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Abstract

In this work, we have added p-type and n-type Si nanoparticles (NPs) obtained from cryomilling, in poly(3-
hexylthiophene) (P3HT) and [6,6]-phenyl-C61-butyric acid methyl ester (PCs;BM) organic photovoltaic cell at
different weight ratios and their effect on organic-inorganic hybrid solar cell device parameters has been
evaluated. It is observed that the addition of p-type nanoparticles tailors the energy band alignment at the
P3HT/NP interface which provides efficient charge carrier transport enhancing the photo-conversion efficiency by
more than 21%. Enhancement is reflected by an improvement in short-circuit current by ~35% with respect to
reference P3HT:PCg;:BM device without Si NPs. However, for n-type NPs where the optimum cascading band
alignment does not occur, only 10% improvement in photo-conversion efficiency is observed. This work insight
how performance of organic solar cells can be tailored by size factor as well as energy level tuning of the added

nanoparticles.
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1. Introduction

Bulk heterojunction solar cells have the blend of acceptor and donor materials with domain size in the range
of few nanometres, as active absorption layer. The first bulk heterojunction solar cell was successfully
fabricated by Yu G. et al., in the year 1995 and the photo conversion efficiency (PCE) of about 1% was
shown (Yu et al., 1995). The studies were then focused to improve the PCE by tuning certain parameters
such as absorbance of the donor material by mixing energy band-engineered polymers to broaden the
absorption band-width (YYang et al., 2015), optical properties of the blend (Zhu et al., 2012), optimizing the
domain formation and size (A. Dowland et al., 2013; MacLachlan et al., 2015) and engineering the
interfacial area (Pfadler et al., 2014; Yin et al., 2016). One of such approaches was to introduce inorganic
semiconductor particles in the active material, which resulted in the advent of hybrid solar cells (Zhou et al.,
2010). Utilization of several inorganic particles such as CdTe (Gur et al., 2006), CdS (Lee et al., 2008;
Wang et al., 2007), CdSe (Yang et al., 2011; Zhou et al., 2011a), ZnO (Hames et al., 2010; Takanezawa et
al., 2008; Venkataprasad Bhat et al., 2011), TiO, (Kuo et al., 2008), PbS (Tsang et al., 2009), PbSe (Tan et
al., 2009), SnO; (Kudo et al., 2007), CulnS; (Arici et al., 2003) have been reported. These particles were
primarily in alloy or compound form and they were also introduced as core-shell structures (Jaramillo et al.,
2015).

In hybrid solar cells, the first utilization of elementary nanoparticle-silicon was explored by Liu C. Y. et al.,
by incorporating Si nanoparticles (NPs) in poly-3(hexylthiophene) and has shown a maximum photo-
conversion efficiency of 1.15% (Liu et al., 2009). Over the subsequent years, further optimization of the
processing parameters of active material, and electrode selection have resulted in maximum efficiency of
1.47% (Liu et al., 2010). Recently, Shuangyi Z. et. al., has shown an improvement in efficiency of poly(3-
hexylthiophene) (P3HT):[6,6]-phenyl-C61-butyric acid methyl ester (PCs1BM) solar cells, by incorporating
Si NPs and obtaining a cascade band structure (Zhao et al., 2016). Dayal S. et. al., has reported previously
by addition of the inorganic nanoparticles enhances PCE by improving the optical absorption of active
material as well as simultaneously providing an efficient pathway for the generated charge carriers (Dayal et
al., 2010). The pathway can be tuned by utilizing the NPs with various transport energy levels for different
polymer blends. However, the change in energy level is mainly achieved by reducing the particle size to the
range of quantum confinement (Dayal et al., 2010; Zhou et al., 2011b).

In addition to size reduction, doping is also one of the effective ways to fine tune the energy levels of
semiconducting nanoparticles (Streetman and Banerjee, 2015). Therefore, to understand the utilization of

doped NPs in hybrid solar cells, silicon particles with various dopant (n-type and p-type) have been



synthesized and subsequently used with active material. The reference with various material was P3HT and
PCes1BM because this material blend continues to be the choice for fundamental studies in hybrid solar cells
(Chi et al., 2014). In this study, n-type and p-type Si NPs having tailored energy levels are added with
P3HT:PCs:BM in various weight percentage and their effect on solar cell parameters have been
investigated. The phenomenon of tuning the charge carrier states by the deployment of the dopant levels in

Si NPs have also been discussed in subsequent sections.

