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Conjugated polymer/Si hybrid solar cells are fabricated based on a Si nanowire array (SINW) substrate
prepared by metal-assisted electroless etching. With a facile method involving immersing the SiNW
substrate in anisotropic tetramethylammonium hydroxide (TMAH) solution just for few minutes, the
power conversation efficiency (PCE) of the hybrid solar cell can be 12.36%, which is 69.5% higher than
that of pristine one. The efficiency improvement mechanism is discussed and analyzed in detail, and all
the results demonstrate that with the TMAH treatment, the density of the SiNWs is reduced, and the
electrochemical contact between the PEDOT:PSS and SiNWs as well as the rear contact is obviously
improved, all of which significantly suppress the charge recombination in the hybrid solar cells. Our
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DOI: 10.1039/c6ra24970a major investigation emphasizes the importance of the TMAH treatment to nanostructured Si and renders

www.rsc.org/advances a promising approach to obtain low-cost and high performance conjugated polymer/Si hybrid solar cells.

1. Introduction

Conjugated polymer/Si hybrid solar cells have received intense
attention since they take on the advantages of both crystalline Si
and organic materials which include well-established Si pro-
cessing technologies, low temperature as well as low cost and
facile solution processes.*™ In typical conjugated polymer/Si
solar cells, light is predominately absorbed by Si, and the
major roles of the conjugated polymers are the formation of
heterojunction with Si and acting as the electron/hole transport
layers. Over the past few years, polymers such as poly(3,4-
ethylenedioxythiophene)/poly(styrenesulfonate) (PEDOT:PSS),"”*
2,2,7,7'-tetrakis(N,N-di-p-methoxyphenyl-amine)-9,9’-spirobi-
fluorene (spiro-OMeTAD),>* and poly(3-hexylthiophene)
(P3HT)>'"** have been widely deposited on Si to form
hybrid devices, and high power conversation efficiency (PCE) up
to 10% has been achieved by several groups.”**** In particular,
owing to the high transparence as well as high conductivity,
PEDOT:PSS is a quite promising candidate for the conjugated
polymers/Si hybrid solar cells.**'” Remarkably, according to the
previous simulation results, an ultimate PCE of over 20% can be
probably achieved for the Si/PEDOT:PSS solar cells.*
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In order to enhance the device performance of the conjugated
polymer/Si hybrid solar cells, radial p-n junction architectures
composed of vertical silicon nanowire arrays (SINWs) substrate
have been extensively investigated."*>”#!%1® Comparing with the
traditional planar junction, where the light absorption and
carrier extraction are in the parallel spatial direction, the radial
junction structures can decouple the requirement of absorption
and collection in orthogonal one, which not only improve the
light harvest property but also enhance the charge collection by
shortening the transporting paths of the minority carriers. At
present, high-density and large-area of SINWs substrate could be
fabricated by the inexpensive and simple metal-assisted elec-
troless etching method.”*** However, a well-defined contact
between the conjugated polymer and SiNWs substrate is still
a big challenge.*** Due to the large density and limited space of
SiNWs, the conjugated polymer is difficult to completely pene-
trate into the narrow gaps among SiNWs, just floating or sus-
pending around the SiNWs. The suspending conjugated
polymer in SiNWs substrate will hinder effective charge transfer/
collection and hence weaken the device performance. Addi-
tionally, though SiNWs will increase the light absorption of Si
substrate, the SiINWs substrate associated with larger surface/
volume ratio also suffers from serious surface recombination
resulting from a lot of traps in Si surface,>**° resulting in inferior
performance of the hybrid solar cells. Consequently, how to
solve the electrochemical contact problem between the conju-
gated polymer and SiNWs and how to balance the light har-
vesting and surface/volume ratio of SiNWs substrate have
become an obstacle to be conquered for high-performance
conjugated polymer/Si hybrid solar cells. Zhang et al. have re-
ported a chemical method to tune the density of SINWs, which
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improved the PCE of the hybrid PEDOT:PSS/SiNWs to 7.3%.?
However, the method requires strict experimental conditions
which should immerse the SiNWs in a hot saturated PCI5
solution under nitrogen atmosphere and take at least 2 h to
achieve the optimized morphology of SiNWs substrate.

