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In the present study, we analyze the effect of active (organic) layer thickness on the optical and electrical properties of
poly 3-hexylthiophene/n-silicon hybrid hetero-structure. The organic/inorganic sandwiched heterojunction have been
prepared via spin-coating of poly 3-hexylthiophene film onto an oxide passivated Si substrate at room temperature. The
device structure has been fabricated via depositing silver and aluminum contacts on Poly 3-hexylthiophene and n-silicon
layers, respectively. The optical and electrical properties of the fabricated heterostructures have been examined by varying
the active layer thickness from 50 to 120 nm. Photoluminescence measurements displayed a sharp intense peak at
578 nm corresponding to characteristic poly 3-hexylthiophene band-to-band transition. Enhancement in forward current and
reduction in leakage current was observed with increased active layer thickness. It has been observed that employing an
active layer thickness of 100 nm, the device produces enhanced forward currents with low leakage currents which leads to
the formation of high quality heterojunction and demonstrates better performance of the device.
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1 Introduction

A hybrid heterostructure is a unique combination
of using good electrical properties of inorganic
materials with the film-forming properties of organic
polymers. Organic-inorganic heterostructures (OIH)
can adapt the merits of inorganic materials' (stability,
high carrier mobility and absorption up to infrared
etc) and exploit the advantages of organic materials
(enhanced light absorption, adjustable molecular
structures, facile solution processability, high hole
mobility etc) for better performance of the device’.
Fabrication of OIH helps in the development of cost
effective flexible electronics, optoelectronics and
photovoltaics which offer a new class of
semiconductor devices having prospective application
indevicetechnology®. In recent years, conjugated
polymer—inorganic hybrid systems attracted extensive
attention*”. Even though the power conversion
efficiencies of the OIH remains low, the trend of
efficiency increases in these cells is still apparent
indicating another exciting prospect to achieve cost
effective energy. Of these organic polymers,
polythiophenes and their derivatives are an important
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class of conjugated polymers for range of
optoelectronic applications'*'>. However, the most
important aspect of OIH is the interface formation
between the organic and inorganic materials which
need to be explored further. The key challenges like
optimum thickness of the organic active layer in OIH
and the current transport mechanism were important
issues which needs to be addressed. A thicker active
layer can help to absorb more light, but it may be
inefficient for charge transport and collection
whereas, very thin layers can hamper the carrier
generation and lead to high carrier recombination.
Even though exciton diffusion length is shorter in
polymers, to absorb sufficient amount of light for
efficient photo carrier generation, the thickness of the
active layer should be near to the absorption depth of
the respective polymers. The main challenge that arises
in fabricating the devices based on the OIH is the
limitation of interfacial donor-acceptor (DA) area by
the surface of the distinct polymer—inorganic interface.
Silicon, due to its high carrier mobility, can be used
as an inorganic acceptor. In order to compensate the
low charge mobility of the organic materials when
compared with inorganic materials, polymer with high
absorption coefficient is required to produce more
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charge carriers and increase the device performance.
Owing to its high absorption coefficient (10° cm™) in
visible spectra'® and high charge carrier mobility'”'®
(10" em® V's™), poly (3-hexylthiophene) being a hole
conducting polymer, can be used as an organic
donor. Highly regio-regular poly 3-hexylthiopheneis
relatively easy to synthesize and process, relatively
stable, making it cost friendly for optoelectronic
device applications'’.