2. Experimental Details
2.1 Synthesis of Silicon Nanoparticles

To obtain n-type Si NPs, phosphorous doped silicon wafer with 1-10 Q-cm resistivity was used, while for p-
type Si NPs, boron doped silicon wafer with same resistivity was used. The silicon wafers were broken into
small pieces and milled to obtain the respective doped Si NPs. The Si NPs obtained from cryomilling (Barai
et al., 2012) were used for device fabrication. These particles were dispersed in ethanol and sonicated for 15
min. This solution was then centrifuged at 10000 rpm and the homogeneous sized particles were collected.
These particles were etched with 2 vol% hydrofluoric acid (HF) to get rid of oxide layer and the resulting

particles were dispersed in iso-propyl alcohol (IPA).

2.2 Device Fabrication

Before active layer deposition, the ITO-coated patterned glass substrates of ~15 ohm/cm?, (Xinyan
Technology Limited, Taiwan) were cleaned using ultrasonicator bath in the following sequence — DI water
with soap solution (Hellmanex 111, 3% in DI water), DI water, IPA and acetone. Substrates were then dried
using nitrogen gas before being placed inside UV ozone cleaner for UV ozone treatment to remove residual
impurities. The electron transporting layer ZnO was spin coated from di-ethyl zinc solution (DEZ), (15% in
toluene (Aldrich)), solution prepared from mixing DEZ with tetrahydrofuran in 1:6 (vol/vol) inside glove
box on cleaned ITO substrate. ZnO coated substrates were than annealed at 130° C for 20 minutes in
ambient with humidity less than 35% RH, resulting ~30 nm thick film. ZnO coated samples were then
immediately transferred inside the glove box (Jacomax, O, < 5 ppm, H,O < 5 ppm) for further processing.
The active material blend of P3HT and PC¢BM was prepared in chlorobenzene (1:0.8 by wt. %) and kept
for stirring at 60 °C overnight. The Si nanoparticles were etched with hydrofluoric acid (2 vol%), in order
to avoid oxidation of the particles and were dispersed in IPA (2 mg/ml). Si nanoparticles dispersed in IPA

was then taken inside the glove box and were continuously stirred before being taken in different vials for



different weight ratios. Subsequently IPA was evaporated from the Si NPs dispersion before P3HT:PCs;BM
was added. The solution was again stirred for another 30 min before being used for device fabrication to
make sure the uniform distribution of the NPs in the active layer. Finally, devices were fabricated with
different weight ratios (0.5,1.3, 2.6, 3.9, 7.8) of n-type and p-type Si NPs with P3HT:PCs;BM blends using
spin coating. The samples are named as, ‘p0.5, p1.3, p2.6, p3.9 and p7.8’ for p-type Si NPs incorporated
devices at various weight ratios. Similarly, n-type Si NPs incorporated devices are named as ‘n0.5, nl.3,
n2.6, n3.9, n7.8’. Sample without NP incorporation is considered as the Reference device and named as
‘Ref”. Active layer was spin coated on ZnO layer for 60 seconds at 1000 rpm (thickness of about 120 nm)
and then annealed at 140° C for 15 minutes. Finally, top contact of MoO3 and Ag with a thickness of 10 nm
and 120 nm respectively was evaporated at a base pressure of 3.6 x 10° mbar in order to complete the
device. The active area of the device was 9 mm?, calculated with the overlap area of top and bottom contact.

2.3 Measurement

X-ray diffraction (XRD) studies were performed by subjecting the powder to Cu Ko (A = 0.15402 nm)
radiation in the 26 range of 10° to 80°. Transmission electron microscopy (TEM) study was performed
using Tecnai T20 microscope at 200 kV equipped with LaB6 emissions gun. TEM samples were prepared
by drop-casting the Si dispersion on carbon-coated copper grids and used after solvent evaporation.
Diffused reflectance spectroscopy (DRS) measurements were carried out using a Perkin Elmer UV-Vis-
Near IR spectrometer. The photoluminescence studies were carried out in Perkin Elmer fluorescence
spectrophotometer. The current density—voltage (J-V) were measured using a Keithley 4200 parameter
analyzer and incident light intensity of 100 mW/cm? using Oriel Sol3A Class AAA solar simulator
(intensity was calibrated for 1 sun using NREL certified Si detector with KG5 filter). External quantum
efficiency (EQE) was measured using an Enlitech setup (model QE-R). Both device fabrication and
characterization has been carried out using Jacomex glove box integrated with Angstrom Engineering
thermal evaporator, solar simulator and EQE set-up. Nanosurf easyscan2 atomic force microscope (AFM)

was used to study the morphology of the active layer.

