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Abstract Poly (3-hexylthiophene) (P3HT) and phenyl-
C61-butyric acid methyl ester (PCBM) are commonly
used for the fabrication of organic photovoltaics (OPV).
Efficiency limitations of OPVs could be circumvented
by incorporation of inorganic nanostructures into organ-
ic blends. Again, integration of organic solar cells with
well-developed silicon photovoltaic technology is ulti-
mately desirable. In the present work, GaN nanowires
with diameters of 25–50 nm and two lengths (200 and
500 nm) have been grown using molecular beam epi-
taxy technique. Solar-grade monocrystalline silicon wa-
fers were used as substrates for nanowire synthesis. GaN
nanostructures were incorporated into P3HT:PCBM
photoactive layer in order to facilitate charge transfer
between P3HT:PCBM and Si. Samples with and with-
out nanowires were compared. Addition of nanowires
led to the improvement in photovoltaic performance.
Open circuit voltage has risen by 72% and short circuit
current density by 200%. Series resistance has decreased

50 times, and power conversion efficiency has risen
20.7 times. Additional maxima are found in photocur-
rent spectrum corresponding to carriers being generated
near GaN absorption edge. Moreover, external quantum
efficiency peaks near GaN absorption edge, indicating
the formation of current transfer channel via
P3HT/GaN/Si cascade heterojunction. Mechanism
explaining source of abovementioned improvement is
proposed.
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Introduction

Application of inorganic materials as photo electrodes in
organic solar cells has attracted significant interest since
they potentially improve the performance of such solar
cells (Zhang and Liu 2019). Most of the modern organic
solar cells are based on bulk heterojunction (BHJ) where
donor and acceptor materials are intermixed on nanoscale
(Yu et al. 1995). Charge transport inside BHJ remains one
of the main challenges for organic photovoltaics, causing
current density bottleneck and degraded performance
(Holliday et al. 2017). Organic solar cell improvement
using carbon nanotubes (Feng et al. 2013), inorganic
nanostructures (Arici et al. 2003; Mcdonald et al. 2005;
Choudhury et al. 2005; Hau et al. 2008; Kwak et al. 2009;
Oh et al. 2013), metal nanorods (Kim et al. 2011), and
inorganic nanowires (Wang et al. 2011; Davenas et al.
2012; Das et al. 2011) has been reported in literature.
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Nanowires used as an acceptor material in bulk
heterojunction provide high junction area as well as un-
interrupted conductive channels that ensure the efficient
collection of carriers generated in the device (Kannan
et al. 2003; Hoppe and Sariciftci 2006). Additionally,
structures with mutually aligned nanowires synthesized
directly on silicon could be used as an intermediate layer
in multijunction solar cells, combining organic excitonic
solar cells with conventional silicon photovoltaics, if the
method for efficient charge transfer between organic
heterojunction and silicon could be identified.

Despite large amount of works discussing ways of
improving thiophene-based solar cells, there are little
reports on P3HT/GaN system. This field was
established by works exploring electrical behavior of
P3HT/GaN interfaces (Park et al. 2009; Kumar et al.
2013), and others report organic structures with GaN
nanoparticles synthesized by sol-gel method (Feng et al.
2013) and hybrid vapor phase epitaxy grown GaN
quantum dots (Kim et al. 2013). A more recent paper
byNoh et al. (2017) discusses photovoltaic performance
of P3HT layers deposited on planar GaN. Still to date,
reports discussing thiophene-based photovoltaics with
GaN nanowire acceptors are scarce, despite the fact that
techniques of GaN nanowire growth are well-devel-
oped. Authors are convinced that the presented results
will deepen our understanding of physical processes
occurring in P3HT/GaN photovoltaic system.

In this paper, we report on the fabrication and char-
acterization of P3HT:PCBM/GaN nanowires/Si (BHJ/
GaN NWs/Si) hybrid organic-inorganic films consisting
from a structure of vertical monocrystalline GaN nano-
wires (GaN NWs) grown on silicon substrate and em-
bedded in P3HT:PCBM blend (Fig. 1). Theoretical
alignment of energy levels (Park et al. 2009;
Pyrgotakis 2014) seen in Fig. 8b shows that
P3HT:PCBM/GaN NWs form a cascade type II
heterojunction, which permits efficient exciton dissoci-
ation and transport through BHJ (Fig. 1b). Generated
current is then transferred to the silicon substrate
through the GaN/SixNy/Si interface.

