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We investigated p-i-n type amorphous silicon (a-Si) solar cell where the diborane flow rate of the p-type layer was varied and
the solar cell was measured static/dynamic characteristics. The p/i interface of the thin film amorphous silicon solar cells was
studied in terms of the coordination number of boron atoms in the p layer. p-type layer and p/i interface properties were obtained
from the X-ray photoelectron spectroscopy (XPS) and impedance spectroscopy. One of the solar cells shows open circuit voltage
(Voc) = 880 mV, short circuit current density (Jsc) = 14.21 mA/cm2, fill factor (FF) = 72.03%, and efficiency (η) = 8.8% while the
p-type layer was doped with 0.1%. The impedance spectroscopic measurement showed that the diode ideality factor and built-in
potential changed with change in diborane flow rate.

1. Introduction

In a-Si : H-based p-i-n type solar cells, the device perfor-
mance is limited by various factors, most important of which
is defects in the p-layer and that in the p/i interface. The
electron-hole pair, generated in the i-type layer, is collected
by the n-type and p-type layers. Thus effective doping of
these extrinsic layers is very important in creating the built-
in field so that the photo-generated charge carriers are effi-
ciently collected. At the p/i interface there exists a depletion
region, a similar depletion layer also exist at the n/i interface.
These two depletion regions create localized capacitors,
formed by the outer layers of the depletion regions. As the
depletion region is free from charge carriers so the defects in
these regions become electronically more active. The photo-
generated carriers, that pass through the depletion region,
will most probably face hindrance in their movement or
effective resistance faced by the charge carriers will become
high. An impedance spectroscopic measurement can help
exploring the interface characteristics to some extent.

We performed impedance spectroscopic measurement
of the solar cells that have similar i-type and n-type layers
but the doping ratio for the p-type layer was different. The
p-type layers of these cells were deposited by increasing
diborane doping ratio during its deposition. The impedance
spectroscopic analysis was performed by following Cole-Cole
principle [1, 2] in which the real and imaginary components
of the complex impedance (Z) are plotted for various sinu-
soidal input signals. Impedance spectroscopy is particularly
suitable for studying the properties of junctions, interfaces,
and contacts. The p/i interface properties were obtained from
the static/dynamic characteristics. The experimental details
are given in the following.

2. Experimental

Hydrogenated a-Si solar cells were deposited in a cluster
type radio frequency (RF) plasma-enhanced chemical vapor
deposition (PECVD), with the RF of 13.56 MHz (for both p-
layer and n-layer) and very high frequency of 60 MHz (for
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Figure 1: Equivalent circuit diagram of solar cell impedances,
formed by a combination of resistors and capacitors.

the i-layer) power source. Prior to deposition, the glass
substrates were ultrasonically cleaned by dipping in acetone,
isopropyl alcohol, and deionized (DI) water for 10 min. The
sample deposition conditions for the p-type layers are sum-
marized in Table 1. The devices were deposited on TCO-
coated glasses (Asahi VU-glass).

The boron doping ratio was varied by changing the
flow rate of B2H6. The optoelectronic properties of these
films were measured. Spectroscopic ellipsometry (VASE, J. A.
Woollam, 240 nm < λ < 1700 nm) was used to measure the
thickness, refractive index, absorption coefficient, and opti-
cal band gap at an angle of incidence of 65◦ in the spectral
range of 240 nm to 1700 nm. The electrical characteristics
were studied by the coplanar method using programmable
Keithley 617 electrometer using the samples grown on the
glass substrates.

The current-voltage (I-V) characteristics of the cells were
measured under light intensity of 100 mW/cm2 (AM1.5), at a
temperature of 25◦C. The impedance measurement was carr-
ied out using 4192A LF impedance analyzer. The amplitude
of the ac test signal was 10 mV. The measurement frequency
was in the range of 1 Hz to 1 MHz.

3. Model

We adopt the following assumptions in order to limit our
scope of impedance analysis to a few important parameters
we are interested in.

(1) We assume the cell has three interfaces of importance,
having a combination of resistor-capacitor connected
in parallel to each of the interfaces, as shown in
Figure 1.

(2) The TCO/p-layer interface does not significantly in-
fluence total capacitance of the cell, so we assume that
the depletion capacitances at p/i interface, i bulk, and
i/n-interface are significant in our study.

Based on the above assumptions we draw the equivalent cir-
cuit diagram of the impedance of the solar cell, as shown in

Figure 1. The model will help us simplifying the impedance
analysis of the Cole-Cole plot.

