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ABSTRACT
We present a physical model of non-ohmic shunt current
(ISH) in a-Si:H p-i-n solar cells, and validate it with detailed
measurements. This model is based on space-chargelimited (SCL) transport through localized parasitic p-i-p
shunt paths. Such paths can arise from n-contact metal
incorporation in a-Si:H layer, causing the (n)a-Si:H to be
counter doped to p-type. This model explains all the
electrical characteristics of ISH and provides insight into the
metastable switching behavior of the shunts under an
integrated framework. We first verify the SCL model using
simulations and statistically robust measurements, and
then use this picture to analyze our systematic
observations of nonvolatile switching of shunt current
caused by reverse bias sweeps. This work not only
resolves broad experimental observations on shunt
behavior, but also suggests possible techniques for
alleviating shunt induced performance and reliability
issues.
INTRODUCTION & BACKGROUND
Parasitic shunt leakage is responsible for significant loss
in efficiency going from cell to panel level [1]; and loss of
parametric yield for all PV technologies. Consequently, the
issue of shunt leakage has been studied actively. Many
shunts observed at the panel level have been correlated
to localized, macroscopic (up to ~mm) non-uniformities
(e.g., pinholes) on the solar cell surface. These pinhole
defects have been identified with particulate debris on the
panel surface during deposition, and can be minimized by
better control of deposition conditions [2, 3]. However,
even the cells that are fabricated with excellent process
control and therefore generally free from such “extrinsic
shunts”, might still show substantial shunt currents [4].
Although these “intrinsic shunts” may not be visible to
naked eye, they are visible distinctively as numerous
bright spots in thermography maps [5].
Like the “extrinsic” shunts, the intrinsic shunts also
introduce considerable performance variation among
nominally identical cells. However, unlike the extrinsic
shunts which are ohmic, the intrinsic shunts are typically
characterized by symmetrical non-ohmic conduction.
Moreover, these shunts also show a threshold switching
behavior, which manifests as abrupt switching of shunt
current at certain reverse voltage biases [6]. This
threshold switching is well known in the PV industry, and
is used for electrical shunt removal/reduction (shunt
busting) [7]. However, the metastability of these shunts
means that ISH can also increase on application of reverse

voltages. Under normal operation, such reverse bias can
arise from partial shadowing of the panel, and can have
significant impact on the long term panel output [8]. While
the empirical features of intrinsic shunts have been known,
a consistent physical model of shunt conduction is lacking.
A complete understanding of shunt formation is therefore
is important for preventing the variability and reliability
issues caused by shunt leakage. Development of such a
model, which can help in identifying shunt formation
processes, is the goal of this contribution.
SPACE-CHARGE-LIMITED SHUNT CURRENT
Phenomenological Model
The identification of the physical mechanism of shunt
conduction in an as-fabricated a-Si:H solar cells is the
critical first step in addressing the problem. The three key
phenomenological features of shunt current (ISH) in a-Si:H
cells reported in the literature are as follows: (i) large
fluctuation in current magnitude from one cell to the next
(Fig. 1a); (ii) symmetry of shunt current about V = 0, and
(iii) non-ohmic, power-law, voltage dependence I ~ Vβ (Fig.
1b) [4].

Fig. 1: (a) Variation in ISH magnitude in 3 nominally
identical devices (symbols); compared to identical
diode current (solid line). (b) Symmetric non-ohmic
behavior about V = 0 for the same 3 devices (scaled
for clarity).
A phenomenological SCL current model was proposed to
accounts for these features within a common framework
[4]. SCL transport occurs in a symmetric (e.g.,
Metal/Semiconductor/Metal type) structure where only
single carrier injection is possible (Fig. 2a). For materials
with shallow traps, which are exponentially distributed in
energy SCL current is given as:
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Here, A is area, L is thickness, ε is the dielectric constant,
and µc(γ) is the effective carrier mobility, and parameter γ
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The SCL current through p-i-p shunt regions dominates in
the lower bias regimes, while the exponential diode
current through the p-i-n region takes over at higher
forward biases. This transition can be visualized using the
quiver plots of the current in Fig. 2c insets; in inset (i) the
current is localized to p-i-p shunt region and is symmetric
with voltage. At higher forward biases the p-i-n diode
current becomes large enough, and the current distribution
is more uniform across the device, as seen in inset (ii).
Another interesting insight from the quiver plots is that the
shunt and diode currents are physically separated and
dominate the conduction in different regimes. Therefore,
we can avoid the computationally intensive 2D simulations
by using separate 1D p-i-p shunt and p-i-n diode (Fig. 3a).
The relative area of shunt region (sum over all the
localized paths) with respect to total diode (cell) area will
determine the shunt current magnitude. Fig. 3b shows that
the separate 1D simulations of shunt and diode structures
match the measured voltage and temperature
dependencies of the dark IV cell very well.