Experimental

Samples studied in this work were obtained by spinning
of P3HT:PCBM films onto the following inorganic
acceptor structures: n and p-type silicon (no nanowires,
organic film thickness of 200 nm), 500 nm GaN

nanowires grown on n- and p-type silicon, and 200 nm
GaN nanowires on n-type Si. In all cases, silicon sub-
strate resistance was ~1 Ω cm and thickness was
380 μm.

Fabrication procedure of the structures is shown in
Fig. 2. First, after silicon oxide desorption inside the
growth chamber, ~2 nm thick silicon nitride nucleation
layer was formed on the Si (111) surface by its exposure
to nitrogen plasma for 15 min at 750 °C (Wierzbicka
et al. 2013). The silicon nitride layer is sufficiently thin
to allow the flow of electric current through the GaN/Si
interface. This stage was also completed for samples
with no nanowires to correctly model charge transfer
conditions through the P3HT:PCBM/Si interface of
samples after GaN NW growth. After nucleation, self-
assembled NW growth was conducted by plasma-
assisted molecular beam epitaxy (PAMBE) under N-
rich conditions at 785 °C (Fig. 2b). On this stage area,
the distribution of nanowires and thus the period of NW
structure is determined by controlling substrate temper-
ature and Ga flux. GaN nanowires were n-type doped
with Si. Charge carrier concentration in the nanowires
was estimated to be 5 × 1018 cm−3 basing on the cali-
bration of the Si flux on reference planar GaN samples.
Nanowire length is controlled by growth time. Details of
PAMBE growth procedure can be found elsewhere
(Borysiuk et al. 2014; Sobanska et al. 2016; Korona
et al. 2014).

Regioregular P3HT with an average molecular
weight of 54,000–75,000 g/mol was mixed with
PCBM in chloroform solution in concentrations
15 mg/ml for P3HT and 10 mg/ml for PCBM.
Both materials of electronic purity were purchased
from Sigma-Aldrich. Blend was mixed for 24 h at
40 °C and then cooled to room temperature and
filtered through the 0.45 μm syringe filter.
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Fig. 1 Schematic drawing of a hybrid structure cross-section
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Inorganic acceptors were spin-coated with organic
blend at 2000 RPM for 30 s (Fig. 2c). This pro-
duced thin films with a thickness of 200 nm for
given precursor viscosity. Devices were annealed
on a hot plate at 150 °C for 15 min. All steps
involving organic blend preparation were conduct-
ed in dry argon atmosphere. Finally, electrical
contacts were deposited using RF sputtering tech-
nique on Quorum Technologies Q150T equipment.
The 2 × 2 mm rectangular golden contacts with
20% measured transparency were deposited on
polymer surface (Fig. 2d). Thick Al film was used
as bottom contact to Si. In order to gather suffi-
cient statistics, at least four samples were prepared
for every variant of studied structure, each of them
housing minimum four individual solar cells. Mea-
surement results shown in this contribution were
averaged from obtained massive data.

Photocurrent spectroscopy (PCS) measurements
were performed in the spectral range from 300 to
1400 nm (1.24–4.2 eV) using the light of the tungsten
lamp passing through the monochromator. The current
was measured in a short circuit mode (Isc) with a
Keithley picoammeter, so the Isc spectra, i.e., the short-
circuit photocurrent vs. light wavelength dependence,
were registered. Since the spectral power of light, P(hv)

was measured; it was possible to determine the external
quantum efficiency,

EQE hνð Þ ¼ hνI sc hνð Þ
eP hνð Þ ð1Þ

where hν is incident photon energy, Isc is the photocur-
rent measured in short circuit mode, and e is the ele-
mentary charge. The spectra were obtained using a
tungsten lamp that has maximum power in infrared at
about 1 eV. Since the light was filtered by monochro-
mator, the light intensity was low; it was of the order of
1% of AM1.5. Therefore, the external quantum efficien-
cy (EQE) spectra, especially for samples with high
leakage current, can be underrated. In such case, photo-
current integrated over the spectrum can differ com-
pared to photocurrent generated by simulated sun
radiation.