4. Results and Discussions

In the following we give results and discussions on the effect
of boron doping on the p-type material, characteristics of the
solar cells, and its impedance analysis. These p-type a-Si : H
materials while used in solar cell is expected to show useful
photovoltaic characteristics.

4.1. Effect of B2H6 Doping on p-Type Layer. The B(1s) XPS
peak of pure boron appears at a binding energy of 188 eV.
It bonds with Si and shifts to a lower energy state. Figure 2
shows the total B(1s) XPS peak (a) and the deconvoluted
B(1s) XPS peak (b). The 186.6 eV represents a threefold
coordination and the 187.7 eV a fourfold coordination [3].
The result of the deconvolution analysis, assuming Gaussian
functions shows that the boron atoms in the states of both the
three- and fourfold coordination increased with the increase
of the diborane flow rate. When B2H6, SiH4, and H2 form a
bonding, the boron existed in the state of an inactive three-
fold coordination and an active fourfold coordination. As
the diborane flow rate increased, the fourfold coordination
that contributed to the dark conductivity also increased. In-
creasing the fourfold coordination led to an increase of the
positively charged dangling bonds by the “8-N” doping rule
[4, 5].

Figure 3 shows dark conductivity (σd) and activation
energy (Ea) at various doping level. At increased doping the
conductivity increases and the activation energy decreases,
a change as expected from the change of coordination [6].
The dark conductivity of the p-type layer was measured in
planar electrode configuration. The activation energy (Ea)
was obtained from the temperature-dependent dark con-
ductivity σd(T) measurement, following the Arrhenius rela-
tion

σd(T) = σo exp
(
− Ea

kT

)
, (1)

where σo is a conductivity prefactor, T the absolute tem-
perature, and k Boltzmann’s constant. Table 3 shows the
characteristic optoelectronic properties of the three layers of
the solar cell. The increase in diborane flow rate during de-
position of the p-type layer leads to a change in optical ab-
sorption spectra of the films, as observed by spectroscopic el-
lipsometry (SE) measurement. Optical band gap (Eg) was
measured using these absorption coefficients and Tauc’s for-
mula

(αhν)1/2 = K
(
hν− Eg

)
, (2)

where h is Plank’s constant, ν is optical frequency, and K is
a constant. Optical absorption coefficients of the films, α, is
measured with the help of spectroscopic ellipsometry (SE),
and (αhν)1/2 is plotted with hν. A linear fit is drawn at the ab-
sorption edge region and the intercept of the linear fitting is
used as a measure of Eg.

It shows that the Eg and Ea of the p-layer decrease with in-
creasing diborane flow rate, this is a usual phenomena [7–9].
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Figure 2: XPS spectrum of the B(1s) signal of the boron-doped amorphous silicon layers. It is deconvoluted into two Gaussian peaks, as
shown in (b).

Table 1: The deposition conditions for the p-type a-Si : H layers.

Sample
Gas ratio

Thickness (nm) Power density (mW/cm2) Temp. (◦C) Pressure (mTorr)
SiH4 H2 B2H6
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Figure 3: Dark conductivity and activation energy of p-type a-Si : H
prepared at various B2H6 flow rates.

4.2. Effect of B2H6 Doping on Solar Cell. The current-voltage
characteristics of the solar cell under light is shown in

Figure 4. We have observed an initial improvement in solar
cell characteristics in sample 2 from that of sample 1 but
afterwards the solar cell characteristics degrade in FF, Jsc, Voc,
and η. For sample 2 these values are Jsc = 14.21 mA/cm2,
Voc = 870 mV, η = 8.8%, and fill factor (FF) = 71.51%.

As it is expected that higher B2H6 flow rate will make
the p-type layer increasingly doped, it is expected that it will
help creating higher built-in potential at the p/i interface,
resulting in better collection of electron-hole pairs by the n-
type and p-type layer of the solar cell and improved solar
cell characteristics. However, as diborane flow rate increases,
the defects in the p-layer and p/i interface also increase. The
open circuit voltage and fill factor decreased from 880 mV to
800 mV, 72% to 69% with three- and fourfold coordination
increased from sample 2 to sample 4. The defects in the
p type window layer also increased because boron atoms
coordination usually produces doping-induced defects [4, 5].
These increases in the defect resulted in a carrier recom-
bination near the p/i interface and caused the reduction
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Figure 4: Solar cell parameters measured under AM 1.5 illumination conditions of thin film solar cells, with p-layer having different doping
ratio.

