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Low Reverse Saturation Current Density of Amorphous Silicon Solar

Cell Due to Reduced Thickness of Active Layer
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Abstract — One of the most important characteristic curves of a solar cell is its current density-voltage
(J-V) curve under AM1.5G insolation. Solar cell can be considered as a semiconductor diode, so a
diode equivalent model was used to estimate its parameters from the J-V curve by numerical
simulation. Active layer plays an important role in operation of a solar cell. We investigated the effect
thicknesses and defect densities (Ng) of the active layer on the J-V curve. When the active layer
thickness was varied (for Ny = 8x10'” ¢cm™) from 800 nm to 100 nm, the reverse saturation current
density (J,) changed from 3.56x10° A/em” to 9.62x10™"" A/em? and its ideality factor (n) changed from
5.28 to 2.02. For a reduced defect density (Ng = 4x10'° cm™), the n remained within 1.45<n<1.92 for
the same thickness range. A small increase in shunt resistance and almost no change in series
resistance were observed in these cells. The low reverse saturation current density (J, = 9.62x10™"
A/em?) and diode ideality factor (n = 2.02 or 1.45) were observed for amorphous silicon based solar

cell with 100 nm thick active layer.
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1. Introduction

Photovoltaic solar cell is a very useful device to generate
electricity from sunlight. Global warming, environmental
pollution, cost of fossil fuel etc has created an atmosphere
in which it becomes clear that better utilization of solar
radiation for global energy demand is a right approach.
Large scale photovoltaic research is going on for more
than 30 years now and there has been significant progress
for commercialization, yet the actual feature of solar cells
are yet to meet all the critical aspects for large scale
commercialization. The reasons can be many in number
and type because various solar cells have been proposed
and developed with various materials, structures, device
characteristics, cost of production etc. However, the most
important aspect for all these solar cells is its photo-voltaic
conversion efficiency, estimated from standard current
density — voltage (J-V) characteristic curve. The J-V
characteristic curve is also a common feature that all the
solar cells exhibit. Therefore it seems possible to identify
few intrinsic characteristics of solar cell on which the J-V
characteristic curve strongly depends on.

Single diode equivalent circuit of solar cell [1, 2] is one
of the simplest models used to analyze it, although two
diode model was also discussed [3, 4] in the context of
understanding degradation. However, it is obvious that
complication in the analysis increases with increased
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number of unknown parameters. So we adopted a simple
single diode model to extract diode parameters of solar
cell from its illuminated current density-voltage (J-V)
characteristic curve.

There have been some popular techniques of evaluating
the dynamic series and shunt resistances from the negative
slope of the J-V curve near open circuit and short-circuit
conditions respectively. However, this method may not
result in a good estimation of these resistances [3], but can
give a good starting point of our simulation. There is a
possibility that the slope of the J-V curve near the short
circuit condition depends upon recombination loss of the
photo generated carriers [5]. It was also observed that an
increase in the open circuit voltage (V) is possible by a
reduction in saturation current density [6]. In a dye
sensitized solar cell, a variation in series resistance may
lead to change in short circuit current density [7]. These
observations further highlight that the mechanism of
operation of a solar cell and its equivalent model parameters
can be correlated. In 1994, an inverse modeling method
was reported, by which the parameters were extracted [8].
It was also noted that there may be significant challenges
in determining series resistance at the maximum power
point [9].

Therefore, extraction of the solar cell circuit parameters
is one of the most interesting aspects to understand the
device. Various techniques have been adopted so far, like
analytical method [10, 11] where various equations have
been developed to use the J-V characteristic curves and
solve for the parameters. Experimental technique was also
proposed in which variation in illumination intensity and
temperature was used to investigate solar cells meant for
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concentrated light [12], from which the parameters were
extracted. Although several methods were suggested to
extract these parameters, yet a systematic correlation
between the diode parameters and intrinsic characteristics
of cell of layers is not well known. We used a simple
numerical simulation technique, and determined the diode
parameters by Newton-Raphson method.

2. Theoretical

Diode equivalent parameters of solar cell can be
described as a simple equivalent lump parameters of a cell
that depends on the factors that affect operation of a solar
cell. For example, increased defects in an active layer will
degrade the cell performance. Measuring such a change in
performance characteristics, like J-V curve and extracting
the diode equivalent circuit parameter may help to
understand the solar cell better. This approach being a
generalized one, and obtained from J-V curves, it can be
applied to solar cells fabricated with any material or
structure.

A conventionally known single diode model of solar cell
is shown in Fig. 1 [1]. The Eq. (1) [1] can be called a
modified Shockley diode equation, it gives the expression
for the solar cell current density.

qV+qJR,

J= JSCO - JO e( kT

|y | eaR

R,

(1)

Here R, is series resistance, R, shunt resistance, J, is
strength of current source, J, is reverse saturation current
density, n is diode ideality factor or quality factor, ¢ is
electronic charge. The J [ #R/"T _1] is coming from
Shockley diode equation, nk7/q can be called thermal
voltage, which is ~259 mV at 300 K temperature.
Numerical simulation was used to fit the Eq. (1) to the J-V
characteristic curve, that we call diode simulation.
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Fig.1. The single diode equivalent circuit of a solar cell

3. Results and Discussion

In order to have a better understanding on these
parameters, we use AFORS HET simulation results of the
J-V curves, as reported in [13]. Fig. 2 shows the diode
simulation results (as continuous lines) in comparison to the
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Fig. 2. J-V characteristics of solar cells having various i-
layer thickness, as indicated in the legend. The data
points are taken from [13], while the continuous
lines are diode simulation with Eq. (1).
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Fig. 3. Variation of shunt resistance R,, of the solar cells
having various i-layer thickness. The data points are
the results from diode simulation, while the
continuous lines are best fit lines, drawn to indicate
average trend.