The device J-V characteristics under simulated solar
spectrum were measured using PEQUEST solar simu-
lator equipped with RERA Solution station with Tracer
2 software package, Keithley 2601A measure unit, and
LOT Oriel 300 watt Xe light source with AM1.5 filter,
calibrated at 1000 W cm−2 irradiance using standard
silicon reference cell.
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Fig. 2 Schematic diagrams of
BHJ/GaN NWs/Si fabrication
process: a creation of silicon ni-
tride layer for nanowire nucle-
ation; b nanowire growth; c spin-
coating with organic blend and
annealing; d contact deposition
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Photovoltaic performance parameters of hybrid films
were obtained from J-V dependences. Series and shunt
resistances were extracted bymanual fitting with Shock-
ley diode equation:

J ¼ Jph−J 0 exp
q V þ JRsð Þ

nkBT

� �
−1

� �
−
V þ JRs

Rsh
ð2Þ

where Jph is the photocurrent density, J0 is the diode satura-
tion current, Rsis the series resistance, Rsh is the shunt resis-
tance,q is the electroncharge,n is the ideality factor, kB is the
Boltzmann constant, and T is the absolute temperature.

The ideality factor was extracted from semi-
logarithmic J-V plots. First, curve slope was determined
in the 0.4–0.5 V voltage range using the equation:

m ¼ dlogJ
dV

ð3Þ

from where the ideality factor was calculated using the
relationship (Schroder 2009):

n ¼ q
2:3mkBT

ð4Þ

Scanning electron microscopy (SEM) characteriza-
tion of nanowires was performed using Hitachi SU-70
field emission scanning electron microscope. The EDX
system is equipped with Thermo Scientific UltraDry
EDX Detector and Noran System Seven software. The
signal from secondary electron detector was used to
obtain top view and cross-sectional images of the as-
grown nanowires. In order to determine their elemental
composition, individual nanowires were detached from
the Si substrate and dispersed on a holey carbon film on
a 300 mesh copper grid. To efficiently excite the X-ray
line with an electron beam, critical ionization energy of
the element of interest must be exceeded by a factor of
1.5–3. Hence recording of Ga line at 9.241 keV required
accelerating voltage of at least 15 kV. Atomic concen-
trations of nitrogen, gallium, and dopant silicon were
calculated from the collected X-ray spectrum. Measure-
ments were performed in field-free mode.

Results and discussion

Figure 3 shows scanning electron microscope images of
the GaN NWs morphology. As seen, PAMBE growth
results in vertically aligned nanowires. Figure 3a and b
show cross-sectional images of NW with lengths of
500 nm and 200 nm, respectively. Figure 3c illustrates

typical distribution of nanowires on the substrate surface.
Nanowire diameters fall in the 25–50 nm range. The
period of nano-patterned interface is defined as an average
distance between nanowires and it equals to 60–65 nm as
measured by the ImageJ software from plane view SEM
images. Figure 3d shows the cross-section of a finished
500 nm thick structure. Organic blend covers a whole
stack of nanowires, including nanowire side walls and
reaches the silicon surface. Outstretched lumps of polymer
closer to the top of the layer appear due to bad cleavage of
the polymer foil. The top of structure is coated with golden
electrode which forms continuous film.

Furthermore, nanowires were dispersed onto copper
mesh and studied by EDX spectroscopy (Fig. 4a). Clear-
ly distinguishable gallium (1.098 KeVand 9.241 KeV),
nitrogen (0.392 KeV), and silicon (1.739 KeV) pikes
could be seen in X-ray spectrum on Fig. 4b. Quantitative
analysis gives proportion of atomic concentrations
Ga:N:Si = 65.5:34:0.8%. However, spectrum collected
at 15 keV could miss nitrogen, because of low atomic
number of that element.