Fig.2: (a) Symmetric MSM type structure for SCL
conduction showing single carrier injection. (b)
Proposed local parasitic p-i-p structure in otherwise
ideal p-i-n structure. (c) Dark IV from the 2D
simulation showing that the shunt (red), and diode
(blue) dominate in different voltage regimes to give
the total dark current (green). Quiver plots in inset
contrast localized current distribution in shunt
dominated regime (i) with the uniform diode current
conduction (ii).

(a)

is a function of trap distribution inside the bandgap [9]. It is
apparent from (1) that symmetry and non-ohmic nature of
ISH can be explained readily by SCL conduction. However,
the physical nature of shunt path responsible for SCL
shunt is not apparent from this picture.

Fig. 3: (a) Separation of diode and shunt structures
allows a 1D simplification, (b) the 1D simulations of
shunt (dashed line) and diode (solid line), showing
excellent match with dark IV-T data (symbols).

Localized p-i-p shunt
We now investigate a likely physical origin of the
symmetric parasitic path responsible for an SCL shunt. A
likely candidate for SCL shunt, in parallel to the bulk
exponential diode current, is a localized p-i-p structure
(Fig. 2b) anywhere in the cell. Such structure may form
during the cell fabrication if Al from the top AZO layer
diffuses into the a-Si:H layer to sufficient depth and
counter-dopes it to p-type. Evidence of such possibility
can be found in [10]. Strain induced cracks or voids in the
a-Si:H layer, due to patterning of the substrate, may also
facilitate Al diffusion at certain locations [11]. Since, the nlayer is just ~20nm, even a small Al incursion can result in
a local p-i-p shunt path. Therefore, these shunt paths are
not visible to naked eye, but will show up in thermography
maps as light spots.
This localized p-i-p shunt hypothesis can be explored by
numerical simulation. A self consistent simulation of this
2D structure, using commercial Medici™ software, readily
reproduces the essential features of SCL shunt (Fig 2c).

(b)

VALIDATION OF P-I-P SHUNT MODEL
While electrical features are satisfactorily reproduced by
the p-i-p shunt model, a conclusive confirmation requires
that the predictions of this model be independently
verified. We investigate two such predictions next. First is
that the p-i-p shunts must be dominated by hole
conduction. And second is that SCL conduction must
scale as L-n where L is the thickness of the intrinsic layer.
We will consider these two features in the following
discussion.
Confirmation of hole transport
SCL conduction requires single carrier injection, and in the
case of p-i-p shunt this implies hole injection in the i layer.
While it is difficult to isolate hole current in 2-terminal
measurements, we can indirectly establish the hole
transport of ISH by examining the power exponent (β = γ+1)
in eq. (1). It has been shown that for materials with
exponentially distributed shallow traps, the parameter γ is
E0/kBT, where E0 is the characteristic energy of the trap
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shunt paths per cell) should be independent of i-layer
thickness, as apparent from the identical spread of the ISH
data for different i-layer thicknesses.
NON-VOLATILE SWITCHING

<ISH> ~ L-3.1

Fig 4: (a) Extracted characteristic slope of band tails
using (E0 = γkT = (β–1)kT) is ~40 meV for 61 devices,
which is close to the valence band tail slope in a-Si:H.
(b) Length dependence of ISH (at -1V) of devices with 4
different i-layer thicknesses. Colored dots represent
individual devices (89 devices for each i-layer
thickness), and show the statistical spread of shunt
area. The geometric mean (squares) shows distinctly
power law (~ L-3.1) dependence, as expected from the
SCL shunt model.
distribution [9]. This can be used to estimate the E0 for aSi:H in the p-i-p shunt as, E0 = γkBT = (β – 1)kBT. Fig. 4a
shows that the calculated E0 for 61 cells is ~40 meV. It is
well known that the characteristic slope of valence band
tail in a-Si:H is ~40-50 meV, as opposed to conduction
band tail slope of ~20 meV [12]. This shows that the SCL
shunt current is indeed due to injection of holes in i layer.
This observation is consistent with the first prediction of
the p-i-p shunt model.