0 0.4 0.8 1.2

Sample

Sample 1

Sample 2
Sample 3
Sample 4

Voltage (V)

C
u

rr
en

t 
de

n
si

ty
 (

m
A

/c
m

2
)

10−9

10−7

10−5

10−3

10−1

10−4

10−5

10−6

1 2 3 4

J o
,s

cr
(m

A
/c

m
2
)

Figure 5: Far forward bias dark J-V characteristics for a-Si thin film
solar cells at various B2H6 flow rates.

in Voc and FF of the highly doped p type window layer with
an increase in the saturation current density of the space-
charge region [10, 11].

The saturation current density, Jo, obtained by fitting
the dark I-V curve to the two diode model in the space-
charge region and in the quasineutral region. The space-
charge region is mostly affected by the interface, while
the quasineutral region is influenced by the bulk. Figure 5
shows dark J-V characteristics of a-Si thin film solar cells
at different boron atoms bonding coordinations. With a
further increase in three- and fourfold coordinated bonding,
the saturation current of a-Si thin film solar cells increased
from 2.10 × 10−6 to 7.14 × 10−5 mA/cm2. It may also be
due to doping-induced defects. Increase of the saturation
current indicates increase in carrier recombination which
can be related to the decrease in Voc as well as FF. In
order to investigate this following impedance spectroscopic
measurements have been performed.
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Figure 6: Cole-Cole plot of a-Si solar cell having different p-type
layers, under zero DC bias.

4.3. Effect of B2H6 Doping on p/i-Interface Capacitance.
Figure 6 shows the Cole-Cole type plot for the measured
impedance (Z) of the cell under 10 mV amplitude sinusoidal
potential (AC field), where the Z is the complex AC
impedance of the cell. The estimated AC parameters are
shown in Table 4. The frequency of impedance and the
maximum value of y-axis are given by

ω = 2π f = 1
RpCp

, Z′′max =
Rp

2
. (3)

Series resistance (Rs) can be obtained from intercept of the
trace with real axis in the high-frequency region, and the total
resistance, Rs +Rp is indicated from the low-frequency region
[12].

It shows the total diffusion capacitance (Cd) and resis-
tance of the cell, however, as the observed change is because
of the change in the doping of the p-type layer so we consider
the change as because of the p/i depletion capacitance (C1)
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Table 2: Deposition condition of solar cell layers.

Layer
Gas ratio

Thickness (nm) Power density (mW/cm2) Temp. (◦C) Pressure (mTorr)
SiH4 H2 B2H6 PH3

p 1 5 0.05∼0.5 15 50 175 200

i 1 1 350 42 180 200

n 1 5 1 25 70 200 200

Table 3: Characteristic properties of the layers of solar cell, where σph (S · cm-1) is photo conductivity.

Layer Eg (eV) σd (S · cm-1) × 10-7 Ea (eV) σph (S · cm-1)

p 1.71, 1.68, 1.66, 1.63 5, 48, 107, 233 0.51, 0.51, 0.48, 0.43

i 1.70 1 × 10-4 0.80 1 × 10-8

n 1.95 46 × 105 0.17
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Figure 7: Electric field for a-Si thin film solar cell with different
volume fraction of B2H6 in SiH4.

and resistance (R1). As can be seen from the model of the
solar cell equivalent circuit model diagram Figure 1, that
the depletion regions are in series, and parallel circuit is
correlated with carrier generation and collection. Table 4
shows reduced capacitances at increased boron doping. It
must be because of reduced capacitance at the p/i interface
depletion region. One of the possibilities that most likely can
happen is an increased width of the depletion region with
increased B2H6 doing of the p-type layer. At higher doping
of the p-layer, more holes will be available in this layer that
will diffuse through the p/i interface and will create wider
depletion region inside the i-layer. However for sample 2 the
increase in capacitance has been observed. In spite of the
lower doping-induced defects of sample 1, the higherVoc and
Jsc have been obtained on sample 2, because sample 1 has no
sufficient electric field to collect of carriers.

The electric field profile in the p-i-n cell is plotted for
different conditions in Figure 7. An increased defect leads
to a reduced electric field in the p/i interface, which results
in poorer carrier collection from this part of solar cell. The

poorer collection is associated with an increased recombina-
tion rate [13]. The electric field results can be determine from
ASA simulation. Since most of the input parameters describe
the optoelectronic properties of individual layers, described
in Table 3, it is reasonable to use the experimental data of
such individual layers.