Figure 5a presents current density-voltage character-
istics of films containing no GaN NWs. Parameters
extracted from J-V curves are collected in Table 1. It is
instantly obvious that the net performance of the struc-
ture depends on the conductivity type of silicon sub-
strate. The inferior performance achieved on p-type
silicon substrates can be explained by assumption that
junction between P3HT and silicon is of Schottky type.
Consequently, direction of the current through P3HT/Si
interface depends on silicon conductivity type. Specifi-
cally, in the case of films fabricated on n-type silicon, the
direction of photocurrent contributed by P3HT/Si inter-
face is the same as total photocurrent generated in the
structure. Situation is opposite for films deposited on p-
Si. Moreover, photocurrent spectrum for BHJ/p-Si
structure (Fig. 5b) shows negative current (dotted line)
at incident photon energy range corresponding to the
situation when only BHJ/Si interface is activated as
organic film is transparent for photons below 1.9 eV.
To explain such behavior one can present structures total
photocurrent by sum of its components:

J total ¼ JBHJ þ JBHJ=Si ð5Þ

where JBHJ represents current originating from
photoactivation and excitons separation on P3HT:PCBM
bukl heterojunction, and JBHJ/Si is the current generated
when organic blends interface with silicon substrate is
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activated. Notably, JBHJ approaches zero for energies be-
low 1.9 eV because organic film is transparent for low
energy photons. JBHJ/Si > 0 for n-Si resulting in photocur-
rent maximum seen near silicon absorption edge (Fig. 5b).
JBHJ/Si < 0 for p-Si giving negative net current for lower
energies and positive but lower current for higher energies
where JBHJ component becomes relevant.

Next, silicon substrates were replaced by silicon with
grown GaN nanowires. J-V and PCS characterization
results are shown on Fig. 6. BHJ/200 nm, GaN NWs/n-
Si, and BHJ/n-Si films have the same photoactive layer
thickness and thus can be compared directly. The BHJ/
200 nm GaN NWs/n-Si structure demonstrated Voc =
0.5 V, Jsc = 1.48 mA.cm−2, and FF = 39%. Addition of

200 nm

200 nm

a

200 nm

200 nm

c

b

d

Fig. 3 SEM images of GaN
NWs: a and b cross-sectional
view of 500 and 200 nm long
nanowires, c plane view showing
typical nanowire density, d cross-
sectional image of finished
structure

Element symbol Atom % Error % 

Ga 65.2 0.3 

N 34 0.8 

Si 0.8 0.1 

a b 

Fig. 4 EDX characterization results of GaN nanowires at accel-
erating voltage of 15 kV; a SEM image of dispersed nanowires
acquired using secondary electron detector. White rectangle marks

the area from which EDX signal was collected. b X-ray spectrum
of GaN nanowires with distinguishable Ga, N, and Si pikes.
Quantitative data is shown in the table
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nanowires to the BHJ/Si interface led to the improve-
ment of all photovoltaic performance parameters
(Table 1). Open circuit voltage has risen by 72%, short
circuit current density by 200%, and FF by 3.9 times.
Significant impact has addition of GaN nanowires on
series and shunt resistances of the structure. Specifically,
50 times decrease in Rs together with 5.8 times rise in
Rsh was observed. PCE of BHJ/200 nmGaNNW/n-Si is
0.29% what constitutes 20.7 times increase vs. similar
structure without GaN NWs. For comparison, results
reported by Kim et al. (2013) for P3HT/GaN quantum
dots hybrid heterojunction show: Voc = 0.16 V, Jsc =
3.6 mA.cm−2, and FF = 25%, respectively.

Improvement in structures performance is probably
caused by better charge separation and collection condi-
tions in the presence of nanowires. Especially important
role nanowires play in transferring photocarriers from BHJ
to silicon substrate. Larger FF value shows that nanowires
enhance electrical conductivity of organic bulk
heterojunction in vertical direction. Still, Rs of 200 nm
GaN structure equals hundreds of ohms which is a large
value compared to single ohm state-of-the-art solar cells.
High Rs is probably caused by high resistance of interface
of active layers with silicon. Even after Rs is decreased due
to application of GaN nanowires, resistance of whole

380 μm thick silicon substrate itself contributes to series
resistance of hybrid junction resulting in resistance higher
than that of a typical thin-film solar cell.