Here, we demonstrated a simple and facile method to modify
the SiNWs substrate which just needs to immerse the SiNWs
substrate in anisotropic tetramethylammonium hydroxide
(TMAH) solution for few minutes. With the TMAH treatment,
the PCE of the hybrid PEDOT:PSS/SiNWs can achieve up to
12.36% which is 69.5% higher than that of pristine one. The
underlying mechanism for the efficiency enhancement has
been experimentally and theoretically investigated, and the
treatment time of TMAH has also been optimized. Our major
investigation is to provide a promising approach to low-cost and
simple fabrication for high-performance conjugated polymer/Si
hybrid solar cells.

2. Experimental

Preparation of SiNWs with metal-assisted etching and TMAH
treatment

L are

N-Type (100) Si substrates with resistivity of 1-3 Q cm™
ultrasonically vibrated in acetone, ethanol and deionized (DI)
water at room temperature for 20 min, respectively. The Si
substrates are then cleaned with H,SO, and H,O, solution at
120 °C for 20 min to remove organic contaminations. The
samples need to be rinsed with de-ionized water and dried with
inert gas. After that, the cleaned Si substrates are immediately
immersed in a mixed solution of deionized water, HF (4.6 mol
L") and AgNO; (0.02 mol L") for 5 min to grow SiNWs. The
etched wafers are dipped into dilute HNO; solution and HF to
remove silver residuals and SiO,. Finally, these samples were
treated in a mixed solution of tetramethylammonium hydroxide
(TMAH) (0.003 M), methanol (0.019 M), and distilled water (1.33
M) for different times.

Fabrication of hybrid solar cells

PEDOT:PSS solution is employed with 5 wt% dimethyl sulfoxide
(DMSO) as a dopant to increase the conductivity. Meanwhile,
0.1 wt% Triton X-100 is also added as a surfactant to improve
the adhesion between PEDOT:PSS film and the Si surface. The
mixed solution is spin-coated onto the Si substrates at 2000 rpm
for 60 s, then annealed at 140 °C for 20 min. The silver grid
electrode are thermally evaporated through a shadow mask with
a 0.5 cm? area. Finally, 200 nm-thick Al is sequentially thermally
evaporated onto the backside of the Si samples as a rear elec-
trode. For the stability measurement, the devices are sealed in
nitrogen atmosphere.

Characterization

The SEM images of Si Substrate are obtained by a high-
resolution scanning electron microscope (SEM) (Carl Zeiss
Supra 55). The reflection spectra are measured using an inte-
grating sphere (Perkin-Elmer Lambda 700). A Newport 91160
solar simulator equipped with a 300 W xenon lamp and an air
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mass (AM) 1.5 G filter is used to generate simulated solar
spectrum irradiation source. The irradiation intensity is 100
mW cm > and calibrated by a Newport standard silicon solar
cell 91150. Newport monochromator 74125 and power meter
1918 with silicon detector 918D are used in the external
quantum efficiency (EQE) measurements. The electrical data
are recorded by a Keithley 2612 source meter.

3. Results and discussion

Generally, the conjugated polymer/SiNWs hybrid solar cell is
hopeful to form the core (SiNWs)-shell (conjugated polymer)
structure on a planar silicon substrate, which can not only
enhance the device light absorption but also decrease the
minority carriers transporting distance. However, as shown in
Fig. S1 in (ESIt), due to the large density of SINWs, it is hard for
PEDOT:PSS to completely penetrate into the narrow gaps
among SiNWs, and most of PEDOT:PSS is floating or suspend-
ing around the SiNWs, resulting in the poor contact between
PEDOT:PSS and the Si surface. TMAH is a well-known etchant
solution for the Si substrate.?*** Comparing with other texturing
process, etching with TMAH is a more attractive solution
because it is non-toxic, it can be easily disposed of, it requires
a shorter texturing period, and the high-quality anisotropic
features can be realized without any metal ion contaminants.
The reaction processes of the silicon anisotropic etching by
TMAH can be described as follows:** in the texturing solution
TMAH can release OH™ and (CH;),N' (TMA") ions.