So far we have seen that the proposed p-i-p shunt model,
with SCL current behavior, can explain the electrical
features of shunt conduction in a coherent manner. We
now show that this picture can also help us in
understanding the nonvolatile switching in shunt current
values caused by reverse voltage pulses or sweeps (Fig.
5a).
Threshold switching of shunts has been observed in
literature for shunts in a-Si:H solar cells [6], and is also
used in industry for “shunt busting” [7]. However, our
measurements show that this switching is not just one way
(from low to high resistance following shunt busting) but is
actually metastable. We observe that during reverse
voltage sweep, ISH decreases abruptly by about 1-2 orders
of magnitude (OFF transition), analogous to the shunt
busting (Fig. 5a). This change in shunt current is
nonvolatile during subsequent IV measurements.
However, ISH increases again (ON transition), after a
subsequent reverse current sweep, and stays at the
higher value thereafter. The abrupt transitions of ISH during
the two sweeps are shown Fig. 5b. Note that both these
metastable states of shunt current are nonvolatile and
remains stable for many days under room temperature
storage.

Thickness dependence
Another feature of the non-ohmic SCL conduction from eq.
(1) is that the SCL current scales inversely with thickness
as a power law (I ~ 1/L2γ+1). In case of shunt currents, the
voltage power exponent β (= γ+1) is ~1.5-2.5, which
means that the power exponent of thickness dependence
must be between -3 and -4. To check this prediction, we
measured 356 nominally identical devices, with i-layer
thickness 140nm, 280nm, 560nm and 1120nm (89 devices
of each thickness). In Fig. 3b the current at -1V vs. i-layer
thickness is plotted for all measured devices, where each
dot represents a separate device. We find that the
geometric mean of the data <ISH(L)> indeed shows a
power law behavior, with power exponent ~-3.1, generally
consistent with the SCL model.
The spread in shunt current values is over several orders
of magnitude, which is consistent with the broad
distribution of the number of shunt paths and/or shunt
strength from device to device. It is important to note that
this spread remains statistically similar for different i-layer
thicknesses. This implies that while the magnitude of ISH
depends on i-layer thickness L, the probability of shunt
formation does not. This observation also supports the p-ip shunt model which is based on metal incorporation
through the top n-layer. Since the n-layer thickness is
same for all devices, the model anticipates the shunt
formation probability (analogously the number/area of

(a)

(b)

Fig. 5: (a) The initial dark IV (green), switches to low
ISH state after voltage sweep (blue), increases again
after subsequent current sweep (red); and (b) the
abrupt switching transitions during voltage sweep
showing the OFF transition (blue), and current sweep
showing ON transition (red).
Switching Thresholds for Transition
In order to investigate the statistical features of this
switching behavior, we measured 16 nominally identical
devices, applying reverse voltage and current sweeps.
Consecutive voltage sweeps of -5V,-6V and -7V, and
reverse current sweeps of 0.5mA, 5mA, and 50mA were
applied to all devices. 8 devices were subjected first to
voltage sweep followed by current sweeps, and the other
8 were stressed in opposite order. The sweep rate was
kept at the fastest possible, with typical sweep time below
1s.

PCritical

VCritical

(a)

(c)

(b)

(d)