J-V data points obtained from AFORS HET simulation. The
details of the simulation parameters and cell characteristics
can be found in [13]. A good match of the diode simulated
J-V curves can be observed for all the cells, especially for
the cell with active layer thickness (d) of 100 nm.

The summary of the extracted parameters of the cells of
Fig. 2, are given in Fig. 3,4,5, where the R, remains within
0.001 to 0.0022 Q.cm’ while the variation of R, is shown
in the Fig. 3. The shunt resistance increases with increased
thickness of active layer.

3.1 Shunt resistance, R,

A higher R, for a cell is better, because a lower number
of photo generated charge carriers will be lost in an
equivalent parasitic shunt circuit. However, here the R,
remains lower than 1 kQ.cm” and a marginal increase was
observed with increased i-layer thickness. A lower value of
R, may indicate that poorer electrical isolation between the
p-type and n-type layers. When a physical separation
between the p-type and n-type layers was increased by
using thicker i-layer, the R, increased, indicating lower
such loss of charge carriers.

3.2. Diode ideality factor, n

For an ideal diode the n=1, but in reality »>1 for most of
the diodes. Looking into the modified Shockley diode Eq.
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Fig. 4. Variation of diode ideality factor » of the solar cells
having various i-layer thickness, with active layer
defect density, N, =8x10'7 ¢m™ and 4x10" cm™.

(1), the n can also be interpreted as a factor by which the
applied electrical bias V7 is modified within the cell.
Therefore, any imperfection or non-ideality in diode
structure that influences field distribution within the active
layer, leads to a reduction in effective V in the form of
higher ideality factor. Material defects can be one such
imperfection. Because the amorphous silicon alloy has
significantly large defect density, so generally n>1 is
expected in such solar cells. When the active layer is
thicker its total defects increases and hence the n is
expected to increase further, as can be seen in Fig. 4.

The diode ideality factor, as shown in the top of Fig. 4,
with black circles, was unusually higher than 2. So we
performed a further analysis to understand a possible
reason behind such a high n [14]. Defects may have a role
in this case as defect density (N,) for this trace was 8x10'7
cm?, while that for the bottom curve with star symbol was
N, = 4x10" cm?. Here, the two sets of n shows that the n
for cells with improved active layer (lower N;) remains
lower than that for the cells with more defective active
layer, a trend that mostly in agreement with explanations
given above for n > 1. Therefore, it appears that the diode
ideality factor strongly depends upon thickness and defect
density of the active layer. The non-linearity of the traces
indicates that the electric bias field inside the cell varies
non-linearly with thickness of active layer.

3.3. Reverse saturation current density, J,

The reverse saturation current density (J,) here can be
considered to be related to loss of photo generated charge
carriers at the defects due to recombination; as demonstrated
by dark current measurements [15]. The recombination

can grossly be classified as surface and bulk recombination.

Bulk recombination depends on product of defect density
and thickness, under constant surface area of the active
layer. Thus, with higher defect density and/or thicker active
layer the bulk recombination will dominate over the
surface recombination [15]. In our investigation, the
observed increase in the J, is primarily due to increased
bulk recombination. In other words, when active layer
thickness increases, total number of defects in the active
layer increases, leading a larger bulk recombination of
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Fig. 5. Variation of reverse saturation current density, J,, of
the solar cells having various i-layer thickness.

photo generated charge carriers or J, Fig. 5 shows an
exponential rise in J, with the increased i-layer thickness.
Looking into Fig. 4, 5, it becomes clear that the »n and J,
increases with thickness of active layer, a trend similar to
that reported in Table I of [15].

It indicates that a thinner cell will have less recombination
loss of charge carriers and lower diode ideality factor, both
of which are favorable characteristics of a solar cell.
However, thinner cell will have lower light absorption and
hence lower current density. This limitation can be overcome
to a great extent by adopting to light trapping schemes [16,
17].

Solar cell with thinner active layer is useful for cost
reduction and lowering its light induced degradation. Our
investigation indicates that thinner cells have better device
parameters.

4. Conclusion

It is to be noted that the dynamic series and shunt
resistances, as can be estimated from the slope on the J-V
curves, are different from the static resistances of the diode
model of the cell. Reverse saturation current density, diode
ideality factor, shunt resistance can be the three important
parameters of a solar cell. Increased J, and n indicates that
cell is poorer than expected, while an increased R, is
favorable. A systematic investigation of these parameters
with variation of structural or design parameters of a solar
cell or opto-electronic characteristics of the materials used
in fabricating the solar cell, can give valuable information
on how certain basic material or cell parameter affects
performance of a solar cell. In order to obtain information
on the R, n, J, parameters, a numerical simulation is useful.
The diode simulation is a general approach, and independent
of materials used for the device fabrication or design of the
device, so the technique can be applicable to analyze any
solar cell.
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