Comparison of J-V characteristics of BHJ/200 nm
GaN NWs/n-Si and BHJ/500 nm GaN NWs/n-Si
(Fig. 6a) gives the information about dependence of film
properties on BHJ layer thickness. Although, 500 nm
thick film demonstrates better Jsc, its open circuit volt-
age, fill factor, and Rs are inferior, due to losses on
higher series resistance of 500 nm film outmatching
gain from increased light absorption in thicker polymer
layer. As in the case of BHJ/p-Si film, performance of
BHJ/500 nm GaN NW/p-Si is inferior due to similar
reasons. Equation 5 is similar for the structures with
nanowires with additional photocurrent component
JBHJ/GaN, generated by illuminated BHJ/GaN interface.

J total ¼ JBHJ þ JBHJ=Si þ JBHJ=GaN ð6Þ

In voltage range 1–1.9 eV structure behaves similarly
to pure blends on silicon. After P3HT absorption edge
the photocurrent becomes equal, without difference as-
sociated with silicon conduction type. We assume that
photoelectrons from excited P3HT are mostly trans-
ferred to GaN. There is a tunnel junction on n-Si/
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Fig. 5 a J-V plot for the illuminated pure BHJ layers deposited directly on n- and p-Si substrates. b Photocurrent spectra of the same
structures. Marked red with red square is a negative current generated by BHJ/p-Si structure in 1.1–1.4 V range (color online)

Table 1 Performance parameters of hybrid films

Hybrid structure Voc[V] Jsc[mA.cm
−2] FF[%] Rs[Ω] Rsh[kΩ] n PCE [%]

BHJ/n-Si (200 nm) 0.29 0.49 10 1.7 × 104 1429 2.61 0.014

BHJ/p-Si (200 nm) 0.3 0.28 11 2.2 × 104 625 2.98 0.01

BHJ/200 nm GaN NWs /n-Si 0.5 1.48 39 345 8265 1.26 0.29

BHJ/500 nm GaN NWs/n-Si 0.46 2.37 24 769 350 1.99 0.26

BHJ/500 nm GaN NWs/p-Si 0.31 0.61 29 1515 1639 1.58 0.06
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Si3N4/GaN interface (band diagram in Fig. 8b) which
does not have rectifying behavior. Lastly, a distinct
photocurrent pike is seen at GaN absorption edge.

External quantum efficiency spectra calculated from the
PCS data are plotted in Fig. 7. BHJ/n-Si curve shows EQE
maxima at Si and P3HT absorption edges. BHJ/p-Si plot
confirms low efficiency of BHJ/p-Si interface in
photoexciton separation. Particularly interesting are the
efficiencies of BHJ/GaN NWs/Si films which show in-
crease towards higher energies of incident light reaching
maximum value of EQE= 0.32 at GaN absorption edge.
The presence of this peak proves high efficiency of elec-
tron extraction from organic blend by GaN NWs. EQE of
the component of photocurrent seen in the vicinity of
silicon absorption edge in Fig. 5b is weak, so we conclude
that the main contributors to photocurrent in the BHJ/GaN

NWs/Si architecture are P3HT:PCBM blend and GaN
nanowires. This finding demonstrates the high potential
of crystalline GaN nanowires to enhance the efficiency of
charge carrier separation and collection, essential for pho-
tovoltaic application. Further studies are necessary to de-
termine the optimal hybrid film thickness and nanowire
period for BHJ/GaN NWs/n-Si structure.

