of pulses, and material choice are further discussed.

■ INTRODUCTION
The demand for renewable energy sources that are both
sustainable and efficient is profoundly increasing.1−4 Energy
harvesting technologies, such as solar and thermoelectric, can
play a crucial role in the advancement of such renewable
energy sources. While these technologies still require more
detailed studies to increase their power and efficiency, the case
of energy conversion by thermoelectric effect exhibits a high
degree of reliability, low maintenance and durability.4 Further
improvement of the performance of both solar and thermo-
electric energy harvesters are crucial as they have potential for
varied applications.1−4

One major potential application is in the field of self-
powered wireless sensor networks.5 While in such networks
batteries are recognized as the most reliable, and often the only
power source, the constant demand for smaller, lighter and
long lifetime devices has shown the significant limitations of
relying on such energy sources. The two major challenges are
essentially the large size of batteries required by the device
lifetime and their corresponding cost. Furthermore, device
networks are sometimes installed in remote locations, where
the regular need for battery replacement can be both
hazardous and costly. Here, energy harvesters can be employed
as a power source alternative. They can be attached to the
main device, scavenging small amounts of energy from the
immediate surroundings. This becomes especially advanta-

geous as it can eliminate the need for both changing and
charging batteries, hence, reducing the overall cost of device
deployment and maintenance. In this manner, devices can
become independent of regular physical interventions.

We expect energy harvesting devices to provide a sustainable
power solution by collecting what would have been wasted
energy and converting it into a useful form.6 In addition to self-
powered wireless sensor networks, the application of such
harvesters contributes to the development of self-charging
electronics,7 wearable electronic devices8 and implantable
medical devices (IMDs).9 One major additional benefit of
harvesters, is their ability to be used in a hybrid approach,
combining a number of harvesting techniques in the same
material. In particular they are excellent candidates to be used
as solar thermal waste heat recovery devices,1−4 covering a
broad range of applications from photovoltaics to solar
distillation systems.

Recent research has made significant progress, especially
with the use of nanomaterials. Nanomaterials and nanostruc-
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tures have notably enhanced the performance of energy-
harvesting devices by improving properties such as optical
absorption10 and thermoelectric efficiency.11 In the field of
thermoelectric materials, ongoing research aims to improve the
figure of merit (zT) through strategies like element
combinations, doping, dimension reduction, defect creation,
nanostructuring, and band engineering. Among these, nano-
structuring has been particularly effective in enhancing zT by
increasing phonon scattering and reducing thermal conductiv-
ity.12 NASA, for instance, has utilized SiGe based alloys in
spacecraft missions due to their chemical and thermal stability
and reliable performance in radioisotope thermoelectric
generators (RTGs).13,14 SiGe alloys are specifically chosen
for their robust stability and consistent performance at high
temperatures, which is crucial for space applications.15,16

In recent decades, following NASA’s initiative to reassess
power systems for deep space missions, significant research has
focused on improving the zT of both n-type and p-type SiGe
alloys. Enhancements have been achieved through various
structural engineering approaches, including phase composi-
tion tuning, nanostructuring,17,18 doping,19 and incorporating
second-phase nanoinclusions within the semiconducting
matrix.15

While SiGe alloys have a relatively low zT compared to
state-of-the-art thermoelectric materials, nanostructuring and
doping have shown promise in boosting their performance.11

Recent advancements have achieved high zT values, up to 2.61
at room temperature, in thin-film forms with embedded
nanocrystals, indicating significant potential for future
applications. By optimizing electronic structures and carrier
concentrations, researchers are paving the way for further
improvements in zT values, promising notable advancements
in thermoelectric technology.20−22

In the work presented herein, we fabricate and characterize
Si and Si72Ge28 nanostructured layers, exploiting their optical
and thermoelectric properties, for applications in both
photovoltaic and thermoelectric energy harvesting. The
composition of Si72Ge28 is selected, as we have previously
examined its use and promising performance in MEMS devices
post laser annealing treatment.23 This Ge concentration has
been shown to combine both a lower melting temperature,
hence a lower laser energy treatment can be used, with optimal
stress and strain gradient conditions which are of particular
importance for MEMS device fabrication. The composition’s
influence on sheet resistivity and mean stress has been well-
documented23−26 and, as the laser treatment is known to
induce surface roughness and nanostructuring, we further
investigate the same composition’s optical properties and
Seebeck coefficients.

In this paper, we explore a waste free, low thermal budget
and fast fabrication method to produce these nanostructured
layers. Research groups have examined the thermoelectric
behavior of nanostructured SiGe alloys through the use of a
sputter deposition, combined with metal induced crystalliza-
tion, using interlayers of aluminum.27 These alloys of Al/SiGe
exhibit Seebeck coefficients in the range of 150 μV/K at 700
°C. In other works, such as Nozariasbmarz et al.,28 it is shown

that values of 250 μV/K at 750 °C can be attained for SiGe
processed using a milling approach.

