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We report on a novel approach to synthesize hybrid
nanostructures of meso porous silicon and conjugated or-
ganic polymers that are suitable for solar cell applications.
Meso-porous silicon substrates with relatively large pores
(~ 100 nm) have been exploited for electrochemical po-
lymerization of organic monomers, which were intro-

1 Introduction Developing renewable energy sources
that are secured for long term supply at affordable cost and
do not depend on hydrocarbon fossil fuels, is one of the
most challenging research topics of the 21st century [1-2].
Solar energy in general and particularly photovoltaic (PV)
energy conversion is expected to play a major role in this
area. Currently, the dominant PV technology is based on
crystalline silicon with bulky silicon wafers used to create
photovoltaic p-n diode junctions [3]. However, silicon
based solar cells suffer from a poor efficiency-to-cost ratio
(usually defined in units of $ per kW/h) and there is an ur-
gent need for alternative PV technologies, with improved
efficiency-to-cost ratio. One of the most promising ap-
proaches is using other photo-active compounds such as
semiconductor quantum dots [4-6], metallic nanoparticles
[7], organic polymers or dye molecules for light harvesting
[8-10]. In this case, due to the considerably larger light ab-
sorption coefficient of these compounds (relative to sili-
con), one needs a much thinner film for absorbing the solar
energy. On the other hand, thin film compounds require in-
terfacing with other semiconductors to create hybrid, thin

duced into the porous silicon matrices and electro-
polymerized to create poly-vinyl-carbazole (PVK). We
present electrical characteristics of a device having rela-
tively thin films of the hybrid medium, which exhibits a
photovoltaic mode of operation.

Copyright line will be provided by the publisher

film solar cells (sometime called "third generation solar
cells [11]). A porous matrix, particularly a porous silicon
(PS) matrix [12-15], seems to be an ideal matrix for this
purpose. The ability to control the size of the pores, their
morphology and the conductivity of the PS layers [16-17]
make PS a very promising candidate for PV applications
[18-21].

Here, we report on the extension of our previous inves-
tigation, aimed at developing hybrid structures of PS and
conjugated polymers [22-23], for PV applications. To
achieve this objective, it is necessary to develop a method
to uniformly infiltrate conjugated polymers that are charac-
terized by long chains of monomers, into relatively deep
and narrow pores (20-100 nm in diameter and few microns
in depth; see Fig.1). Hence, most electroless polymeriza-
tion techniques (such as chemical [24-25] and thermal po-
lymerization [26]) seem to be less appropriate for this pur-
pose, particularly since the formation of a polymer layer at
the entrance to the pores can block the polymerization
process and prevents a uniform coverage of the entire
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pore's volume. Another electrochemical polymerization
technique that seems to be more suitable for PV applica-
tions is the cyclic voltammetry (CV) method [27-29]. In
this technique, monomers are introduced into the PS matrix
followed by cyclic scan of the voltage applied between the
silicon substrate (the working electrode) and upper Pt and
Ag wire electrodes, used as the counter and the reference
electrodes respectively. We have chosen to work with
poly-vinyl-carbazole (PVK) as a test polymer medium due
to its excellent photoconductivity [30-32], and to demon-
strate the concept of the PV device in general, and particu-
larly the suitability of the CV polymerization process for
creating hybrid PS-polymer structures.

)
s

PN ‘..

e

Figure 1: (top) Cross-section and (bottom) top view SEM
images of the meso-PS matrix revealing a typical coulmnar
structure of large pores (~100 nm in diameter), about 15-30 nm
thick silicon walls and a depth of ~ 3 um. The inset show the
EDS spectrum, measured along the cross-section of the PS matrix,
prior to polymerization.

2 Experimental

2.1 Meso porous silicon fabrication In order to
allow the introduction of long polymer chains into the PS
matrix we have applied the following procedure. Heavily
doped, (100) n-type silicon substrates (10-20 m{2-cm) have

Copyright line will be provided by the publisher

been used to create meso-PS matrices by electrochemical
anodic etching. An aquatic solution containing hydroflu-
oric acid, HF (4 w%), KMnO, (8 mM) and a surfactant
(byk-348) [33] has been used for etching at galvanostatic
current densities of 25 mA/cm” under dark conditions (us-
ing the Keithley 238 source-measure-unit). This process
has been carried out for 300 seconds to yield a PS matrix
of about 3 pm in thickness, a porosity of ~ 70 % with aver-
age pore diameter of ~ 100 nm. The above etching process,
which provides relatively large pore diameters, has been
utilized for improving the penetration of the monomers
into the PS matrix. In addition, the samples have been kept
in ambient conditions for 48 hours to create a native oxide
layer on the pore's walls. Figure 1 shows cross-section and
top view SEM images (using the Sirion model, high-
resolution SEM from FEI) of the meso-PS structure with a
typical columnar structure [34].

