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ABSTRACT

In this work we report on the thermoelectricaproperties of nanostructured porous silicon
(nanoPS) layers grown onto silicon substrates.. More specifically, nanoPS layers of different
porosity, nanocrystal size, and thickness were fabricated and their electrical conductivities,
Seebeck coefficients, and thermal conductivities were subsequently measured. It was found
that these parameters show a str?ng dependence on the characteristics of the nanoPS layers
and thus can be controlled.

1. Introduction

Thermoelectric materials constitute a promising approach to provide a method for solid-state
cooling and power-generation without refrigeration or moving parts [1,2]. Consequently,
different thermoelectric materials, such as Bi.Tes, PbTe, Cu2S, CuzSe, skutterudites and
clathrates [3-8], have been extensively studied. Despite that, the search for novel, high

efficiency and low-cost materials is always open.
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The overall performance of a thermoelectric system is given by the thermoelectric figure of
merit, ZT, which character depends on the electrical conductivity, o, Seebeck coefficient, S,
absolute temperature, T, and the electrical and lattice contributions to the thermal

conductivity, «, i.e., k= ke + x [1]:

oS°T
K, + K,

ZT =

1)

Large values of ZT are associated to good thermoelectric performance. A high ZT requires
high electrical conductivity and high Seebeck coefficient combined Wwith low thermal
conductivity. Good thermoelectrics are therefore crystalline materials that manage to scatter
phonons without significantly disrupting the electrical conductivity.»This behavior would
require a rather unusual material, usually termed phonon-glass-electron-crystal [9]. The
phonon-glass requirement stems from the need for asilow a lattice thermal conductivity as
possible, which can potentially be achieved in some nanostruc;[ured complex materials [10].

Its low-cost and high-yield processing capabilities, make of Si the most-widely used material
in the semiconductor industry. However, Sk is:considered a very inefficient thermoelectric
material with ZT of the order of 0.01, although some theoretical works and experiments have
demonstrated an increase in ZT for Si-based low-dimensional structures [11,12]. Moreover,
by creating porous structures with pore sizes falling between the native electron and phonon
mean free paths, it is possible te~disturb phonon transport more than electron transport to

increase the o~to-« ratio, and thus ZT [13].
N

Within this context, nanoestructured porous silicon (nanoPS) has been identified as a material
with a high potential to be used.as a material for thermoelectric applications [14,15,16,17,18],
based on the current tendency of using nanostructured bulk materials to improve the figure of
merit of conventional, materials. Nanostructured interfaces inside these materials strongly
scatter phonons,/but are expected to only slightly affect the charge carrier transport. As a
result, such materials have shown significantly reduced lattice thermal conductivity, k., and
in some cases simultaneously increased power factor S?c, resulting in ZT improvements over

their bulk counterparts [19].
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A great deal of interest was raised toward nanoPS when in 1990 strong visible
photoluminescence at room temperature from p-type silicon wafers electrochemically etched
in hydrofluoric acid (HF)-based solutions was reported [20]. As a result, since the beginning
of the 1990s, nanoPS has stimulated much research and many potential applications in
different fields have been pointed out. Indeed, several devices have been<developed,
including light-emitting diodes, optical filters [21], waveguides [22], phatenic crystals,
optical microcavities [23], capacitors, solar cells, biosensors and chemical sensers, and
dielectric mirrors. Moreover, as a consequence of its particular propertiespnanoRS has found
increasing applications beyond traditional uses in the field of photonics to the field of
biomedicine [24,25]. ~

In this work, the thermoelectric properties of nanostructured. porous silicon layers grown onto
silicon substrates were determined. In particular, the dependence on porosity and thickness of
the electrical resistivity, temperature dependence of the Seebeck coefficient, and the thermal
conductivity was studied. )

2. Experimental
2.1. Fabrication of the samples

Nanostructured porous silicon (nanePS) layers were formed by the electrochemical etch,
under different conditions, of horon-doped (p type) silicon wafers of <100> orientation and
with a resistivity of 0.1-0.5 -, The wafers were cut into 1.5x1.5 cm? pieces which were
mounted into a sample holder'with an exposed area to the electrochemical etching solution of
1 cm?, which is the‘arga where the thermoelectrical measurements are carried out. The
electrolyte consisted of ‘@ 2:1 HF (48 wt %):ethanol (98 wt %) mixture. The wafers were
etched galvanostatically under illumination from a 100 W halogen lamp for different times
under current densities 0f50, 100, and 150 mA/cm?. The samples were immersed in ethanol
after the formation.of the nanoPS layers.