3. Results and Discussions
3.1 Structural and Optical Properties of cryomilled Silicon

Si NPs were synthesized by cryomilling the silicon wafers for 10 hours (Barai et al., 2012) and the structural

characterization of the obtained NPs is provided in Fig. 1. The milled powder was subjected to the XRD
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Fig. 1. Structural characterization of Si NPs. a) XRD pattern indexed to silicon diamond cubic structure.
b) TEM bright-field image showing the distribution of Si NPs and c) Particle size distribution of the

sample computed using the TEM images from different regions, having a peak at 60 nm.

analysis which suggests the Si diamond cubic structure as shown in Fig. 1a. The milled powder was
centrifuged in order to get rid of larger particles. TEM bright-field images show distribution of nano-sized
particles obtained (Fig. 1b). The distribution of the nanoparticles obtained from these images are shown in
Fig. 1c. The particle size varies from 20 nm to 90 nm with mode at 60 nm.

Both the p-type and n-type wafers were subjected to milling to obtain nanoparticles. The Si NPs obtained
from p-type wafer will be referred as ‘pSi NPs’, while those obtained from n-type wafer will be referred as
‘nSi NPs’.

Diffused reflectance spectroscopy of the pSi and nSi NPs recorded in the wavelength range of 200-2000 nm
are shown in Fig. 2a. Based on the percent reflectance values obtained from the DRS measurement, Tauc
plot has been obtained and is shown in Fig. 2b.

Silicon exhibits wide range of light absorption and is an indirect bandgap material. Bohr radius of silicon is
5 nm and the silicon nanoparticles can exhibit direct transition when quantum confinement range is reached
(Naoto et al., 2010; Wilcoxon et al., 1999). In this work, have not reached the size of particle is 20 — 90 nm
(Fig. 1c). Hence, the Tauc plot exponent for indirect band gap is used in band gap calculations. The band
gap of the Si NPs obtained was calculated using the Tauc plot (Tauc, 1968) and the details are given here.
The amount of diffuse reflectance (R.,) from the infinitely thick sample is provided as follows by the

Kubelka Function (Kubelka, 1948), in Eqn. 1 :
1)



where A is the absorption coefficient and S is the scattering coefficient of the material (Kundu and Varma,

2013).
Eqn. 2 provides the Tauc relation for indirect bandgap materials, where « is the absorption coefficient, Eg is

the optical bandgap of the material.
)

Correlating the absorption coefficient in Eqns. 1 and 2 considering the scattering coefficient remains

3)

unchanged with the wavelength of the light, Tauc relation can be expressed as given in Eqn. 3.
Fig. 2b and 2c. show the Tauc plots obtained using the relationship in Egn. 3, and the bandgap for pSi and
nSi particles are obtained by extrapolating the linear portion of the curve to the X-axis (eV). The bandgap

value estimated for both pSi NPs and nSi NPs is 1.09 eV.
Fermi levels of the silicon NPs can change due to doping and the fermi level values were calculated using

the following equations [25]:
4.1)
4.2)

where Ez(p) — Fermi level of the pSi NPs, E¢(n) — Fermi level of the nSi NPs, E; _Fermi level of the intrinsic

silicon, k — Boltzmann Constant, T — Working Temperature, n; is the intrinsic carrier concentration of
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Fig. 2. a) Diffused reflectance spectra of pSi and nSi NPs synthesized by cryomilling. b) Tauc plot for
nSi NPs showing the bandgap at 1.09 eV and c¢) Tauc plot for pSi NPs showing the bandgap at 1.09 eV.



silicon, n, p — Carrier concentration of n-type and p-type silicon respectively. Calculated Fermi levels of the

doped wafers are listed in the Table I.