With regards to the optical behavior of nanostructured Si
and SiGe, Martin-Palma et al. demonstrated that the
reflectance of a Si substrate can be reduced through an
electrochemical etch combined with the use of nanoparticles.29

All of the previously discussed techniques, albeit successful,
are time-consuming, require a high thermal budget and create
material waste during the process. Our suggested fabrication
technique of using a plasma enhanced chemical vapor
deposition (PECVD) of either amorphous Si (a-Si) or
amorphous SiGe (a-SiGe) followed by a tuned excimer laser
annealing process is comparably highly advantageous. It allows
us to produce such layers extremely fast, has a low thermal
budget (increasing integration flexibility and allowing for the
use of any temperature sensitive under-layer) and generates no
material waste. Previous work has shown a similar laser
treatment applied for the fabrication of nanocones and
nanowires,30,31 however, our alternate method, requires a far
lower laser energy treatment and in some cases only a single
pulse laser treatment.

■ SAMPLE PREPARATION AND
CHARACTERIZATION TECHNIQUES
Blanket Layer Deposition. Blanket Si and Si72Ge28 layers

are deposited using an Oxford Plasma Lab 100 PECVD cold
wall system. The layers are deposited on Corning Eagle XG
glass substrates and the deposition temperature is maintained
at 210 °C. At such low thermal budget, the produced layers are
expected to be in amorphous form with high electrical
resistivity.

Table 1 highlights the deposition conditions. A mixture of
50 sccm pure silane and 10 sccm diborane (1% in H2) at 30 W
radio frequency (RF) plasma and 667 Pa is used for the a-Si
depositions. The growth rate for this deposition condition is
approximately 0.07 μm/min, and, for a total deposition time of
5 min, the layer thickness obtained is 365.7 nm. Regarding the
a-Si72Ge28 depositions, an additional 30 sccm germane (10% in
H2) is introduced and the RF power and chamber pressure are
reduced to 25 W and 107 Pa, respectively. Layers produced
using a deposition time of 10 min are in the range of 1565 nm,
suggesting a higher growth rate for the Si72Ge28 layer of 0.157
μm/min.
Postprocessing Laser Treatments. Both a-Si and a-

Si72Ge28 layers are postprocessed using a laser annealing
treatment. The resulting layers are expected to be in
polycrystalline form (poly-Si and poly-Si72Ge28). This treat-
ment is conducted using a lambda physik compex 205 KrF
excimer laser with a fixed output of 248 nm and 24 ns pulse
duration.

Laser energy and pulse repetition rate are adjusted using an
attenuator along with a laser controller, respectively. The pulse
frequency is set to 1 Hz for the case of single pulse (SP) laser
annealing (LA) and 10 Hz for the case of multiple-pulse (MP)
LA treatments. A number of mirrors, beam shaping telescope
optics, homogenizer lenses and a projection lens are used to
direct and shape the laser beam (Figure 1). The focused beam

Table 1. Conditions for the a-Si and a-Si72Ge28 Layers Deposited on Glass Substrates Used in This Work

sample wafer temperature [°C] time [min] pressure [Torr] power [W] SiH4 [sccm] GeH4 [sccm] H2B6 [sccm] thickness [μm]

a-Si 210 5 1.5 30 50 0 10 0.366
a-Si72Ge28 210 10 0.8 25 50 30 10 1.565
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is imaged on a computer-controlled sample stage and has
dimensions of 0.48 × 0.48 cm2. The various laser treatments
are highlighted in Table 2.

The selected treatments consider the melting temperatures
and layer thickness of both a-Si and a-Si72Ge28. It has been
reported that the higher the Ge content in the SiGe alloy, the
lower the melting point and the transition temperature
between amorphous and crystalline forms.24 For thinner Si
layers, increasing the laser energy or the number of pulses may
result in material ablation and damage, hence, lower LA
treatments are selected to minimize mechanical damage to the
samples. This damage has been observed, in previous work, in
patterned test structures, and is attributed to the high tensile
stress and high strain gradient caused by the steep thermal
variation across the film thickness post laser treatment.23

Characterization Techniques. The fabricated layers are
characterized pre and post the laser annealing process. The
layer thickness is only confirmed visually, pre laser treatment,
as a similar deposition recipe is used in prior work.23 In this
section, we focus on the initial characterization performed to
confirm the transformation of the layer from amorphous to
polycrystalline form, which includes an expected increase in
surface roughness and decrease in sheet resistivity.