Figure 8(a) shows the impedance spectrum from −0.1 to
−0.6 V in steps of −0.1 V under reverse bias conditions. It
was observed that the impedance spectrum is nearly semi-
circular in shape under the zero and reverse bias conditions,
which implies that the equivalent circuit of the device
consists of a single RC network with a single time constant.
The best-fit curves, obtained using Z-plot software, are also
shown in the same figure. The obtained values of R and C
are listed in Table 2. The radius of the semicircle increases
with the increase in bias voltage as compared to that at zero
bias demonstrating the bias dependence of resistance and
capacitance values. Figure 8(b) shows the impedance spec-
trum under the forward bias (from 0.1 to 0.5 V) conditions
where in contrast to the reverse bias, opposite behavior was
observed. Here the radius of the semicircle decreases with
increasing positive bias from its maximum value at zero bias.
Another noticeable feature is the deviation from a semi-
circular shape particularly in the high-frequency regime with
biasing. However, no scatter of the data is seen in the low-
frequency regime.

From the impedance spectra, the p/i interface capaci-
tance and resistance at different bias voltages were calculated.
The RC network is composed by two types of capacitances
and resistances. They are diffusion and transition capaci-
tances (Cd and CT) and resistances (Rd and RT), respectively.
Cd and Rd are due to the gradient of the charge density
inside the device and the bulk resistance of the space charge
region, respectively. RT is the resistance due to recombination
of free carriers in the space charge region and CT is the
space charge layer capacitance. To understand the origin
and value of capacitance at different bias voltages, “C1” is
plotted against bias voltages in a logarithm scale for different
diborane flow rate and is shown in Figure 9. It can be divided
into three distinct regions, that is, one for−0.6 < V < −0.1 V
and the other for −1.0 < V < 0.4 V and other for V >
0.4 V. In region I, that is, under reverse bias, the capacitance
does not vary much with voltage which is the characteristic
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Figure 8: Cole-Cole plot of a-Si solar cell at different (a) reversed biases (−0.1 V∼ −0.5 V) and (b) forward biases (0.1 V∼ 0.5 V) conditions.

Table 4: Parameter of impedance spectra in a dark a-Si thin film solar cell with different volume fraction of B2H6 in SiH4 of p layer.

Sample Rc (Ω)
Z1 Z2 Z3 Z4

R1 (Ω) C1 (nF) R2 (KΩ) C2 (nF) R3 (Ω) C3 (nF) R4 (KΩ) C4 (nF)

1 8.75 201 248.7 21.1 0.29 18.1 24.5 19.4 281.4

2 8.74 183 261.4 21.1 0.29 18.4 24.7 14.3 294.6

3 8.75 458 200.0 21.1 0.29 18.1 24.7 39.7 227.4

4 8.75 981 189.2 21.1 029 18.0 24.8 68.0 214.2

Table 5: The values of diode ideality factor (n) and built-in potential (Vbi) of solar cell with different diborane flow rate of p-type layers.

Sample
Diode ideality factor (n)

Built-in potential (Vbi)
Dark I-V (scr region) C-V (Region II)

1 1.87 1.81 0.9929

2 1.70 1.69 1.0529

3 1.79 1.78 0.9609

4 2.04 1.95 0.9199

of the transition capacitance. We modified C-V curve to
1/C2-V plot. The intercept of this plot on the abscissa gives
the value of (Vbi − kT/q) which is shown in Table 5. By
analyzing the second part, region II, of the C-V curve in the
forward bias which is dominantly diffusion capacitance that
increases exponentially with bias voltage. It can be utilized
for the determination of diode ideality factor. To verify this
value, dark I-V measurement has also been done on the
device. From the slope of this curve, the diode ideality factor
(n) was calculated for cells with the different p-type layers,
which is shown in Table 5. It shows that the diode ideality
factor increases from 1.69 to 1.95 [14]. Region III occurs
because of the junction capacitance. Compared to the static
characteristics, the AC characteristics have same tendency
and mechanisms of p/i interface properties.

5. Conclusions

In amorphous silicon solar cells, p-type window layer
strongly influences cell performance. As the different dib-
orane flow rate, p-type layer and p/i interface properties
change with cell performance. Mechanism of this phe-
nomenon is explained by the changes in the three and
fourfold coordinated boron atoms observed by XPS. The p/i
interface properties were obtained from the static/dynamic
characteristics. The DC characteristics were measured from
dark/illuminated current-voltage curves, and the AC charac-
teristics were determined from the impedance spectroscopy.
The impedance spectroscopy technique is used to measure
the capacitance of amorphous silicon solar cell of different
diborane flow rate in p-type window layer. It has been shown
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Figure 9: The measured capacitance (C1) as a function of bias
voltage in the p-i-n structure.

that the capacitance associated with different biasing can be
utilized to gather information related with device such as
built-in potential and diode ideality factor. The diode ideality
factor, obtained impedance spectroscopy, was estimated and
found to be almost equal to the current-voltage data.
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