As for the analysis of OIH, extensive research was
being carried out in the field of hybrid
heterostructures because of its many advantages.
Oyama et al. investigated a heterojunction of
pentacene and n-silicon”. They examined the diode
characteristics to clarify current conduction
mechanism at the junction in OIH. In spite of many
advantages of hybrid heterostructures, the reported
hybrid device performances are still low. The
optical absorptivity, which plays a significant role in
governing the device performance, greatly depends on
the thickness of the hybrid active layer. Even
though the poly 3-hexylthiophene /n-silicon diode
Capacitance-Voltage and Current-Voltage measurements
were reported by many groups®'? the substantial
effect of active layer thickness on the charge transport
phenomenon at organic/inorganic interface was yet to
be explored in detail”. Xu et al. mentioned that the
thickness of the layer for bulk heterojunction should
be in between® 100 to 300 nm, but the study of
thickness in bilayer heterostructure is still not
premeditated yet. Wang et al. investigated the poly 3-
hexylthiophene /n-silicon hybrid heterostructures via
optical simulation using finite difference time domain
(FDTD) method to understand the photocurrents in
the device but the devices were not fabricated
physically®.

In this work, we have performed analysis of
optical and electrical properties of a bilayer OIH of
poly 3-hexylthiophene /n-silicon, fabricated via
spin coating at varying organic layer thickness. Poly
3-hexylthiophene was used as light absorbing and
hole transport layer while silicon was employed as an
electron transport layer in the heterostructure. The
performance of the heterostructure was systematically
investigated under light and dark conditions. The
device parameters were calculated, compared and
discussed.

2 Experimental Procedure
To fabricate poly 3-hexylthiophene /n-silicons and
heterostructure, cleaned silicon (111) samples (n-type,

Ph-doped, resistivity 10-20 Q-cm, size ~ 8 x 8 mm?)
with a thickness of 325 +25 um were used. The
silicon wafer was chemically pre-cleaned using
modified Shiraki process®. Subsequently, wafers
were etched in 5% HF solution for 5 min in order to
eliminate the native oxide and finally rinsed
with deionized water for 30 s. The solution of poly
3-hexylthiophene was prepared by taking 10 mg of
poly 3-hexylthiophenedissolved in 1 mL 1-2-
dichlorobenzene solution. The 50, 80, 100 and 120
(£2) nm thin P3HT films were spin coated onto the
surface of silicon substrate and dried at room
temperature (RT). The metallic contacts were
fabricated by thermally evaporating silver and
aluminum metals through a shadow mask on the top
and bottom of the substrate in the vacuum system
operating at a pressure of 4x10° Torr. The thickness
of the silver and aluminum metals was kept to ~150
(£5) nm each.

The poly 3-hexylthiophene /n-silicon (OIH)
structures having dimensions of 0.8 x 0.8 cm’
with silver and aluminum contacts were fabricated.
The schematics of fabricated P3HT/n-silicon
heterojunction device was depicted in Fig. 1. The
current-voltage (I-V) measurement of the device was
performed in dark and light (100 mW/cm?) conditions
with the help of a computer controlled Keithley
2420 source meter. The photoluminescence (PL)
spectra of the samples were recorded by light
excitation of 450 nm from Fluorolog (JobinYuon
Horiba) setup using a Xenon lamp.

3 Results and Discussion

The photoluminescence (PL) response of the
P3HT/n-silicon heterostructure with varying active
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Fig. 1 — Schematics of P3HT/n-Si heterostructure with silver (Ag)
and aluminum (Al) contacts.
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layer thickness is shown in Fig. 2. The OIH displayed
an intense peak at 578 nm corresponding to P3HT
layer. The shoulder peak around 625 nm was
attributed to the m—m* transition associated with
P3HT. The intensity of the characteristic peak
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Fig. 2 — Photoluminescence (PL) spectrum of fabricated P3HT/n-Si
heterostructure with different active layer thickness.
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increased with active layer (P3HT) thickness. No
other changes were perceived in PL spectra (except
the change in the intensity) with the variation in active
layer thickness. The increment in PL intensity can be
correlated to the absorption of photons. Due to the
high absorption coefficient of P3HT, as the thickness
of the active layer increases, it absorbs more photons
thereby producing more charge carriers leading to
increase in intensity of the PL spectra. The raise in
intensity can elucidate that the generation of photo
carriers was higher for higher active layer thickness,
i.e., at 120 nm.

