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Fabricated at < 100 °C
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Abstract — Solar cells based on a heterojunction between
crystalline silicon and the organic polymer PEDOT:PSS were
fabricated at temperatures < 100°C by spin-coating. The
Si/PEDOT interface blocks electrons in n-type silicon from
moving to an anode and functions as a low-temperature
alternative to diffused p-n junctions. Reverse recovery
measurements were used to show that current in the device is
primarily due to holes injected from the anode into the silicon. At
AM1.5, SI/PEDOT heterojunction solar cells achieve power
conversion efficiency (PCE) of 11.7%, which is among the highest
reported values for this class of devices.

1. INTRODUCTION

Hybrid photovoltaic devices, which combine inorganic and
organic materials, offer potential for high-efficiency, low-cost
photovoltaics. The Silicon/Organic Heterojunction (SOH), for
example, can be fabricated at <100°C using spin-coating as
opposed to conventional pn junctions, which require
temperatures >800°C [1-3]. SOH devices can substantially
reduce the cost of silicon photovoltaics while still reaching
high efficiency [4.,5]. Previously a Si/P3HT heterojunction
solar cell was demonstrated with 10% power conversion
efficiency [1]. In this paper we report an investigation of the
origin of dark current in Si/PEDOT:PSS devices, and
demonstrate a Si/PEDOT:PSS solar cell with an AM1.5 power
conversion efficiency of 11.7%.

Poly(3 4-ethylenedioxythiophene)  poly(styrenesulfonate),
or PEDOT:PSS is a commonly used organic which acts as a
heavily doped p-type semiconductor with a large bandgap of
~1.6 eV [6-12]. The structure of Si/PEDOT heterojunction
solar cell is shown in Fig. 1(a), and the electronic band
structure is shown in Fig. 1(b). Light enters from the top of the
cell, where the PEDOT:PSS is coated. As shown in Fig. 1(b),
the LUMO level of PEDOT is offset from the conduction band
of silicon. This forms a barrier to electron dark current (shown
by dashed red line in conduction band of Fig. 1(c)). Fig. 1(b)
also shows the HOMO level of PEDOT closely aligned with
the valence band of silicon, which allows holes in silicon to
flow into PEDOT unimpeded (shown by blue line in valence
band in Fig. 1(c)). The high work-function of the heavily-
doped PEDOT layer (~5.0 eV) creates a depletion region in
the n-type silicon which seperates photogenerated carriers.
These properties of the heterojunction lead to efficient
collection of photogenerated carriers and a reduced electron
dark current or J,, which leads to higher V.
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Fig. 1. (a) Physical structure and (b) electronic band alignment of
SOH device. (c¢) Band diagram of device under illumination with
positive bias. Dashed red lines indicate dark current, solid blue lines
represent photocurrent.

II. EXPERIMENTAL

PEDOT:PSS was purchased (Clevios PH1000) and 10%
w/w dimethyl sulfoxide (DMSO) was added for enhanced
conductivity [12]. The silicon wafers were cleaned using
standard RCA cleaning procedure. Si/PEDOT devices were
fabricated by spin-coating a 70-nm layer of PEDOT on 10"-
cm-doped n-type silicon wafers. Thermally evaporated silver
and aluminum contacts were deposited on the front and
backside of the wafer to form anode and cathode, respectively.
The anode (front side contact) was patterned by a shadow
mask to allow light to be absorbed in silicon (Fig. 1(a)). The
top metal grid covers ~ 10 % of the surface. The device size
was 4 mm x 4 mm.

Electrical measurement of the devices was performed with
an Agilent/Hewlett-Packard 4155 parameter analyzer. AM1.5
illumination from a xenon lamp solar simulator was used for
testing and was calibrated to 1000W/m” using a silicon



reference cell. A 4x4mm aperture was used to prevent
collection of laterally diffusing carriers.

II. RESULTS AND ANALYSIS
A. Current-Voltage Measurements

Figure 2 (a) presents the J-V characteristics for a Si/PEDOT
heterojunction cell under dark conditions. At 1.3 mA/cm’
forward current, and using an ideality factor of 1 we can
extract a saturation current J, to be 3.8 x 10", For comparison
Fig. 2(a) also presents the current expected for a metal/Si
Schottky barrier with a barrier height of ¢z = 0.8 eV, with a
saturation current given by:

9B
JO, electrons — A*Tz(e'ﬁ) (1)

Where A" is the Richardson constant, 7T is temperature, ¢p is
the Schottky barrier height, and k is the Boltzmann constant.
Figure 2 (a) clearly shows the dark current in the SOH device
is lower than that of Eq. 1 by over four orders of magnitude,
suggesting that the PEDOT:PSS blocks electron current.