Sheet resistivity, ρS, measurements (Table 3) are performed
on blanket layers using a Signatone semiautomatic four-point
probe with a Keithley 2400 series source meter and a
computerized measurement system. The measured sheet
resistance values, RS, and total material thickness, tf, are later
used to mathematically calculate ρS using the equation ρS =
RStf.

23 It must be noted that for the laser annealed layers, this

may only be considered as an averaged representation, as
variations in the grain microstructure with depth are an
expected outcome of laser annealing.18

The topography of all layers is inspected using a scanning
electron microscope (SEM). High resolution top-view images
are collected using a Carl Zeiss LEO SUPRA 55 SEM. Images
are used to investigate visually the surface roughness of the
layers post the laser treatment, while cross-sectional images
provide information regarding the overall layer thickness.

The roughness of these wafers is evaluated using stylus
profilometry performed on a Veeco Dektak profilometer.
Electromechanical measurements involve moving the sample
beneath a diamond-tipped stylus that traverses the sample
surface. The scan traces consistently start from the amorphous
area of the substrate and extend to the surface of the laser
treated layer. An average step height is subsequently
determined using the interfaced software to estimate the
roughness.

Surface-Enhanced Raman Spectroscopy spectra are gathered
for all samples at room temperature using a portable i-Raman
plus spectrometer (B&W TEK Inc.). The spectrometer is
equipped with a 785 nm laser with an output power of 400
mW. During data collection, the laser power is adjusted to 300
mW to optimize the experimental conditions, and an exposure
time of 5 min is employed to guarantee a sufficient signal-to-
noise ratio and accurate spectral information. Measurements
are conducted by randomly collecting spectra from 10 distinct
spots for each set of sampling locations. The acquisition of
spectral data is carried out using BWSpec software, operating
in the Raman shift range of 62−3202 cm−1. This software
allows the capture of a background signal (dark) before data
acquisition, to be used as reference.

Transmission spectra are collected for all samples using an
ultraviolet−visible−infrared (UV−vis-IR) PerkinElmer Lamb-
da 1050+ spectrophotometer, with an integrated sphere setup.
Scans are performed in the range from 250 to 2500 nm with a
scan speed of 548 nm/min. The beam size is manually adjusted
to approximately a 0.25 cm diameter and aligned at the center
of the 0.48 × 0.48 cm2 laser treated portion of the surface.

Finally, the thermoelectric measurements are carried out on
square-shaped samples measuring 13 × 0.5 mm2 to evaluate
the Seebeck coefficient. The experiment is conducted within
the temperature range of 400−800 K, using the ULVAC ZEM-
3 apparatus. The setup consists in vertically placing the sample
on a thin film sample holder which is then placed between an
upper and lower electrode inside a heating furnace. The
thermal gradient is created by the lower electrode heater. To
determine the Seebeck coefficient, upper and lower temper-

Figure 1. Schematic block diagram outlining the beam delivery
system.

Table 2. Various LA Treatment Conditions Used to Prepare
a Total of 20 Samplesa

Si sample Si72Ge28 sample

laser energy [mJ] number of pulses laser energy [mJ] number of pulses

20 1, 100, 500 20 1, 100, 500
30 1, 50, 100 30 1, 100, 500
40 1 40 1, 100, 500
50 1 50 1
60 1 60 1

aThese involve varying both the laser energy and number of pulses.

Table 3. Sheet Resistivity Measurements for the Blanket Si
and Si72Ge28 Layers Annealed with Varying Laser Energies
and Number of Pulses

Si sample Si72Ge28 sample

laser energy
[mJ] pulses ρS [Ω·cm]

laser energy
[mJ] pulses ρS [Ω·cm]

30 1 2.58 20 1 1.14 × 104

40 1 1.02 × 10−1 30 1 6.60 × 102

50 1 3.36 × 10−2 40 1 61.2
30 100 3.45 × 10−2 50 1 15.2

60 1 2.30
20 100 2.27 × 102

30 100 3.59
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atures and the difference of voltage are measured using
thermocouples pressed against the sample’s surface.

■ RESULTS AND DISCUSSION
Surface Roughness and Sample Crystallinity. Post

laser treatment, the samples are visually observed for surface
variations in comparison to the amorphous layer. Figure 2
highlights the surface structure of both pre and post single
pulse laser treatments for the 0.366 μm Si layers. The images
are used as an initial assessment for the mechanical structure of
the layers and to visually confirm the expected increase in
surface roughness for increasing single pulse laser energy.
Additionally, we also expect a similar increase in surface
roughness for an increasing number of pulses of fixed laser
energy. Figure 3a,b offers a visual comparison between a Si
sample treated with a single 30 mJ pulse and one treated with
100 pulses of the same laser energy, confirming our
expectations for increased surface roughness of the latter.

The Si72Ge28 sample SEM images (Figure 3c,d) exhibit a
similar trend.