Parameters used in the calculation of Fermi-ll-:\t/)tla?slof nSi and pSi NPs and the results obtained
Values Unit
Ei Intrinsic Fermi Level 4.60 eV
n Electron concentration 1.3E15 - 1.5E16 cm?
p Hole concentration 1.4E15 - 1.4E16 cm?
E:(p) Fermi level in pSi NPs 4.93 eV eV
Es(n) Fermi level in nSi NPs 4.30 eV eV

3.2 Device Performance

In order to avoid the oxidation layer formed in NPs, the Si NPs were etched with HF and subsequently used

in device fabrication.



J-V curves under 100 mW/cm? illumination for the reference device, pSi NPs and nSi NPs incorporated
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Fig. 3. J-V curves for the reference, nSi and pSi NPs incorporated devices and their

photo-conversion efficiency.

devices are shown in Fig. 3. Short-circuit current (Jsc) value of reference cell is 8.65 mA/cm? J-V curves
show that the Jsc increases to 13.39 mA/cm? during the addition of pSi NPs, while that increases to 9.73
mA/cm? during the addition of nSi NPs. Device efficiency is observed to increase with the addition of both
p-type and n-type Si NPs to 3.46% and 3.13% respectively. Addition of NPs, helps in exciton dissociation
and charge carrier transport. Charge transport in organic material occur by hoping mechanism and these
NPs, helps in connecting domains for charge to move easily. This enhances the current collection, which
reflects in improvement of Jsc (Wright and Uddin, 2012) To probe the origin of the parameters resulting in
the enhancement of device efficiency, energy band structures of the devices are given in Fig. 4a and Fig. 4b.

Work function of the various layers used in the device is given in Table II.

Table 11
Work function of the various layers used in the device structure
and their nomenclature

Ecathode work function of e collector (ITO) 4.60 eV
Enode work function of h* collector (Al) 4.30 eV
EerL work function of e transport layer (ZnO) 4.20 eV
EnrL work function of h* transport layer (MoOs) 5.20 eV




VBpsun | HOMO level of P3HT 5.30 eV
CBipsnm) LUMO level of P3HT 2.90 eV
VBgpcewy | HOMO level of PC4;BM 6.10 eV
CBgcemy | LUMO level of PCs;,BM 3.80 eV
E¢(p) Fermi level of pSi NPs 4.93 eV
E¢(n) Fermi level of nSi NPs 4.30 eV
CBs; Conduction Band level of Si 4.05 eV
VBs; Valence Band level of Si 5.17 eV




Fig. 4. Energy band alignment of the P3HT:PCs;BM devices with a) pSi NPs and b) nSi NPs.



3.2.1. Exciton dissociation and charge carrier transport

In P3HT:PCs:BM devices, P3HT is more efficient absorber of the incoming light than PCs;BM (Dang et
al., 2011). The absorbed light by P3HT domains generate excitons termed as Frenkel excitons (Zhu et al.,
2009). The LUMO level of PCs1:BM (CBpcemy) is lower than the HOMO level of P3HT (VBpsum), as can
be seen in the Fig. 5. Hence, the generated relax to PCs;BM in charge-transfer (CT) exciton state. Photo-
conversion occurs after these excitons get dissociated into holes and electrons and this process requires
higher energy than the binding energy between holes and electrons. These excitons will be dissociated into
free charge carriers, due to the ‘vibrational energy also referred as phonons’ released during the relaxation
process of Frenkel excitons (Narayan and Singh, 2014; Zhu et al., 2009). This process is shown
schematically in Fig. 5. For inorganic materials, this binding energy will be of the order of few meV and
will be provided by the thermal energy at room temperature (kT~ 0.026 eV). However, the binding energy
value is three orders higher in case of organic solar cells and the general values are in the range of 0.3 eV to
1 eV (Baranovskii et al., 2012). This energy will be provided by the difference in the energy levels of the
donor (P3HT) and acceptor material (PCs:BM). When Si NPs are blended with P3HT:PCg;:BM, they are
dispersed throughout the film as well as at interface of P3HT and PCs;BM in active layer. Since P3HT is the
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Fig. 5. Schematic showing the relaxation of Frenkel exciton and subsequent dissociation of charge-
transfer exciton at the interface (Red circles represent the electrons and blue circles represent holes).

efficient absorber, exciton dissociation will also occur at P3HT/NP interface apart from P3HT:PC¢BM

interface.