The current-voltage (I-V) characteristics of the
fabricated OIH structure (in dark and light conditions)
are shown in Fig. 3. At room temperature, the V-I
characteristics of P3HT/n-silicon heterostructure in
the dark condition (Fig. 3(a)) were nonlinear,
asymmetric and demonstrated a rectifying behaviour.
The leakage currents were small and observed to be in
the range of ~107- 10® A. The low value of leakage
current indicates that the leakage pathways were short
and validates the formation of better P3HT/Si
interface. The short leakage pathways specifies that
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Fig. 3 — (a) Dark and (b) light |-V characteristics of the device based on P3HT/n-Si heterostructure at 50 nm, 80 nm, 100 nm and 120 nm

thicknesses of the organic P3HT layer.
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the recombination of holes and electrons is low,
which helps in increasing the effective charge
transport of the carriers from the donor region to
interface and accept or region to metallic contact. The
rectifying behaviour strongly depends on series
resistance and interface states. Lower the interface
density and the series resistance, greater is the range
over which I-V curve yields a straight line. In the dark
I-V characteristics (Fig. 3(a)), the OIH having organic
layer thickness of 100 nm displayed enhanced
forward current of 38 mA, followed by 24.9 mA for
120 nm thick active layer. However, a slight
difference in forward current between 50 and 80 nm
organic layer thicknesses was also observed to be 18.9
mA and 16.2 mA, respectively, where the OIH having
active layer thickness of 50 nm displayed slightly
higher forward current than organic layer having 80
nm thicknesses.

Under the light conditions (Fig. 3(b)), the OIH with
100 nm thickness produced highest forward current of
62 mA followed by 35, 28.87, 26.11 mA for 120, 80
and 50 nm active layer thicknesses, respectively. We
can observe an increase in forward current for 100 nm
thick layer was more than two times when compared
with 50 nm. This can be attributed to the fact that the
effective area of organic layer in which the charge
generation, separation and transfer takes place, was
increased with thickness. As the photon absorption
takes place, the charge carriers were generated in the
form of electron-hole (E-H) pair in active layer. The
pair gets separated near the P3HT/Si interface. The
difference in electron affinity of P3HT and Si are
enough for producing necessary energy for splitting of
the E-H pair. The holes travel to the anode through
P3HT while electrons to the cathode through Si as
shown in Fig. 3(c). The increase in effective area
(which is due to thickness variation) helps in the
generation and transportation of more charge carriers
and thereby led to high forward currents. However,
the declination in forward current at 120 nm thickness
may be ascribed to increased charge -carrier
recombination at higher thickness. Due to the low
exciton diffusion length of the charge carriers in
conjugated polymers®*’, as the thickness goes
beyond 100 nm, the non-radiative recombination
may occur and lead to lower availability of charge
carriers. Further increasing the active layer thickness
beyond 100 nm will also lead to the reduction in
absorptivity and enhancement in reflectivity at this
wavelength region of 650 nm so thickness of 100 nm

acts as a cut-off thickness after which P3HT starts
acting as a non-absorbing dielectric shell which
drastically increases the optical absorption in the
substrate”. So proper choice of organic layer
thickness is highly required to enhance light
absorption in the device. The reverse bias currents of
100 nm and 80 nm were similar and the decrease was
further followed by 120 and 50 nm. So, an organic
layer thickness of 100 nm is proposed to be coated
onto the surface of silicon substrate to obtain
maximum optical absorption. But taking into account
the exciton diffusion length (approximately 10 nm),
this proposed thickness is much larger. A substantial
study was carried out by Paulus et al. regarding the
exciton diffusion length in which they presented
theoretical results supported by the experimental
outputs on nano- heterojunction organic solar cells.
Here for their device, they proposed that at a P3HT
photoactive layer thickness of 60 nm, their devices are
producing maximum photocurrents due to bulk
exciton sink in P3HT**!. So, by considering that the
exciton dissociation mechanism is similar for our
P3HT/ Si hybrid heterostructure as proposed by
Paulus et al., the active organic P3HT layer thickness
can be significantly increased beyond the exciton
diffusion length.