While post laser treatments can be used to reduce surface
roughness in poly-Si and poly-SiGe layers grown by CVD at
450 °C,32,33 where a gradual increase in laser energy density
can decrease the surface roughness, the opposite is expected
for the layers presented in this work. Starting with an
amorphous layer, it has been shown that an increase in both
the laser energy density and the number of pulses causes an
increase in the expected crystallization depth and the surface
roughness of the sample. The latter may be attributed to the
creation of large crystalline structures and voids in these
hydrogenated layers when subjected to higher temperatures
and longer cooling durations.25

Surface roughness in this work is a desired aspect as long as
the material remains intact and is not fully ablated off the
substrate layer. As illustrated in our data and discussed in the
Introduction section, the nanotexturing of the sample induced
by the surface roughness can improve the material’s light
trapping and absorption properties. Surface roughness
measurements for the laser treated Si and Si72Ge28 layers can
be found in Table 4. As the single pulse (SP) laser treatment
increases from 30 to 60 mJ, a relative increase by factors of
5.55 and 8.15 is observed for the average surface roughness Ra
of both the Si and Si72Ge28 layers, respectively. At a fixed
energy value, as the number of laser pulses increases, we
observe a further increase in the surface roughness of both the
Si and the Si72Ge28 layers. For example, in the case of the
Si72Ge28 sample, we observe a relative increase by a factor of
6.64 for the Ra value, if 500 multiple pulses (MP) are used.
Similarly, an increase to 100 MP for the Si sample shows a
relative increase by a factor of 3.07 for the same parameter.

While both the SEM images and surface roughness data
demonstrate the response of our layers to variations in the laser
treatment conditions, the laser-induced transition of the as-
grown layers to a polycrystalline form was confirmed initially
through sheet resistivity measurements (Table 3) and further
validated by Raman spectroscopy (Figures 4 and 5). We note a
reduction in the sheet resistivity with an increase in the

Figure 2. SEM images of (a) pre-laser-treated as-grown amorphous Si and of (b) 20, (c) 30, (d) 40, (e) 50 and (f) 60 mJ single pulse laser treated
layers.

Figure 3. SEM images of the treated Si layer with 30 mJ (a) single
pulse and (b) multiple-pulse (100 pulses) and those of the treated
Si72Ge28 layer with 30 mJ (c) single pulse and (d) 500 pulses.
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supplied laser energy. This result is expected when compared
to previous work,23 which attributes the outcome to the
increase in sample crystallization depth. It is also noted that the
treatment conditions for 20 mJ laser energy do not result in
sufficient material changes as is further shown in the Raman
analysis.

We further investigate the crystallinity of silicon layers using
Raman scattering spectra. As shown in Figure 4, in the case of
amorphous silicon, a broad Raman band centered at
approximately 480 cm−1 is observed. While the sample
processed with a 20 mJ pulse shows no significant difference,
for the higher energy pulsed samples, a distinct peak emerges,
located at 518 cm−1. The effect is associated with the creation
of polycrystalline silicon at the surface of the layer. Our
observations are in good agreement with the work of Marcins
et al.,34 despite their different synthesis process. Moreover, the
relative intensity of this peak increases with pulse energy,
indicating that a larger part of the material transforms to the
polycrystalline state. This increase is accompanied by a
decrease in the intensity of the broad amorphous peak
centered at 480 cm−1, which can also be attributed to the
extended crystallinity of the layer. Nonetheless, the latter
remains present for all samples, indicating that the process
leads to only partial crystallization. This observation is in line
with previous work investigating the influence of laser pulse
energy and the number of pulses on the crystallization depth.26

Raman spectra of silicon samples postprocessed with multiple
pulses of fixed energy show no significant differences with
respect to the single pulse treatment, at the same energy, which
can be attributed to the detection limit of the device.

Similarly, the Raman spectra of Si72Ge28 layers are examined
under the influence of a single energy pulse ranging from 20 to
40 mJ. Figure 5a depicts the layers, revealing a broad Raman
band for both the amorphous layer and the layer treated with a
20 mJ pulse. For increasing energy per pulse, we observe a
distinct peak located at 505 cm−1, which corresponds to the
Si−Si transverse optical zone edge phonon. These findings are
in good agreement with those reported for SiGe layers
deposited via low-pressure chemical vapor deposition in
previous works.24,25

In contrast to the Si samples, the effect of multiple pulses is
significant in the case of Si72Ge28 layers. Specifically, as shown
in Figure 5b, layers annealed using multiple 30 mJ pulses
exhibit two prominent peaks in the spectral regions of 300 and

Table 4. Surface Roughness of Various LA Treatment
Conditions of the Si and Si72Ge28 Samplesa