For nSi NPs incorporated devices, the energy level differences between CBpsnry and CBs; is 1.15 eV and
this energy value is adequate to provide the energy required for exciton dissociation. Hence, the P3HT/nSi
NP interface can help in exciton dissociation. These dissociated electrons will also travel from nSi NPs
energy level towards the electron transport layer and subsequently collected through the respective
electrode.

Addition of pSi NPs has increased PCE than nSi NP, as shown in Fig. 3. In pSi NP devices, it can be seen
that the energy levels favor the exciton dissociation at the P3HT/NP interface. In the reference cell, for hole
conduction the energy band alignment between the HOMO level of P3HT and the anode is important and
the energy difference between CBpantyand Eanoge IS 1 €V. In pSi device, the difference between the VB esn)
and E¢(p) is 0.37 eV and this acts as intermediate level, providing an alternate pathway for the efficient hole
transport towards the anode. This additional pathway thus plays a major role in charge collection and is
reflected in the J-V curve as shown in Fig. 4, where the Jsc value increases about 35% with respect to the

reference device.

3.2.2. Charge transport layers

For the effective hole transportation in the device structure, MoOj3 layer has been provided. MoO; layer
allows hole tunneling when the thickness of the layer is less than 12 nm (Cheng et al., 2011). In this work,
10 nm MoOs; layer has been used and hence holes will tunnel through MoOs;. Additionally, the energy
difference among Eanode, EHTi @and E¢ (p) are considered in pSi NPs incorporated device. The energy barrier
between the hole transport layer and the hole collector is 0.9 eV (Eanode — Ent). With the addition of pSi
NPs, the energy barrier is reduced to 0.6 eV (Eanode — Ef(p)). This decrease in the energy barrier of about 0.3
eV can help the device for better charge collection leading to improved photovoltaic performance
parameters.

In this context, the electron transport has been enhanced in the reference structure due to the addition of
ZnO. This layer is of ~30 nm thickness and tunneling of electrons through this layer is not expected. Hence,
the additional interface for charge carrier transport is not available for current collection in nSi incorporated

devices, showing poor increment in Jsc values than pSi NPs incorporated devices.



The improved current collection has been further confirmed from the improved PL quenching of the

devices after the incorporation of NPs of either type specifically at lower concentrations, as shown in Fig.
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Fig. 6. Photoluminescence spectra of the active layer of devices with a) pSi NPs and b) nSi NPs.

6. PL quenching efficiency relates the amount of charge transferred from host material (P3HT) to the

incorporated material (NP or PCBM in our case). It has been observed that the incorporation of pSi NPs

has resulted in enhanced quenching for all the concentrations which has reflected in increased Jsc.

However, the nSi NPs showed enhanced quenching only at low concentration and at high concentration
PL quenching efficiency was reduced. Therefore, OPV devices with pSi NPs showed higher short-circuit

current for all concentrations compared to nSi NPs, where the current collection takes place only at low

concentrations. Next section discusses the effect of NP concentration on device performance.



3.2.3. Effect of Si NP concentration on PCE

The common trend observed during both the NPs incorporation in P3HT:PCs;BM devices is that, efficiency
increases when the NPs concentration is low and decreases with higher concentrations. Fig. 7a and 7b
shows the J-V curve for various concentrations of pSi NPs and nSi NPs that are incorporated into the OPV
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Fig. 7. J-V curves of devices incorporated with various concentrations of a) pSi NPs and b) nSi NPs

devices.

In pSi NPs incorporated devices, the Jsc increases for p0.5, p1.3 and then slowly comes down for p2.6 and
p3.6 (Fig. 8a). However, the mean Jsc values for all the pSi NPs incorporated devices lie above that of
reference device. Reason for Jsc improvement is seen in previous section. Variation of PCE, follows the
trend of Jsc (Fig. 8b). Open-circuit voltage (Voc) remains constant for all the blends (Fig. 8c). Nevertheless,
fill-factor (FF) reduces by half (Fig. 8d), when the concentration increases from Ref, p0.5, to p7.8, leading
to decrease in PCE even when Jsc is high. FF decrement is due to the appearance of S-shaped curves in
devices with high concentration of pSi NPs (Fig. 7).