2.2 Polymer's infiltration The following CV tech-
nique has been exploited for infiltrating polymers into the
PS matrix. We have used an Acetonetrile based solution
containing venyl-carbazole monomers (0.1M) and NaClO,
(0.1M) for the CV process while the applied voltage has
been scanned periodically over the O - 1.5 V voltage range;
see figure 2. Two peaks, marked by arrows in the CV cur-
rent-voltage characteristics of figure 2, appear at about
0.25 V and at 1.15 V, and are related to reduction and oxi-
dation of the polymer respectively. The gradual increase of
the oxidation-reduction peaks with the number of cycles
until a saturation is accomplished (after about 7-8 cycles),
indicates that PVK is formed inside the pores. Saturation is
accomplished after the entire volume of monomers inside
pores have been polymerized into PVK.

In order to verify that the entire volume of the porous
matrix has uniformly been infiltrated with polymers we
have carried out the following experiment. At first, the hy-
brid PS-PVK structure has been cleaved and a cross-
section SEM image has been measured; see figure 3. Next,
energy-dispersive X-ray spectroscopy (EDS) and mapping
has been exploited to identify the various chemical ele-
ments inside the hybrid matrix and to obtain a depth profile
of the polymer inside the pores. The results, presented in
figure 3, reveal a columnar structure of the PS-PVK matrix
quite similar to the original PS matrix (e.g., figure 1). This
indicates that the CV process does not alter the porous
structure. On the other hand, the polymerization process
has caused a substantial change in the EDS spectrum as
presented at the insets to figures 1 (prior to polymerization)
and figure 2 (after polymerization). In particular, the ap-
pearance of Carbon (C) and Oxygen (O) after polymeriza-
tion is a direct manifestation of the PVK growth inside the
pores. Therefore, we have used the Carbon-to-Silicon ratio
as a marker for the presence of a polymer (PVK) inside the
pores, and map this ratio (C/Si) along the depth of the hy-
brid matrix. Results of the EDS depth mapping are shown
in figure 3, indicating that the amount of carbon along the
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depth of the pores varies by less than 10%, thus confirming
that the polymer penetrates all the way to the bottom of the
pores (about 2.5 um below the surface of the structure).
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Figure 2: The cyclic voltammetry (CV) process for

polymerizing venyl-carbazole monomers inside the porous matrix.

Each curve represents a different cycle with the arrows indicate
the oxidation (1.15V) and the reduction (0.25V) peaks. Both
peaks consistently increases with the increasing number of cycles
indicating the formation of more polymer (PVK) inside the pores.
The inset presents the EDS spectrum after polymerization.

2.3 Photovoltaic Diode In order to create electrical
junction between the polymer and the n-type meso-PS we
applied the following procedure. After completion of the
CV polymerization stage, we have performed an additional
oxidation cycle, which has been terminated in the doped
state of the polymer (e.g., at a voltage of 1.15 V, see figure
2). This oxidized state of the polymer is known to be a
good photoconductive state of the polymer, with the con-
ductivity being dominated by holes transport [35-36] (in
this respect, it is equivalent to a formation of a "p-type"
semiconductor). Finally, a top thin film of Au, about 20 nm
in thickness, was evaporated on the top polymer layer to
create a top contact electrode to the polymer. The thickness
of the Au layer has been chosen so that about 50% of the
visible light will be transmitted through the film, as veri-
fied in a control experiment where the transmission of a
similar Au layer, deposited on a glass, has been measured.
In addition, a standard Al backside electrode has been de-
fined and alloyed to the silicon substrate. Finally, the de-
vice was annealed at 100°C for two hours for releasing the
stress and improving the polymer's conductivity [37-39].