The enhancement of the forward current with
the active (organic) layer thickness can be explained
by the current rectification equation of a
Schottky ~ diode™®. The Schottky rectification
equation is given as:

v-18s

I=1I [exp[%]—l] .. (D
Where ¢ is the unit charge, n is the ideality factor, R
is the series resistance at unit area, K is the Boltzmann
constant, T is the absolute temperature, Sis the device
area and |, is the saturation current. According to the
thermionic emission theory, the saturation current (in
relation with Schottky barrier height) is defined by™*:

Is = SA™T?exp (- 222) (2

Where @5 is the Schottky barrier height, A~ is the
Richardson constant and equals to:

2
A = 4’";‘2‘ q .3

In case of Si, A" equals to 110 A/em’K*>.

The slope of the linear region of the forward bias in
|-V curve gives us the ideality factor (n) by using the
relation:
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q dv
We can clearly witness the shift in output current
with increasing thickness of the active layer, which is
due to increase in effective resistance of the structure.
With an increase in thickness of P3HT layer, there
is a gradual increase in the output current. The
reverse saturation current was obtained to be 3.5E-7,
5.9E-8, 2E-8 and 1.7 E-7A (under a bias of 5 V) for
organic layer thickness of 50, 80, 100 and 120 nm,
respectively. The OIH revealed lowest reverse
saturation current at 100 nm because the drift of
minority carriers (i.e., electrons from p-type and holes
from n-type) towards the depletion region is low at
this thickness. It is well known that the dark current in
a diode is dominated by majority carrier injection
(electron injection in N-type Si) into the metal anode.
So, the reduction in dark current is an evidence of
reduced electron current. At 120 nm, the reduced
forward current under dark condition is due to the
high carrier recombination at the heterojunction as
well as the increase in series resistance of the device.
Figure 4 shows the organic layer thickness
versus rectification ratio (Fig. 4(a)) and barrier height
(Fig. 4(b)). The rectification ratio (RR) is the ratio of
forward current to the reverse current at a particular
voltage. The RR values (at £5 V) were calculated
to be 12.6+0.63, 46.38+2.31, 508.33+25.4 and
69.16+3.46 for the thickness of 50, 80, 100 and
120 nm, respectively. The high RR value obtained for
100 nm indicates efficient charge injection through
the polymer under forward bias, and much less so
under reverse bias, thereby forming high quality
interface in OIH. A high RR value can be attributed to
two factors: one is that the silicon and P3HT are
displaying better transport properties with increasing
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thickness, consisting of high electron mobility®® and
hole mobility®’ to provide the charge carriers with a
direct electrical pathway™®*’ and other factor is the
formation of high quality P3HT/n-silicon interface in
the device.

The values of the ideality factor (n) were obtained
by using Eq. (4) and calculated to be 1.84, 1.81, 1.47
and 1.69 (£0.05). The obtained n values are higher
than unity. The presence of the ideality factor more
than unity indicates the generation of an interfacial
layer and interface states at the heterojunction. It is
also ascribed to the high value of series resistance (R;)
and interface states. It is associated with a relatively
large voltage drops at the interface. The deviation of
n from unity corresponds to recombination of
electrons and holes near the depletion region, and the
increase of the diffusion current due to increasing
applied voltage. It is evaluated that if n value is 1,
then the device is governed by diffusion currents, but
the n value greater than 2 corresponds to the
dominance of recombination current. The obtained
n value confirms the presence of both recombination
and diffusion currents in OIH. The ideality factor
decreased with increasing organic layer thickness.
At 100 nm, the device ideality factor is closer to
unity (ideal diode) which shows that OIH fabricated
at 100 nm is better among all the fabricated devices.