2.24 Current-voltage measurements
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Ramp current-voltage (I-V) measurements were carried out using a Keithley 2611A
sourcemeter unit. For this purpose, a ramp rate of 0.5 V/s was applied to the etched region of
the silicon substrate. The thickness of the etched region was previously estimated in a
Dektak?® surface profile system.

The Seebeck coefficients were determined with a homemade apparatus, inswhich twe Pt
electrodes were attached to both sides of the sample to ensure efficient thermal and electrical
contacts. Measurements were carried out in the 473 K to 673K temperature range in air at
appropriate and fixed temperature gradients between the cold and warm poles. The
temperature gradient was established with a microfurnace placed close to ene of the platinum
poles (warm pole). The voltage and temperature were monitored with accuracies of 0.1 mV
and 0.1 K, respectively, as the system reaches the equilibrium. Both the voltage and
temperature differences were recorded only when the variation of these parameters was less
than £ 0.1 (mV, K), respectively. The system was calibrated with,the aid of p and n standard
semiconductors. The following equation was used to'calculate the Seebeck coefficient:

4

_Av
AT

)

2.3. Thermal conductivity measurements

The thermal conductivities of the different samples [26,27] were determined by means of
photothermal beam deflection ?pectroscopy (BDS) [28-30]. The experimental setup is
schematically shown‘in'Figure 1. Ilight coming out from a He-Ne laser (excitation beam, EB)
with a output wavelength.of 632.8 nm and 35 mW output power (MELLES GRIOT, Model
25-LHP-928-230). issmodulated by a mechanical chopper (SCIENTIC INSTRUMENTS,
Control unit'model 300C, chopping head model 300CD, chopping disks model 300H) and
heats the sample. Since the examined sample is opaque, it is assumed that the whole incident
light energy. 1S absorbed by its surface. Due to radiationless processes, the absorbed energy is
convertedsinto heat inducing temperature oscillations (TOs) in the sample and fluid above it,

that tn-turn causes a corresponding change in the index of refraction, and its gradients [29].
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These variations are probed by a 543.5 nm output wavelength and 2 mW output power He-Ne
laser (MELLES GRIOT, Model 25-LGR-393-230) called the probe beam (PB). PB travels
through the region of temperature oscillations, parallel to the surface of the_sample
(transverse BDS in its skimming configuration), and as a result of what it is deflected. The
amplitude and phase of the probe beam deflection is determined by the use of pasition sensor
which is a quadrant photodiode (RBM - R. Braumann GmbH, Model C30846E) equipped
with an interference filter (540 nm, MELLES GRIOT, model FL543.5-1) that filters PB
before it enters the position sensor. The amplitude and phase of the BDS s\lgnal are measured
by a lock-in amplifier (STANFORD RESEARCH INSTRUMENTS{“model SR830 DSP)
connected to a PC for data storage and processing. The examined sample is placed on a 3D
translation stage (CVI, Model 2480M and 2488) to vary its position in the x, y, and z
directions and optimize the experimental configuration. The®measurements were performed
in air at room temperature. PB is focused by @25 mm diameter lens of 25 mm focal distance
(EDMUND OPTICS) to have its waist of 50 um radius over the sample, whereas EB is
directed perpendicular to the surface of theisample by a broad band, flat mirror (400-750 nm,
THORLABS, model BB1-E02) and.shaped by a 25 mm diameter lens of 100 mm focal
distance (EDMUND OPTICS) t{form a spot of around 2 mm diameter onto the sample’s

surface.

For each sample, the amplitude and phase of the BDS was measured as a function of the
modulation frequency of EB. The thermal conductivitie of the whole sample st (porous layer
and substrate), as.well as of substrate without porous layer xs was determined by comparing
the measured results with theoretical values by the use of the least square fitting procedure
[31]. To ensure high accuracy of the thermal conductivity determination, the measurements

were conducted under “thermally thick” conditions. This is achieved for thermal diffusion



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - MRX-105479.R1 Page 6 of 17

length of TOs shorter than the thickness of the examined sample. Thus, the range of

modulation frequency of the EB was chosen to be from 300 Hz to 3 kHz [32].

The thermal conductivity of just the porous layer, xp, was calculated by determining the

thermal conductivity of whole sample and substrate only by the use of equation [28]:

K. K0

= s 3
B @t L)-xL et

d and L being the thickness of the porous layer and the substrate; respectivelly.

He-Ne | Mirror
e-INe faser Computer
35 mW, 632.8 nm

Chopper
S M— Lock-in
_ > amplifier
L Interference
He-Nedaser
2 mW, 543.5 nm

Figure 1. Experimental setup.used:for'the BDS measurements. An excitation beam (EB) from continuous He-Ne
laser (632.8 nm, 35:mW), modulated by a mechanical chopper illuminates the surface of the sample. The
induced periodig¢ variations inrefractive index of air above the sample are sensed by the probe beam (PB) from a

low power He-Ne laser (543.5 nm, 2 mW) and a position detector connected to the lock-in amplifier and PC.