Figure 2(b) shows that under AM1.5 illumination, an open
circuit voltage of 0.57 Volts was achieved along with a short
circuit current of 27.8 mA/cm” and fill factor of 73%. The
overall power conversion efficiency of this device was 11.7%,
which is among the best reported for this class of devices.

B. Reverse Recovery

The open circuit voltage of a solar cell is limited by the
amount of dark current in the device. The V. ideally depends
on by the dark-current, characterized by the saturation current
(Jo), as:

V.= k—Tln(l &) @)
q 0

where ¢ is the elementary charge and Jg is the short-circuit
current. It has previously shown that current in Si/P3HT
devices is mostly caused by holes (minority carriers) because
electrons (majority carriers) are blocked [1]. Si/PEDOT
devices operate under the same electron blocking principle. To
investigate this we tested the device for stored minority
carriers using the diode reverse recovery method [13-15].

In steady-state forward-bias, minority carriers will be
injected from the anode into the quasi-neutral region, forming
a stored charge of holes will be built up in the n-type silicon.
Other possible current mechanisms such as thermionic
emission of electrons over the PEDOT barrier or
recombination at the interface will not contribute to stored
charge. Therefore, the stored charges can be used to estimate
the properties of the injected minority carriers.

The extracted minority carrier charge can be measured by
switching the diode from forward to reverse bias. The circuit
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Fig. 2. (a) J-V characteristic of the SOH solar cell in dark and that

calculated from a Schottky barrier (Eq. 1). 2. (b) J-V characteristic
and parameters of SOH solar cell under AM1.5 illumination.

used to measure the transient along with the voltage and
current waveforms is shown in the Fig. 3(a) and 3(b). The area
under the curve until the beginning of the decay point in
reverse bias is defined as the extracted charge (Q.yyactea)- FOT @
given forward-bias current (Iz), Q.yracea depends on the reverse
bias current (Iz) by the equation [14]:

-1 1
Qextracted =1Ig erfc Ip (3)
1+
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where 7, is the bulk recombination lifetime and « is the ratio

of minority-carrier current to the total current. If the dark

current is composed only of holes injected into silicon, a=1.
Fig. 3 (c) shows the measured value of Q.aceq @S @ function

of I, for an Iz = 1.3 mA/cm®. At low I the holes are not

extracted fast enough, so most of them recombine in silicon,



leading to low value of Qyuceq- At higher I the holes are
sucked out before they can recombine SO Quceq 15 large.
Fitting the data with Eq. (3) provides values of a and 7, that
are 1.0 and 114 us, respectively.

The value of a=~1 proves that the barrier is effective at
blocking electrons. The 7, can be further used to estimate the
value of minority carrier current (Jy, ), using the equation:

n> |D

i hole

ND

‘]O,hole = q (4)

Thuik

where N, is the silicon doping level, D,,, is the hole
diffusion coefficient, and n; is the intrinsic carrier
concentration of silicon. From the extracted value of t,,,, we
estimate the J, ,,;, to be 6.64 x 10> A/cm”.

Fig 4 plots the J-V characteristics of the SOH device
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Fig. 3.  (a) Circuit used for the reverse recovery experiment to

measure effective injected hole lifetime 1, and hole injection
ratio o. (b) Typical waveforms for a device which has
substantial minority carrier current, showing the Qexyacted- (€)
Qextracted @s a function of Iz. Black circles represent measured
data and red line shows best fit to the data for Ty, = 114 us and
o= 1.0.
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Fig. 4. J-V characteristic of SOH device measured with reverse
recovery and hole current calculated from the measured 1y, and

Eq. (4).

measured with the reverse recovery experiment, along with
the contribution of holes (minority carriers) to the dark current
calculated from Eq. (4) (blue line).

Furthermore, by using measured values of Jsc (~25 mA/cm?)
and the calculated Jy,,. from Eq. (4), one can calculate an
expected value of V. using Eq. (1). The expected V is 0.57
V, which agrees with the experimentally measured value of
0.57 V. These results suggest that in Si/PEDOT devices, dark-
current is predominantly composed of hole (minority) carriers
and not electrons (majority) carriers.

IV.CONCLUSIONS

We have demonstrated an electron-blocking Si/PEDOT
heterojunction that is fabricated by a room-temperature spin-
coating process. Reverse recovery experiments provide a
measurement of the stored charge provided by injection of
minority carriers in forward bias. This provides a
measurement of the current in the Si/PEDOT device that is
carried by minority carrier hole injection from the anode. The
data shows that the Si/PEDOT interface is very effective at
blocking electrons, to the extent that dark-current in
heterojunction devices on n-Si is not limited by electrons, but
by the minority-carrier hole injection from anode into silicon.
The best Si/PEDOT solar cells yield a high open-circuit
voltage of 0.57V and an efficiency of 11.7%, which is among
the highest reported for this class of devices.
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