Basing on experimental observations presented above,
we propose a mechanism explaining charge transfer in the
BHJ/GaN NWs/Si cascade heterojunction. The mecha-
nism is schematically illustrated in Fig. 8a and correspond-
ing theoretical band diagram in Fig. 8b. Strongly bound
excitons are being created during incident photon absorp-
tion by P3HT molecule. The excitons generated inside the
cylindrical volume around the nanowire defined by exciton
diffusion length have a higher chance of being dissociated
on the P3HT/GaN NWs interface and use favorable band
alignment P3HT:PCBM:GaN. Resulting photocurrent
component is marked as “a”. Excitons originating from
outside this volume are dissociated by the P3HT:PCBM
blend and then PCBMpasses electron to GaN (component
a’).Which of these two processes, a or a’, is more efficient
in charge carrier generation would depend on nanowire
structure period.Whenever the charge transfer is a result of
a or a’ process, after electron reaches GaN it is conducted
through the nanowire b and collected by the Si substrate.
Photocurrent component c is a result of electron generation
in P3HT, its transfer first to PCBM and then to Si. Com-
ponents a, a’, b, and c together give current JBHJ in eq. 6.
Electrons generated inside volume adjacent to region of the
P3HT/Si Schottky junction are pushed towards cathode,
while holes are injected from Si into organic blend giving
current c’ (JBHJ/Si in eq. 6). Electrons injected into organic
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Fig. 6 a Illuminated J-V plots for hybrid structures with GaNNWs. b Photocurrent spectra of BHJ/500 nmGaNNW/n-Si and BHJ/500 nm
GaN NW/p-Si (color online)
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Fig. 7 Comparison of EQE spectra for hybrid structures with and
without GaN nanowires deposited on n- and p-Si substrates (color
online)
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blend fromGaN result in current d (JBHJ/GaN in eq. 6). It is
worth noticing that this mechanism also explains behavior
of BHJ/Si structures without nanowires. In this case, cur-
rents a, a’, b, and d are equal to zero.

The mechanism depicted in Fig. 8 is very useful for
understanding PCS data Fig. 6b and 7b. Difference in
photocurrent between BHJ/n-Si and BHJ/p-Si structures
can be explained by assuming that for BHJ/n-Si film
currents c and c’ have the same sign, while for BHJ/p-Si,
these currents signs are opposite. Difference in photocurrent
near Si absorption edge for the BHJ/500 nm GaN NWs/n-
Si and the BHJ/500 nmGaNNWs/p-Si shown in Fig. 6b is
also easily explained by switching direction of the P3HT/Si
junction when Si substrate doping type is changed. It is
evident from this mechanism that a and a’ currents are
almost unaffected by Si substrate conductivity type. This
claim is supported by equal photocurrent values exhibited
by both structures near P3HT absorption edge in Fig. 6b.
These findings prove that P3HT:PCBM/GaN NW system
has high potential for construction of multijunction solar
cells with silicon-based cell as a bottom part.

Conclusions

In conclusion, we have examined photovoltaic structures
with a P3HT:PCBM/GaN NWs/Si hybrid heterojunction.
Structures were created by spin-coating of P3HT:PCBM
organic blend ontoGaNnanowire structures synthesized on
solar-grade silicon by molecular beam epitaxy. We have

found that the incorporation of GaN nanowires into organic
blend/silicon interface greatly enhances photovoltaic per-
formance of a structure by facilitating efficient charge
transfer between organic film and the substrate. Open cir-
cuit voltage was enhanced by 72%, short circuit current
density by 200%, and FF by 3.9 times. PCE have increased
20.7 times compared to similar structure without GaN
NWs. GaN nanowires also significantly reduced Rs of the
hybrid film. EQE spectrum of cascade heterojunction
shows increase towards wavelengths of incident light cor-
responding to GaN absorption edge, with maximum value
of EQE= 0.32. Qualitative mechanism explaining charge
transfer in hybrid structure is proposed. Authors hope these
results are interesting in terms of designing hybrid multi-
layer structures with nanostructured heterojunction.
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Fig. 8 a Mechanism explaining electric current generation pro-
cesses in BHJ/GaN NWs/Si cascade junction. Following photo-
current components are contributed by respective interfaces: a
P3HT/GaNNWinterface and a’ by P3HT:PCBMblend. b electron

transport through GaN NW. c photoexcitation of P3HT:PCBM
interface and electron transfer to the silicon; c’ hole injection from
silicon to organic blend. d hole injection from GaN. b Theoretical
energy level diagram

J Nanopart Res (2020) 22: 8484 Page 8 of 9

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party
material in this article are included in the article's Creative Com-
mons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article's Creative Com-
mons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of
this licence, visit http://creativecommons.org/licenses/by/4.0/.
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