(CH;),NOH — OH™ + (CH3),N*

The overall oxidation/reduction process is given by

Si + 20H™ + 2H,0 — Si(OH),>~ + 2H,1

The overall etching reaction of silicon in TMAH solution
proceeds according to

Si + 2(CH;3),NOH + 2H,O — 2(CH3),N" + SiO,(OH),” + 2H, 1

Fig. 1a shows the chemical structure of TMAH. The silanoles
(Si-OH) groups on the Si substrate can be generated upon
immersion in TMAH solution, which can be direct certified by
the XPS measurement of Si (2p) peaks as shown in Fig. S2.7
Fig. 1b shows the SEM images the SINWs with TMAH treatment,
it can be found that with TMAH treatment most bulk of the
nanowires are etched, leaving the coarser root in the substrate.
The increased space between SiNWs as well as the Si—-OH groups
formed in Si substrate is beneficial for the aqueous PEDOT:PSS
infiltrating to SiNWs substrate. Thus comparing with the pris-
tine one, as shown in Fig. 1c, the improved core-shell structure
of the PEDOT:PSS/SiNWs is formed. In addition, as shown in
Fig. S3,t the roughness of the rear Si substrate is reduced.
Fig. 2a shows the current-voltage (J-V) curves between T-shaped
Al pads at the rear side of the Si without (W/O) and with TMAH
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(a)

Fig.1 (a) Chemical structure of TMAH (b) cross-section SEM image of
SiNWs treated by TMAH solution. (c) Cross-section SEM image of the
SiNW/PEDOT:PSS core-shell structure. All the scale bars are 200 nm.

treatment. Here, Al pads are deposited by thermal evaporation
at the rear side of the Si substrate as shown in the inset of
Fig. 2a. It can be observed that the contact between Si and Al is
non-ohmic when Al is directly deposited on Si, but with the
TMAH treatment the contact between Si and Al is dramatically
improved, enhancing the charge transfer/collection at the rear
electrode.’**® However, as shown in Fig. 2b, with the TMAH
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Fig.2 (a) The J-V curves measurements between T-shaped Al pads at
the rear side of the Si substrate without and with TMAH treatment.
Inset: the schematic diagram of T-shaped pads on a silicon substrate.
The Al pad thickness is 150 nm. (b) Reflection spectra of SiNWs
substrates without and with TMAH treatment.
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treatment, due to the decreased density and lengths of SINWs,
the light reflection of the SINWs substrate with TMAH is higher
than the pristine one.

Electrochemical impedance spectra (EIS) is an effective tool
to reveal the effect of TMAH on the interfacial charge transfer/
transport processes. Generally, from high to low frequency,
three semicircles are observed in the Nyquist plots, represent-
ing the series resistance at the metal electrode (leftmost, Ry),
the interfacial resistance of SINWs/PEDOT:PSS (middle, R,)
and the bulk resistance of the SINWs (rightmost, R,), respec-
tively.>”** However, the middle one often overlaps with the
high-frequency peak because of quite small series resistance of
metal electrode. The equivalent circuit by Autolab software
(inset) in Fig. 3 is further used to fit the experimental data of
typical samples. For the device without TMAH treatment, the
values of R; and R, are 4290 and 314 Q, respectively. However,
for the TMAH treatment device, due to the improve PEDOT:PSS
and SiNWSs contact area, the R, enhances to 8975 Q, while the
R, decreases to 275 Q caused by the etched SiNWs substrate.
Both of the values suggest that the electrochemical contact
between Si and PEDOT:PSS is efficiently improved.

Fig. 4a shows the J-V curves of the PEDOT:PSS/SiNWs solar
cells without and with TMAH treatment under simulated AM
1.5 illumination at 100 mW cm ™. The values of the open-circuit
voltage (V,c), the short-circuit current density (/s.), the fill factor
(FF) and the PCE of the hybrid solar cells without and with
TMAH treatment are summarized in Table 1. It can be seen that
comparing with the pristine one, the ;. of the hybrid solar cell
with TMAH treatment has slight decreased from 29.22 to 27.32
mA cm™ 2, which is consistent with the integrated current values
from the EQE spectra as shown in Fig. 4b. However, the corre-
sponding V,. and FF of are obviously improved, from 0.470 to
0.598 V and 0.530 to 0.757, respectively. As a result, a PCE of
12.36% is achieved for the champion solar cell with TMAH
treatment, which is 69.5% enhancement than the pristine one.
Fig. S41 shows the UPS analysis of silicon substrate without and
with TMAH treatment, it can be found that there is almost no
change in the valance band as well as the work function of the
silicon substrate after the TMAH treatment. Therefore, we
conclude that the higher V,. achieved in the device with TMAH
treatment can be mainly attributed to the decreased SiNWs

4000 6000 8000 10000
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Fig. 3 Nyquist plots of EIS spectra measured for devices without (W/
0O) and with (W) TMAH treatment at —0.5 V in the dark. The inset is the
equivalent circuit used to fit the impedance spectra.
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Fig. 4 Photovoltaic properties including (a) the J-V curves measured
under simulated AM 1.5 illumination at 100 mW cm™2, (b) EQE spectra,
(c) the plot of dV/d(ln J) versus J and (d) the dark J-V curves of the
hybrid PEDOT:PSS/SiNWs solar cells without and with TMAH
treatment.