Si

laser energy [mj] number of pulses label Ra [nm] Rq [nm]

30 1 30 mJ/SP 114.7 133.6
30 100 30 mJ/100MP 467.0 468.6
50 1 50 mJ/SP 589.1 596.2
60 1 60 mJ/SP 751.0 829.9

Si72Ge28

laser energy [mJ] number of pulses label Ra [nm] Rq [nm]

30 1 30 mJ/SP 74.2 129.0
30 100 30 mJ/100MP 494.7 528.8
30 500 30 mJ/500MP 567.0 644.2
40 1 40 mJ/SP 299.0 323.0
50 1 50 mJ/SP 484.7 540.3
60 1 60 mJ/SP 678.7 857.2

aRa values display the average surface roughness calculated using the
height variation between the sample surface peaks and valleys, while
Rq represents the root mean square of the height variation between
the sample surface peaks and valleys.

Figure 4. Raman scattering spectra of the as-deposited a-Si layer, and
of layers postprocessed using a single pulse (SP) of energy from 20 to
50 mJ.

Figure 5. (a) Raman scattering spectra of the as-deposited a-SiGe layer, and of layers postprocessed using a single pulse of energy from 20 to 40 mJ.
(b) Raman spectra for a layer processed with a single pulse of 30 mJ and one processed with 100 pulses (MP) of the same energy per pulse, stacked
for clarity. The dashed lines indicate the location of Si−Ge and Ge−Ge interactions.
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400 cm−1, corresponding to Si−Ge and Ge−Ge interactions,
respectively, as reported in previous works.35,36 These peaks
are absent in the case of a single 30 mJ pulse treatment,
suggesting a smaller extent of crystallinity compared to the
multiple-pulse case. Similar observations regarding both
composition and stress have been documented in previous
studies,36−38 further validating our findings. Given that the
proportion of Si in our Si72Ge28 layers is much higher than that
of Ge, the Si−Si interaction peak is dominant in the spectra,
while the Si−Ge and Ge−Ge interactions require a
significantly larger extent of crystallinity to be observed.
Thermoelectric Properties. Energy harvesting is feasible

via materials that exhibit optimum thermoelectric properties.
We evaluate these properties by measuring the temperature-
dependent Seebeck coefficient (S) and electrical conductivity
(σ) for the fabricated Si and Si72Ge28 nanostructured layers,
from which we calculate the power factor (PF = S2σ). Another
significant factor for energy conversion assessment of these
layers is the material’s thermal conductivity (κ) which is used
along with the PF to define the dimensionless figure of merit
(zT = S2σT/κ). We note here that characterizing thin film
layers presents distinct challenges compared to bulk materials,
due to their induced high surface roughness, a result of both
their small layer thickness and laser annealing treatment.
Further difficulties include establishing reliable electrical

contacts and overcoming the limitations imposed by the
substrate to both the processing and the measurement
temperatures.

Figure 6a depicts the temperature-dependent behavior of the
Seebeck coefficient in nanostructured Si layers annealed with
single and multiple pulses. For samples irradiated with pulses
of energy below 30 mJ, the high resistivity of the layer did not
allow the measurement of the Seebeck coefficient. A slight
increase in the Seebeck coefficient is observed with rising
temperature, ranging from 150 μV/m at 50 °C to 250 μV/m at
500 °C. Moreover, Figure 6a depicts minimal deviation in the
Seebeck coefficient across samples treated with pulses of
different energy.

Similar results have been observed in earlier studies on
heavily doped n/p-type poly-Si materials, indicating a similar
magnitude of the Seebeck coefficient within a temperature
range of −50−300 °C. The reported Seebeck coefficient values
have consistently ranged from 110 to 250 μV/m across these
studies.39

In comparison to the Si layers, the Si72Ge28 layers exhibit
higher Seebeck coefficient values. The temperature depend-
ency of the Seebeck coefficient for nanostructured Si72Ge28
layers is illustrated in Figure 6b. Similar to silicon layers,
samples irradiated with energy inputs lower than 30 mJ fall
below the equipment’s detection threshold due to high sheet

Figure 6. Temperature-dependent variation of the Seebeck coefficient for (a) single pulsed (SP) and multiple-pulsed (MP) Si layers and for (b)
nanostructured Si72Ge28 layers.

Figure 7. Temperature-dependent variation of the electrical conductivity for (a) single pulsed and multiple-pulsed Si layers; and for (b)
nanostructured Si72Ge28 layers.
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resistivity values (Table 3). Our measurements pertain to p-
type SiGe and demonstrate an increase with temperature.
Furthermore, the values exhibit minimal change with varying
energy per pulse. For instance, in the sample laser-annealed at
30 mJ with multiple pulses, the Seebeck coefficient increases
from 215 μV/K at 100 °C to 320 μV/K at 450 °C. Similarly,
layers treated with single pulses of 40 and 50 mJ show only a
minor variation with the Seebeck coefficient ranging from 215
μV/K at 100 °C to 300 μV/K at 450 °C.