Fig. 6: Sweep data for an individual device showing
that (a) the OFF transition is triggered at power
threshold PCritical, for 2 subsequent voltage sweeps,
while (b) the ON transition is triggered at threshold
voltage VCritical for 2 subsequent current sweeps. (c)
Scatter plot showing that the values of PCritical and
VCritical are similar for 8 devices. (d) Power exponent of
SCL shunt current in the metastable devices, in the
high (after ON) and low (after OFF) shunt current
states shows no appreciable difference.
Of the 16 devices measured, 8 did not exhibit any change
in shunt current. For the 8 devices, which show
metastability, the switching showed distinct features for
ON and OFF transitions. We found that the decrease in ISH
(OFF transition) was determined by a power threshold
PCritical (Fig. 6a); on the other hand, the increase in ISH (ON
transition) was triggered at a threshold voltage VCritical (Fig.
6b). These thresholds were independent of the order in
which the devices were stressed (voltage first then current
or vice-versa). Fig. 6c shows the threshold voltage and
power values for all the 8 metastable shunts are ~7.5V
and ~20mW, respectively. And, Fig. 6d compares the SCL
power exponent (β) of shunt under high current and low
current states, showing them to be roughly identical. This
shows that the nature of shunts does not change before
and after switching.
Mechanism of ON transition
In order to analyze the metastable switching behavior, we
can use the p-i-p shunt picture and explore the possible
mechanisms. Note that only a small Al filament is sufficient
to cause the SCL shunt and that ISH increase is a voltage
(or possibly electric field) triggered process, as seen in
Fig. 6b. These observations suggest that the positively
charged Al ions, from top AZO contact, might be hopping
through the a-Si:H matrix under the influence of the
electric field and migrating into a-Si:H layer. And, as Al
gets past the thin n-layer, it will destroy the n-i junction
locally and form a p-i-p shunt in its place. Since, Al needs

to migrate only about 10-20 nm in order to form a p-i-p
region (Fig. 7a), the ON transition (driven by large voltage)
would be very rapid, as observed. Contact metal
incorporation in a-Si:H matrix has been studied
extensively in nonvolatile resistive switching memories
made from amorphous silicon [13]. This behavior of Al
(and other metals) migrating into a-Si:H under applied
bias, in fact forms the basis of operation of these
memories. Direct evidence for Al migration in a-Si:H matrix
under bias is also available in memory literature [14].
Owing the similarities in materials (Al/a-Si:H) and the
structures involved, it seems very likely that the similar
physical processes are driving the ON transitions in
metastable shunts also.
There are however certain distinctions; in case of a-Si:H
based memories, the program/WRITE biases applied are
substantially higher and the conduction is ohmic in ON
state. This is because in memories the metal filament
goes all the way through the bulk to form a short to the
other contact. However, in case of shunt current switching,
the power exponent of ISH does not change significantly
before and after the switching event (remaining close to
2). This suggests that the essential nature of shunt paths
remains the same before and after ON/OFF transition.
And, it appears only a small incursion of the metal ions
inside the bulk takes place (enough to overcome the n-i
junction), during the ON transition, as the conduction
remains SCL afterwards. This means that the ohmic shunt
path due to metal filament causing a short is not
responsible for the ON transition. Moreover, the shunt
current value after one ON and OFF transitions is not
necessarily the same. Based on this we propose that the
ON transition happens due to the formation of a new shunt
path due to Al migration from the top contact AZO.
Mechanism of OFF transition
On the other hand, the OFF transition is a power driven
process as seen in Fig. 6a. This is most probably caused
by dissolution of the small Al filament due to local heating.
Since, the sweep rates are high and shunt region is small,
the local heating could be sufficient to dissolve/disperse
the small filament responsible for shunt conduction.
Another important factor is that the largest shunt path is
carrying most of the current (Fig. 7b), so the local heating
effect will affect the largest shunt. In a typical solar cell
there are many localized shunt with different magnitudes,
distributed randomly across cell surface. This has been
established through thermography and luminescence
imaging techniques [15]. From Fig. 4b we note that the
magnitude of these shunts can vary by orders of
magnitude from one cell to other. This distribution implies
that even on a single cell there are many shunts with very
different magnitudes. Typically only the largest shunt path
(with lowest resistance) will dominate the total shunt
current in a particular cell. Therefore, it is likely that the
OFF transition is a result of the largest shunt path getting
extinguished due to local heating, so that the total current
is now due to the next largest shunt.
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Fig. 7: (a) Simulations show sharp increase in reverse
current vs. distance of Al incursion in n-layer,
explains how ISH might jump due to field driven Al
migration; insets showing the initial p-i-n diode
structure and final p-i-p shunt after Al incursion and
counter-doping. (b) Schematic showing top view of a
solar cell with different shunts, the largest one carries
most of the current and hence, is subject to local
heating.
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