Figure 4(b) represents the potential barrier height
values with varying thickness of the organic layer.
The barrier heights were calculated by using Eq. (2)
and were found to be 0.82, 0.84, 0.78 and 0.82 eV (+2
meV) for layer thickness of 50, 80,100 and 120 nm,
respectively. The increase in barrier height of the OIH
is due to the interface between metal/semiconductor
passivated by P3HT organic layer surface. The

deposition of P3HT on n-silicon, lead to the
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Fig. 4 — (a) Organic layer thickness versus rectification ratio and (b) organic layer thickness versus voltage barrier height.
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Table 1 — Variation of series and shunt resistance with organic
layer thicknesses.

Thickness Series resistance Shunt resistance
(#2) (nm) (#8) () (£0.03) (k)
50 893 2.37
80 883 492
100 492 6.69
120 737 7.25

realignment of the highest occupied molecular orbital
and lowest unoccupied molecular orbital levels of the
organic semiconductor with the metal work function,
which affected the surface interaction. It leads to the
change in the electron affinity of the semiconductor
at the organic/inorganic interface and results an
increase in the barrier height.

In the organic donor polymers, non-radiative
decays will occur when excitons are bound towards
cathode, causing imbalance in charge carriers in the
donor layer. The imbalance in the charge carriers
directly affects the interface in OIH, as with increase
in the organic layer thickness the exciton generation
will be higher. So, due to high exciton generation,
more charge carriers move towards the barrier leading
to increased non-radiative recombination. Due to
weak Vanderwaal intermolecular bonding, organic
interfaces are formed with weakly interacting
boundaries and also due to active defects. It leads to
formation of interface with gap states. So increase in
thickness facilitates more gap states thereby resulting
in high recombination. Hence, this imbalance in the
number of charge carriers and the presence of defect
states, variation in mobile charge carriers in the donor
leads to shift in the barrier height.

It was observed that at higher voltage in forward
bias, the junction resistance approaches a constant
value, which is considered as series resistance (R;)
while in reverse bias the maximum value of junction
resistance is equal to diode shunt resistance (Ry,). In
general, Ry, arises from charge recombination at the
donor/acceptor (D/A) interface and surface current
leakage while Ry is affected by the bulk resistance of
the active layer and the contact resistance between the
active layer and the electrode. The values of series
and shunt resistances of the fabricated P3HT/n-silicon
devices are tabulated in Table 1. The R, of the OIH
was perceived to be minimal for the organic layer
thickness of 50 nm. For same value of current, the rise
in series resistance results in increase of the voltage
drop between the junction voltage and the terminal
voltage. In order to compensate this drop, reduction of

the terminal voltage takes place. The shunt resistance
values should be as high as possible for high terminal
current. In this case, Ry, is high for the active layer
thickness of 120 nm highlighting the increase in shunt
resistance with increasing thickness. However the
values of the R, and Ry, that we obtained lead to a
conclusion that at active layer thickness of 100 nm,
the device shows enhanced performance which is in
agreement with the |-V characteristics.

4 Conclusions

In summary, OIH of P3HT/n-silicon were
fabricated via spin-coating the P3HT layer with
a thickness varying from 50-120 nm. The
fabricatedP3HT/n-silicon ~ hybrid  heterojunction
displayed sharp rectifying properties. The forward
current in dark as well as light condition
was highest for OIH having organic layer thickness of
100 nm. The rectification ratio varied from 12-508 at
+5 V and revealed highest value (i.e., 508) for 100 nm
thickness of active layer. The device with 100 nm
active layer thickness yielded lowest reverse
saturation current with ideality factor of 1.47, which
indicates the formation of high quality interface and
better charge generation and transport in the device.
Variation of series and shunt resistance with layer
thickness was also analyzed which lied in
intermediate regime for 100 nm thick OIH. It can be
concluded that OIH having organic layer thickness of
100 nm forms better interface thereby producing
efficient device.
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