The observed values are significantly higher than those
reported in literature for nanostructured SiGe synthesized
through mechanical alloying and annealing approaches.
Previous studies report a maximum Seebeck coefficient of
approximately 160 μV/K at 900 °C.40 In comparison to other
works on laser-annealed SiGe thin films, bulk nanostructured
SiGe and other types of SiGe materials, our results correspond
to the Seebeck coefficient values of thin films.41−45 The
observed increase has been attributed to energy filtering and
phonon drag effects.41−43 It is therefore clear that the
meticulous selection of laser parameters, including energy,
pulse duration, and repetition rate, is paramount to produce
nanostructured SiGe layers with higher Seebeck coefficients
than bulk nanostructured SiGe.

The measured temperature-dependent electrical conductiv-
ity of the nanostructured Si and SiGe layers annealed with
single and multiple pulses are presented in Figure 7. The data
reveal an increase in electrical conductivity with rising
temperature, which sharply contrasts with the general behavior
observed in bulk materials. This increase in conductivity is
attributed to the inhomogeneous, porous and percolated
structure of the thin films, challenging the conventional grain
boundary trapping model.46 Moreover, the high temperature
electrical behavior in these nanocrystalline materials may also
be explained by the presence of tunnel junctions between
conductive regions or low-conductivity barriers,47,48 making
these materials more sensitive to temperature variations
compared to their bulk counterparts.

Laser treatment energy also plays a critical role in the results
of Figure 7. Samples annealed with 50 mJ SP and 30 mJ 100
MP exhibit lower electrical conductivity due to their higher
surface roughness, resulting in fewer and narrower conductive
paths. In contract, the 40 mJ SP sample displays a higher
electrical conductivity due to its more uniform surface
morphology, reduced roughness and optimal laser parameters,
consistent with prior studies.49

The highest recorded electrical conductivity value of 1010
S/m for the SiGe nanostructured layers demonstrates a
significant enhancement and highlights the improved perform-
ance of the 40 mJ SP sample. Our findings are substantiated by
previous research50 and underscore the critical role of the laser
parameters in optimizing electrical performance. Furthermore,
the values measured in this study, ranging from 100 to 1010 S/
m for temperatures between 100 and 1000 K, align with those
reported in the literature for short-pulsed laser sintered
nanoparticle thin films.48,50

A qualitatively similar relationship between the power factor
(Figure 8) and electrical conductivity (Figure 7) of the Si and
SiGe layers is observed, suggesting that the enhancement
cannot be attributed solely to the Seebeck coefficient values.
The PF values for the SiGe layers treated with the optimal
single pulse energy of 40 mJ and ranging between 30 and 90
μW/m·K2, are consistent with values reported in the literature.
Power factors of Si80Ge20 nanomeshed films51 range from
approximately 445 μW/m·K2, for the largest pore diameter of
(294 ± 5) nm, to around 65 μW/m·K2, for the smallest pore
diameter of (31 ± 4) nm.51 It is also reported that as the pore
diameter decreases, the power factor converges toward that of
continuous films, approximately 24 μW/m·K2, due to
increasing similarity in structure and scattering mechanisms.52

Measuring thermal conductivity in layers exhibiting
significant roughness, high porosity and irregular surface
structure can be very challenging. Time-domain, thermo-
reflectance measurements are, in this case, dominated by high
intensity, scattered signals that result in a low signal-to-noise
ratio. Consequently, this limits our ability to model the thermal
properties more effectively, impacting the overall assessment of
the thermoelectric performance of the materials under
investigation.

For the current study, the figure of merit (zT) for these
nanostructured layers can be estimated using thermal
conductivity data available in the literature. For instance, the
best SiGe sample, produced by single pulse laser annealing at
40 mJ, exhibits a Seebeck coefficient of 300 μV/K at 450 °C,
an electrical conductivity of 992 S/m at the same temperature,
and a thermal conductivity of 1.37 W/m·K at 600 °C.53 Using
these parameters, the figure of merit at 450 °C is estimated to
be 0.04.

While the Seebeck coefficient remains relatively high and
stable compared to the existing literature, the highest zT
achieved in this study is less than 0.1 at room temperature.

Figure 8. Temperature-dependent variation of the power factor for (a) single pulsed and multiple-pulsed Si layers; and for (b) nanostructured
Si72Ge28 layers.
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This limitation arises primarily from the low thermoelectric
power factor of our samples and is attributed to their reduced
electrical conductivity and the constraint in measuring thermal
conductivity.