3. Results and discussion

Figure 2 shows the typical morphology of nanostructured porous silicon (nanoPS) layers

fabricated using three different current densities, namely 50, 100, and 150 mA/cm?. Image
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analysis allowed us to determine that increased fabrication current density results in higher

porosity in addition to smaller nanocrysyal size.
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55 Figure 2. SEM top views of nanoPS layers fabricated using different current densities: (top) 50 mA/cm?,
(middle) 100 mA/cm?, and (bottom) 150 mA/cm?2,
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Additionally, Figure 3 shows a cross-sectional view of a typical nanoPS layer fabricated
using a current density of 150 mA/cm?. FESEM analysis allowed us to measure the thickness

of the nanoPS layers, which are shown in Table 1.

Current density:
100 mA/cm? 150 mA/cm?

Current density:

Anodization time (s) Thickness (microns)

200 17.5 24

600

52.5 72

Table 1. Summary of the;th

cay behavior. In general terms, it can be affirmed that the conductivity of the
rs decreases with (i) increasing fabrication current density (i.e., increasing

and (ii) increasing etching time (i.e., increasing thickness of the nanoPS layer). The
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enormous reduction of electrical conductivity with increasing porosity can be attributed to
depletion of carriers associated to the increased effective band gap of nanoPS [33], as well as
to increased surface scattering of charge carriers given by both a reduction of the nanocrystal
size and an increased polycrystalline behavior for higher fabrication current density:[34].
Besides, increased etching time results in thicker nanoPS layers which results in larger

resistivity.

01k . ¥

001 | ]

Conductivity (S/fcm)

1E3 | . -

B4y o ol T -
20 40 60 80 100 120 140

o

Fabrication current density: (mA.fcmz)

Figure 4. Electrical conductivity as a function of the fabrication eurrent density and at etching time 600s.

The temperature dependence of the,Seebeck coefficient for nanoPS layers with different
characteristics was determined. following the procedure described in Section 2.2. The
experimental results are shiown 'n Figures 5 and 6. The experimental results show that,
independently of the thickness of the nanoPS layer (related to the etching time), the Seebeck
coefficient increases with.temperature. However, this behavior is the opposite in the case of
highly-porous nanoPS layers (fabrication current density of 150 mA/cm?), i.e., the Seebeck
coefficient decreases, for Jncreasing temperature. The negative sign of the slope of the
Seebeck coefficient indicates that, in this particular case, electrical conduction mainly occurs
through eleetrons. in“the conduction band [35]. As such, increased porosity and smaller
nanocrystal size results in a change of the character of the initial Si substrate (p type). As
such, while“holes are required for the fabrication of nanostructured porous silicon, the

concentration of holes is reduced during the fabrication process.
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Figure 5. Temperature dependence of the Seebeck coefficient of the Si substrate and nanoPS layers fabricated
under different current densities (50, 100, and 150 mA/cm?). The etching time was 200 s.
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Figure 6. Temperature dependence/of the Seebeck coefficient of the Si substrate and nanoPS layers fabricated

under different current densities (50, 100, and 150 mA/cm?). The etching time was 600 s. The connecting lines

are just a guide to the eye.

The enhanced Seebeck coefficient of the nanoPS layers compared to that of the Si substrate

can be /considered an additional evidence of carrier depletion resulting from increased

bandgap, possibly combined with energy-filtering effects [36]. In addition, phonon drag, i.e.,

reduction of carrier mobility as a consequence of increased effective mass of charge carriers,

might centribute to an increment of the Seebeck coefficient. In all, the values of the Seebeck

10
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coefficient can be considered to arise from an interplay between a reduction in charge-carrier

diffusion with T, phonon drag, and boundary scattering.

In semiconductors, the variation of the Seebeck coefficient with the inverse of temperature
takes the form [35]

k(E,
S:E(E+Aj 4)

Es being the activation energy and A the heat of transport/(considered temperature-
independent), which represents the contribution to the Seebeek coefficient of electrons in
states above the conduction band edge. As shown in Figures 5 and 6, the best fits are obtained
for nanoPS layers fabricated under current densities of 150.mA/ecm? in which, as previously
discussed, electrons in the conduction band are imostly responsible of the electrical
conduction. In the case of a fabrication time of 200's; A =.1.43 and Es = 0.177 eV. For a
fabrication time of 600 s, A = 5.37 and Es = 0.102 eY. For ISwer current densities, and thus
lower porosity and larger nanocrystal size, the experimental results suggest that both the
values of A and those of the activation energy are larger (A estimated between 7 and 11 and
Es up to 0.252 eV). Accordingly, the thermaliconduction properties of nanoPS, as well as its
electrical properties, can be controlled with two key parameters: fabrication current density

and time, i.e., porosity/nanocrystal size, and thickness.