Table 1 The photovoltaic characteristics of the PEDOT:PSS/SiNWs
hybrid devices without (W/O) and with (W) TMAH treatment

Device Jse (MA cm™?) Voe (MV) FF PCE (%)
w/O 29.22 470 0.530 7.28
w 27.32 598 0.757 12.36

surface area as well as the improved contact between the SINWs
and PEDOT:PSS. It is known that reducing the recombination
velocity can greatly enhance the V,. of the devices.>***® Since
there are a large number of trap states on the Si surface,
decreasing the SiINWs surface area can reduce the recombina-
tion velocity of the devices. Meanwhile, enhancing the contact
between the SiNWs and PEDOT:PSS is beneficial for the charge
transfer/collection, further reducing the recombination velocity
of the device. As a result, the V,. of the device with TMAH is
obviously enhanced. Fig. 4c shows the plot of dV/d(In J) versus J
of the hybrid solar cells without and with TMAH treatment. The
series resistance (R;) of solar cells can be derived from the slope
of dV/d(In j) versus J lines.'*2*332 It can be observed that after
the TMAH treatment, due to the reduced charge recombination
velocity, the charge recombination of the device is suppressed
and charge transfer/collection efficiency is enhanced, therefore,
the Ry of the device with the TMAH treatment decreases from
3.40 to 1.24 Q cm?® for better charge transfer. Owing to the
enhanced charge transfer/collection efficiency caused by the
decreased SiNWs surface as well as the improved electro-
chemical contact between Si and PEDOT:PSS, the FF of the
hybrid solar cell with TMAH is also improved. Notably, the
enhanced rear contact in Fig. 2a also contributes to the higher
FF and lower Ry.**"*

In order to further confirm the suppression of the charge
recombination for PEDOT:PSS/SiNWs devices with TMAH
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treatment, the minority carrier lifetime of the devices are
measured. Fig. 5 depicts the spatial mapping of the effective
minority carrier lifetime for the devices without and with TMAH
treatment. Generally, the effective minority carrier lifetime of
a silicon solar cell can be expressed as follow:"**

Vteer = ity + 2SIW (1)

where t.¢ is the effective lifetime, t,,; is the bulk recombination
lifetime, S is the surface recombination rate and W is the wafer
thickness. Since t,, is fixed for the same silicon wafer, the
increase of measured lifetime (t.¢) reflects a lower surface
recombination rate. Here, the average lifetime of pristine device
is 11 ps. After the TMAH treatment, the carrier lifetime of
sample increases to 17 us, which directly suggests that the
recombination of the devices is significantly reduced. Generally,
the increase of carrier lifetime is expected to improve the J. of
the devices. However, the J,. of the device with TMAH treatment
is slight lower than that of the pristine one, which is major
caused by much higher light reflection SiNWs substrate
(Fig. 2b).

PEDOT:PSS/Si solar cell is generally assumed to be a Schottky
junction solar cell, and the dark j-V curve can exhibit its recti-
fying characteristics and demonstrate that where the SiNWs/
PEDOT:PSS heterojunction behave as well-defined diodes.
Fig. 4d shows the J-V characteristics of the hybrid solar cells
without and with TMAH treatment in dark circumstance. With
the help of the thermionic emission model as follows:***

J=Us (exp (% V) - 1) )

where J is the current density values, /s is the reversed saturation
current, Vis the applied voltage, e is the electronic charge (1.6 x
10"° C), and T is the absolute temperature (298 K), k is the
Boltzmann constant, the diode ideality factor of n can be esti-
mated. In the situation of n = 1, the Schottky contact might be
ascribed to voltage-dependent Schottky barriers, and the devi-
ations of n > 1 may result from recombination currents within
the space charge region. As is expected, when n approaches 1,
the performance of the hybrid device performance is
improved.**?** Here, after treatment with TMAH, the value of n

(@) (b)