The current voltage (I-V) characteristics of the PS-
PVK diode were measured under dark conditions and un-
der illumination using a probe station (Karl Suess model
EP4) connected to a Kiethley system 4200 electrical char-
acterizations station. The illumination source was a solar

simulator (Newport model 96000) having a power density
of one suns (100 mW/cm?) and a solar spectrum of AM 1.5.
Figure 4 presents the I-V characteristics of the device un-
der dark conditions (blue line) and under illumination (red
line). Noticeably, the dark I-V characteristics demonstrate
a diode like behavior of the PS-PVK junction with the
forward voltage direction being defined for a positive volt-
age connected to the top gold electrode (and therefore, to
the PVK polymer), while the backside Al electrode (con-
nected to the silicon substrate) is at a negative voltage rela-
tive to the top polymer electrode. In comparison to an ideal
diode the PS-PVK diode has an ideality factor of 30. The
quite large deviation from an ideal diode can be explained
by the relatively high resistance (or poor conductivity) of
PVK in the dark. From this model for the dark current of
the diode we can also extract the turn-on voltage to be,
(1.310.1) V. For backward voltages, the dark current den-
sity of the device is fairly low, of the order of ~ 107
mA/cm?, as can be expected for a junction-like, "quasi" p-n
diode structure (with the PS being the "n-side" and the
PVK acting as the "p-side" of the junction). Under illumi-
nation, the PS-PVK device exhibits a pronounced photo-
voltaic effect (red line in figure 4) with the open circuit
voltage, Vpc, and the short circuit current density, Jsc,
given by: Voc = 280 meV and Jgc = 3.2 mA/cm? respec-
tively.

3 Discussion The most significant result of our research
is the diode-like behavior and the appearance of photo-
voltaic characteristics for the PS-PVK junction, as pre-
sented in figure 4. Notice that we have previously reported
about a similar polymer-PS junction, of polyaniline (PAN)
and PS, where the polymer behaves as a "quasi" p- type
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Figure 3: Cross-section SEM image of the hybrid PS-PVK
structure after 10 periods of CV polymerization cycles. The inset
shows the EDS depth mapping of the carbon-to-silicon ratio
versus the depth of the hybrid structure. The corresponding EDS
spectrum is shown at the inset to figure 2.
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Figure 4: The current-voltage characteristics of the PS-PVK
device. The blue line presents the current-voltage charactristics
under dark conditions while the red line shows the current-
voltage characteristics under one sun AM 1.5 solar simulator
illumination. The measured short circuit current density is about
3.2 mA/cm? while the open circuit voltage is about 280 mV. The
fill factor has been estimated to be 25%.

semiconductor (e.g., hole's dominated transport) that cre-
ates semi-ideal ohmic contacts to p-type silicon and a junc-
tion-like contact to n-type silicon [21]. A similar behaviour
has been found here for the PVK-PS device, indicating that
hole's dominated transport is also the dominant mechanism
for PVK.

However, as opposed to ordinary semiconductor p-n junc-
tions, the diffusion length for excitons in organic conju-
gated polymers is significantly shorter than in silicon (of
the order of 5-20 nm for most conjugated polymers [40]).
Therefore, the hybrid structure is basically limited to aver-
age pore's size that should be comparable to the excitons
diffusion length. On the other hand, the smaller are the
pores, the more challenging is the demand to uniformly in-
filtrate the polymers into the porous matrix, particularly for
structures with relatively deep pores. Equivalently, one can
interpret the results in terms of type II band alignment be-
tween the n-type silicon (more precisely, porous silicon)
and the polymer to create charge separation between the
polymer (holes) and the silicon (electrons) over distances
comparable to the pore's size.

The creation of good metallic contacts to the device is
another major issue that has to be addressed for any PV
device, particularly for our PVK-PS junction. Of particular
importance is the creation of good ohmic contacts to the
polymer. The method we have developed is based on thin,
semi-transparent metal (Au) film deposition to create oh-
mic contacts to the polymer. While this method still re-
quire further investigation, improvement and comparison
with other methods to deposit transparent conductors, it

Copyright line will be provided by the publisher

seems to be a fairly promising method particularly for the
conjugated polymers discussed here.

Finally, let us discuss the PV performance of the PS-
PVK devices. For the measured open circuit voltage (280
mV) and short circuit current (3.2 mA/cm?®), we can esti-
mate the device power conversion efficiency to be in the
range of 0.2-0.5 %, and the filling factor to be about 25%.
Here again, the non-ideal characteristics of the diode under
dark conditions seems to be quite significant, apparently
due to the substantially smaller hole's mobility of the
polymer (relative to that of silicon), which results in high
resistivity of the device and, presumably non-ideal electri-
cal characteristics.

4 Conclusions In summary, we reported about the
fabrication and the characterization of novel hybrid PS-
conjugated polymer structures for photovoltaic applica-
tions. We have demonstrated the suitability of the cyclic
voltammetry technique for electro-polymerizing monomers
inside relatively narrow and deep silicon pores. Finally, we
have demonstrated the fabrication of a PS-PVK photo-
voltaic junction, particularly the formation of good ohmic
contacts to the polymer using thin, semi-transparent Au
films. The power conversion efficiency of the device has
been estimated to be about 0.2-0.5%.
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