Regarding the values of S for a g\mn temperature, previous works [18] have reported that by
increasing porosity, the _Seebeck coefficient increases and reaches a maximum for a given
porosity. When the porasity is further increased, S decreases. A similar behavior has been
observed in this work. This behavior may be related to the fact that in the case of highly
porous materials_the electrical conduction hindering process rises as a consequence of the
presence of an ingreased amount of nanocrystals, grain boundaries, as well as silicon dioxide
(SiO2) and-possibly suboxides. These compounds possess much lower electrical conductivity
than Si! Altogether, this makes the material much more resistive when porosity is increased.
Overall, this‘provokes a larger voltage drop and consequently an increase in the value of the
Seebeck coefficient, an effect which is observed independently of the etching time (in our
case, 200 s and 600 s). However, as discussed above, the character of the electrical

conduction changes for nanoPS layers of very large porosity.

11
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Figure 7. Thermal conductivity as a fuktion of the fabrication current density (50, 100, and 150 mA/cm?). The
etching time was 600 s. (top) values including the Si substrate. (bottom) Without the substrate. One of the
samples was fabricated with.the following conditions: 150 mA/cm? and 300 s to determine the effect of the

Finally, the ‘thermal conductivity measurements of the nanoPS layers, with and without
considering the St'substrate, were carried out. From Figure 7 it is observed that, as expected,
the thermal conductivity diminishes for increasing fabrication current density, i.e., increasing
porosity. Iniboth cases (with and without the Si substrate), the experimental results can be
fitted to.an exponential decay. Since increased fabrication current density, in addition to

higher. porosity, also results in smaller nanocrystal size, interface scattering of phonons will

12
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increase, thus reducing thermal conductivity. In effect, as the size a given nanostructure
becomes comparable to the mean free path, phonons collide with the nanocrysyal boundaries
more often than in bulk materials [37]. Increased collisions result in increased resistance to
heat flow, thus resulting in reduced effective thermal conduction. Also, when heat flows
between the interfaces of the different constituents of nanoPS (mainly Si, SiOz; and void
space), a temperature drop is likely to develop as a consequence of the mismatch in the
phonon velocity and density of these constituents. This phenomenon is usually,termed
thermal boundary resistance. This effect becomes more significant for inereased. boundaries,
i.e., for increasing fabrication current density that results in increased porosity and reduced

nanocrystal size. ~

Moreover, it is observed that for a given porosity, the thermal conductivity increases for
decreasing nanoPS layer thickness. Accordingly, as insthe previously studied physical
parameters, porosity is a key factor in the control of the thermaelectric behavior of nanoPS
layers. In addition, thermal conductivity has been determined to be larger when the Si
substrate is considered, since heat generated in the nanoP$ Iz;yers is eventually carried away

by phonons in the substrate.
4. Conclusions

The thermoelectric properties of _nanostructured porous silicon (nanoPS) layers of different
characteristics grown onto silicon substrates were determined. In particular, the dependence
on porosity and thickness of the electrical resistivity, temperature dependence of the Seebeck
coefficient, and the thermal .conductivity were studied. It was found that porosity and layer
thickness, which can ‘be_controlled during the fabrication of nanoPS layers, are key

parameters for the control of their thermoelectric behavior.

Additionally; the/electrical conductivity of the nanoPS layers enormously decreases with
increasing-fabrication current density (i.e., increasing porosity and smaller nanocrystal size),
showing an exponential decay behavior. This magnitude also decreases with increasing

etching time (i-e., increasing thickness).

The Seebeck coefficient (S) increases and reaches a maximum for a given porosity. When the

porosity is further increased, S decreases. Moreover, the Seebeck coefficient increases with

13
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temperature. However, this behavior is the opposite for highly-porous nanoPS layers. This
behavior indicates that, in this case, electrical conduction mainly occurs through electrons in
the conduction band. Consequently, increased porosity and smaller nanocrystal size results in
a change of the character of the initial Si substrate (from p type to n type). In“all;, the
increased magnitude of S in nanoPS layers can be considered an interplay between different
effects, namely a reduction in charge-carrier diffusion with temperature, phenon drag, and

boundary scattering.

Finally, the thermal conductivity has been found to diminish with fabrication current density,
i.e., with increased porosity and reduced nanocrystal size. Additionally,-itswas observed that
for a given porosity, the thermal conductivity increases for ‘decreasing nanoPS layer
thickness.
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