Prior studies have extensively investigated nanostructures
such as nanowires, porous nanomeshes, and nanocrystalline
bulk materials, elucidating their thermoelectric properties.54

However, these studies have emphasized that optimizing the
thermoelectric properties of nanostructured layers inevitably
affects thermal conductivity. It has been indicated that
achieving a phonon mean free path exceeding both the grain
size and the electron mean free path is crucial. Therefore,
further studies should focus on comprehensive thermal
conductivity assessments to advance our understanding of
nanostructured silicon’s thermoelectric performance.55,56

Future work must focus on carefully adjusting the laser
energy, pulse count and potentially incorporating doping
strategies to enhance the thermoelectric performance of such
nanostructured layers and achieve a higher figure of merit.
While this study does not focus on optimizing electrical
conductivity, the enhancement of thermoelectric performance
arises from the fact that initially amorphous Si and SiGe layers
can demonstrate promising thermoelectric performance by
means of a single pulse laser surface treatment. We continue to
show, that in addition to improved thermoelectric perform-
ance, the same treatment can enhance the material’s optical
absorption, thereby enabling hybrid energy harvesting
capabilities.
Optical Properties of Nanostructured Si and Si72Ge28.

UV−vis-IR transmission spectra of the a-Si sample, as well as
for the samples annealed using a single pulse with energies
ranging from 20 to 60 mJ, are shown in Figure 9. The

untreated sample exhibits the characteristic spectrum observed
in previous works.57−59 Spectra above 2000 nm are not
presented due to low signal-to-noise ratio with respect to the
reference. The sample treated with a 20 mJ pulse does not
exhibit a significant difference in its transmission characteristics
with respect to the untreated sample. For pulse energy of 30
mJ and above we are able to observe a clear trend of
diminishing transmittance with increasing single pulse energy.
A reduction in intensity of the transmission peaks at higher

wavelength values is observed as the laser energy is increased.
This effect may be attributed to the higher crystallinity
resulting from the increased deposited laser energy, as
confirmed from the Raman observations. For crystalline silicon
(c-Si) compared to a-Si, higher absorption at longer wave-
lengths is expected.60 Hence, we deduce that the increased
crystallinity after treatment contributed to the reduced
intensity in transmission (higher absorption) at longer
wavelengths.

In addition to the reduction in transmission peak intensity,
we also observe a red-shift in transmittance spectra, which
corresponds to an expected blue-shift in absorption. An
increase in the mean size of nanocrystalline Si can lead to a
red-shift in emission/absorption spectra.61,62 Extending these
observations, a reduced mean size of nanocrystalline Si should
lead to a red-shift in transmission spectra. In our samples, a
reduction in nanocrystalline Si size corresponds to an increase
in surface nanostructuring. As seen from our surface roughness
and SEM data, higher laser energy treatment induces more
surface nanostructuring, which can explain the observed red-
shift in the transmission spectra. Complementary reflectance
measurements, not shown here for brevity, exhibit the same
spectral behavior.

The absorbance is here calculated via the Beer−Lambert
Law formula

=A T2 log( %)

and presented in Figure 10, in agreement with previous
work.63,64 Enhanced absorbance is observed for the samples

treated with a single pulse of 30 mJ of energy and above. It is
clear that a single pulse of 20 mJ is not sufficient to induce
significant changes in the amorphous sample, as confirmed by
Raman observations. This effect is better depicted in Figure 11,
where the enhancement factor, defined as the ratio of the
energy absorbed by the treated samples with respect to the
untreated a-Si, is presented as a function of wavelength.65 The
treated samples can reach enhancement absorption factors up
to 25 times compared to the untreated samples in the
wavelength range of 630−1200 nm with an optimal single
pulse laser treatment of 60 mJ.

Figure 9. Transmittance of a-Si layer in comparison to variations in
single pulse (SP) laser energy treatments from 20 to 60 mJ.

Figure 10. Calculated absorbance of a-Si layer in comparison to
variations in single pulse (SP) laser energy treatments from 20 to 60
mJ.
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The transmittance of samples treated with multiple pulses of
a particular energy is also measured to investigate the effect of
multiple-pulse annealing (Figure 12). Our results show that
samples treated with 100 and 500 pulses of 20 mJ energy and a
pulse rate of 10 Hz, respectively, show very little change in
absorbance enhancement factor compared to the single pulse
case. This suggests that the energy deposited per pulse is not
enough to produce significant structural alteration of the
sample surface (Figure 12a).

Furthermore, samples irradiated with 50 and 100 pulses,
respectively, of 30 mJ energy exhibit only a limited improve-
ment, with respect to the absorbance enhancement factor,
while the latter appears saturated for the number of pulses here
considered (Figure 12b).