In nSi devices, Jsc increases slightly for n0.5 and nl1.3 and falls off for n2.6, n3.9 and n7.8 (Fig. 9a). PCE
follows the trend of Jsc and a maximum of 3.13% is observed in this case (Fig. 9b). This can be seen from
the poor PL quenching efficiency by the nSi NPs, as discussed in Fig. 6b. Voc remains constant for these
devices also (Fig. 9¢). Unlike pSi devices, where the FF decreases drastically on addition of NPs, in case of

nSi devices, FF remains constant for low concentration devices and decreases drastically for n3.9 and n7.8

(Fig. 9d).



Decrease in FF for high concentration devices (in both pSi and nSi), can be due to the increase in the
roughness of the devices leading to mismatch between electrode and active material. pSi devices

experienced reduction in FF, even at low concentration. However, FF of nSi low concentration devices
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Fig. 8. Device parameters for pSi NPs incorporated devices. a) Jsc, b) PCE, ¢) Vocand d) FF. X-axis

represents the devices with different concentrations of pSi NPs and the reference device.

remains unvaried.



In pSi devices, the P3HT/NP interface can aid in exciton dissociation due to the optimum energy level
difference (CBpsHmy — CBsi = 1.15eV). During the exciton dissociation, electrons will move to the
conduction band edge of pSi NPs. These NPs are electron deficient and hence the dissociated electrons can
be trapped by pSi particles. This reduces the FF in pSi devices.

In case of P3HT/nSi NP interface, when the exciton dissociates, electrons will go to the conduction band
edge of nSi NPs. these NPs are rich in electrons and the electron from dissociation can float to cathode at
ease. This phenomenon explains the constant FF for devices — n0.5, n1.3 and n2.6.

Interface for exciton dissociation is provided by the donor/NP surface. However, the interpenetrating
network for the charge carrier transport will not be smooth as the particles will be randomly arranged. In
certain cases such as the use of nanowires and nanorods which are highly oriented can help in reducing the
effect of providing random pathways for charge transport (Finck and Schwartz, 2013; Wright and Uddin,
2012). In this study, the NPs used are obtained from the milling and the particles are of irregular shape (Fig.
1b). Hence the increase in NP concentration can result in reducing the dominantly active interface between
P3HT and PCsBM by hindering the charge transport due to shape factor. This in turn leads to
recombination of the dissociated excitons (Alsari et al., 2015). This can also be expected due to
recombination arising from the imbalanced charge extraction primarily due to difference in charge carrier
mobility between active material with and without NPs (Sun et al., 2016; Tremolet de Villers et al., 2009).
In accordance, the hole mobility of P3HT reduces due to the addition of pSi NPs, as can be seen from Fig.
S1. The morphology of the active layers with nano-sized grains is seen in the Fig. S2 for different
concentrations of the NPs. The devices show no significant change in the domain size and hence the
contribution of this factor in efficiency variation can be minimal. EQE spectra of the devices are shown in
Fig. S3 and the device parameters are given in Table S1. Improved current collection is observed throughout
the wavelength range, in case of pSi devices. This can be due to the improved current collection as

discussed earlier. EQE values of the nSi devices are poor when compared to that of pSi devices.
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Conclusions

In conclusion, it is observed that the addition of doped silicon nanoparticles in the P3HT:PC¢:BM solar cells
has effectively improved the device efficiency. The PCE enhancement is seen as a reflection of increased
current collection aided by the cascading energy levels of due to the added silicon NP. Utilising the n-type
and p-type NP dopants resulted in shift of fermi levels. In p-type silicon nanoparticles the fermi energy level
was well aligned with the band structure of the base P3HT:PCsBM device resulting improved charge
collection leading higher Jsc and overall efficiency of about 3.46% which translates to more than 21% as
compared to reference device. Moreover, n-type Si nanoparticle has shown an efficiency increment of about
10%. Hence, the addition of nanoparticle has to be designed by tuning the energy levels which can be
achieved by doping and mixing with optimized weight ratios in addition to reducing the size of NPs.
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Highlights

e Adding doped Si nanoparticles in P3HT:PCg;BM solar cells improves device efficiency
e Fermi levels of Si, aligning with P3HT and PCs;BM enhances current collection

e 35% improvement in Js due to p-type Si NP addition

e Minimal concentration of Si nanoparticle resulted in maximum efficiency

e Other than particle size reduction, band aligning can also be performed by doping
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