Ous ® Wl 30 pus

Fig. 5 The minority carrier lifetime of the PEDOT:PSS/SiNWs hybrid
solar cells without and with TMAH treatment.
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decrease from 1.80 to 1.45, the PCE of the device is enhanced
from 7.29% to 12.36%, about 69.5% enhancement compared
with that of the pristine one. In addition, the calculated Js of the
device with TMAH treatment is 6.44 x 10 '° A cm 2, while the
pristine device displays a Js of 6.62 x 1077 A cm™ 2. After the
TMAH treatment the values of Js decrease about 14.8 times,
which also illustrates that the charge recombination of the
device is reduced. Since the major effect of TMAH is improved
the electrochemical contact between the PEDOT:PSS and SiNWs
interface, after sealed the devices in nitrogen atmosphere, the
stability of the device without and with TMAH treatment has
slight changes, as show in Fig. S4.t

The etching time of TMAH plays an import role in the device
performance. As the above discussion, with the TMAH treatment
the contact between the SiNWs and PEDOT:PSS is improved,
but the light harvest ability of the device is decreased. To opti-
mize the etching time, the devices with different etching time
are fabricated. In Fig. 7, the performance parameters of the
PEDOT:PSS/SiNWs solar cells (Js., Voc, FF, and PCE) are plotted as
functions of the etching time. Interestingly, it can be found that
the Ji. in the PEDOT:PSS/SiNWs devices has a large drop at the
first 15 s, and then has slight increase from 15 to 60 s. It is known
that the reflection of the device is an important factor for the Jq..
As shown in Fig. S6,T the reflection of the device is increased
along with the TMAH treatment time, thus the /. of the devices
with TMAH treatment is lower than that of the device without
treatment, decreasing at the first 15 s. Nevertheless, increasing
the treatment time, the contact between the PEDOT:PSS layer
and SiNWs substrate is enhanced, which is beneficial for the
charge separation and collection. Therefore, though the reflec-
tion of the device is increased, the J. of the device has slight
increased. Meanwhile, one can also observed that due to the
improved the electrochemical contact between the PEDOT:PSS
and SiNWs, as the etching time increase from 0 to 60 s, the FF
increases from 0.530 to 0.757, and the V,. increase from 0.470 to
0.598 V. Thus, the PCE increases from 7.29% to 12.36%. Further
increasing the etching time, all the performance parameters of
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Fig. 6 Jsc. Voe, FF, and PCE of the PEDOT:PSS/SiNWs hybrid solar cells
are plotted as functions of the treatment time of TMAH.
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the device decrease. In order to understand the reasons for the
decrease of device performance, the SEM images of the SINWs
with different TMAH treatment time are further represented in
Fig. 6. It can be seen that along with the TMAH treatment, the
density as well as length of the SINWs are reduced, the electro-
chemical contact between the PEDOT:PSS is also improved.
However, the reflection of the SINWs substrate is also increased
(Fig. S671). In addition, as shown in Fig. 7, with longer etching
time, all of SINWs are nearly etched, leaving the rougher Si
substrate with small holes. Due to aqueous solution capillarity
force of PEDOT:PSS, it is also hard for PEDOT:PSS to penetrate
into the holes, leading the inferior performance of the device.
Thus, the optimized etching time of SiNWs for TMAH is 60 s.

Fig. 7 Cross-section SEM images of SiNWSs substrates with different
TMAH treatment time. (a) O's, (b) 15 s, (c) 30 s, (d) 455, (e) 60's, (f) 75's,
(9) 90 s. The inset is the top view of the corresponding SiNWs
substrate. All the scale bars are 200 nm.
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4. Conclusions

In summary, we have fabricated a series of PEDOT:PSS/Si hybrid
solar cells based on the SiINWs substrate treated by TMAH. The
SEM image, J-V curves and the minority carrier lifetime
demonstrate that with the TMAH treatment, the density of the
SiNWs is reduced, and the electrochemical contact between the
PEDOT:PSS and SiNWs interface as well as the rear contact is
greatly improved, all of which are significantly suppressing the
charge recombination in the hybrid solar cells. The optimized
treatment time of TMAH is also investigated which is 60 s. With
longer treatment time, beside the lower light harvest absorp-
tion, the contact between Si and PEDOT:PSS is also decreased,
resulting in the inferior performance of the devices. The resul-
tant PCE of the hybrid solar cell can achieve up to 12.36%,
which is 69.5% higher than that of pristine one. These
preliminary results emphasize the importance of the TMAH
treatment application in nanostructured Si and render a prom-
ising approach to obtain low-cost and high performance
conjugated polymer/Si hybrid solar cells.
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