In the case of SiGe samples treated with a single pulse of
increasing energy, the spectral characteristics in transmission
are similar to the Si case, albeit significantly pronounced, as
shown in Figure 13a. Furthermore, our results clearly show
very high enhancement factors for samples treated with single
pulses of energy up to 60 mJ, with no sign of saturation for the
used annealing energy (Figure 13b). In the future, pulses of
even higher energy could be used to determine the saturation
level of the optical enhancement factor of the Si72Ge28 samples.

We observe that the enhancement factors increase steadily,
reaching a maximum of 60 times in the range of 880 nm for the
60 mJ laser treatment. The increased surface roughness and
porosity facilitate light absorption by increasing the effective
surface area and enhancing light-matter interactions. However,
this increased roughness and porosity do not similarly benefit
electrical conductivity, resulting in only a 22-fold improvement
in optical absorption at the optimal thermoelectric treatment
of 40 mJ SP. This nuanced understanding underscores the
need for precise optimization based on specific desired
properties in the application of such laser treatments.

In the case of multiple-pulse treatments of Si72Ge28 (Figure
14), we observe an improved enhancement factor with
increasing energy and number of pulses. The analysis strongly
indicates a very efficient surface alteration of the samples, as
confirmed from the visual SEM and surface profiler roughness
measurements. This alteration results in a significant increase
in the absorbance of the irradiated power for several regions of
the considered spectra. Comparing samples irradiated with 100
and 500 pulses at energies of 30 and 40 mJ, respectively, we
observe a substantial improvement in absorbance. However,
saturation with an increasing number of pulses is also evident
(Figures 13 and 14a,b).

■ CONCLUSIONS
Surface nanostructuring of as-grown a-Si and a-Si72Ge28 layers
is successfully achieved using a KrF excimer laser, leading to
the formation of polycrystalline layers with enhanced optical
absorption and promising thermoelectric properties. By
carefully tuning the laser energy and pulse count, we observe
an increase in surface roughness and nanostructuring, which
directly contribute to the improved performance of the treated
samples. While, a single pulse of 60 mJ applied to poly-Si72Ge28
results in a remarkable 60-fold enhancement in optical
absorption at 880 nm, when examining both the thermoelectric
and optical properties, we find that 40 mJ produces a layer with
both promising thermoelectric properties, featuring a power
factor of 90 μW/m·K2 at 450°C, and an optical enhancement
factor of 22-fold. These results underscore the potential of laser
treated poly-Si72Ge28 as a with hybrid energy harvesting
capabilities. Furthermore, the laser treatment offers a broader
range of suitable applications by significantly reducing the

Figure 11. Calculated absorbance enhancement factor of the treated
samples in comparison to the as-grown a-Si layer.

Figure 12. Calculated absorbance enhancement factor of the single pulse and multiple-pulse treated Si in comparison to the as-grown a-Si layer
with (a) 20 and (b) 30 mJ, respectively.
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processing time and temperature budget compared to
traditional nanostructuring techniques.

■ METHODS
Nanostructured Layer Fabrication. Amorphous Si and

Si72Ge28 layers are deposited at 210 °C directly on Corning
Eagle XG glass substrates using an Oxford Plasma Lab 100
plasma enhanced chemical vapor deposition tool. Both layers
are postprocessed with a laser annealing treatment conducted
using a lambda physik compex 205 KrF excimer laser with a
fixed output of 248 nm and 24 ns pulse duration. Both single
pulse and multiple-pulse laser treatments were employed to
induce variations in the surface nanostructuring of the Si and
the Si72Ge28 layers.
Characterization. Initial characterization of the layers is

performed using a Signatone semiautomatic four-point probe
with a Keithley 2400 series source meter and a computerized
measurement system, to confirm the reduction in the layers’
sheet resistivity due to laser induced crystallization.

The topography of all layers is inspected using a high-
resolution Carl Zeiss LEO SUPRA 55 SEM to visually confirm
the surface nanostructuring. This is followed by quantitative
surface roughness measurements using a Veeco Dektak
profilometer.

Layers showing promising sheet resistivity measurements are
further examined to acquire their Raman spectra using a
portable i-Raman plus spectrometer (B&W TEK) with a 785
nm laser and an output power of 400 mW.

Transmission spectra are collected for both the Si and
Si72Ge28 layers using a UV−vis-IR PerkinElmer Lambda 1050+
spectrophotometer. The beam size is manually adjusted to
approximately a 0.25 cm diameter and aligned to the center of
the nanostructured layer and transmission scans in the range
from 250 to 2500 nm are collected.

The thermoelectric performance is completed using a
ULVAC ZEM-3 apparatus. The samples are resized to 13 ×
0.5 mm2 and measurements are conducted within the
temperature range of 400−800 K.
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