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In the process of crystalline silicon solar cells production, there exist some solar cells whose reverse current is larger than 1.0 A
because of silicon materials and process. If such solar cells are encapsulated into solar modules, hot-spot phenomenon will emerge
in use. In this paper, the effect of reverse current on reliability of crystalline silicon solar modules was investigated. Based on the
experiments, considering the different shaded rate of cells, the relation between reverse current of crystalline silicon solar cells and
conduction of bypass diode was investigated for the first time. To avoid formation of hot spots and failure of solar modules, the
reverse current should be smaller than 1.0 A for 125 mm× 125 mm monocrystalline silicon solar cells when the bias voltage is at
−12 V.

1. Introduction

More and more people are convinced that solar cell tech-
nology is the solution for our future energy supply. The
crystalline silicon solar cells have been a workhorse of
photovoltaic industry for a long time. Although the hot-
spot endurance tests for extreme outdoor conditions are
used for qualification tests procedures, and the bypass diodes
are also built in crystalline silicon solar module, hot-spot
phenomenon still emerges in solar power plant frequently.
This is very detrimental to young photovoltaic industry.

Hot-spot heating in crystalline silicon solar modules
occurs when the modules’ operating current exceeds the
short circuit current of a low-current-producing cell. The
reduced short circuit current of cells becomes reverse biased,
which leads to power dissipation resulting in the increase in
surface temperature [1–3].

In order to avoid hot-spot phenomenon in solar power
plant, one of the technical requirements of crystalline silicon
solar modules is a fulfilment of the pass criteria of the
hot-spot endurance test [4]. But in practice, it is found by
infrared camera that the hot-spot heating occurs in some
modules even if bypass diodes are built-in. One reason for

the hot-spot phenomenon is that some cells have large
reverse current in crystalline silicon solar modules. Although
some photovoltaic experts have investigated reverse current
of crystalline silicon solar cells [5–8], nobody gives a standard
that rules magnitude of reverse current in the process of solar
modules production from theoretical study or experiments.
This question is still under discussion in the photovoltaic
area. In this paper, the origin of reverse current is analyzed.
Considering the different shaded rate of cells, the relation
between reverse current of crystalline silicon solar cells and
conduction of bypass diode was investigated for the first
time. To avoid formation of hot spots and failure of solar
modules, the reverse current should be smaller than 1.0 A for
125 mm × 125 mm monocrystalline silicon solar cells when
the bias voltage is at −12 V.

2. The Origin of Reverse Current for
Crystalline Silicon Solar Cells

Figure 1 shows the reverse bias model and the reverse char-
acteristic of crystalline silicon solar cells.
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Figure 1: The reverse bias model and the reverse characteristic of crystalline silicon solar cells.
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Figure 2: Hot-spot phenomena of the partially shaded cells.

Figure 1(a), the current flows through the solar cell can
be expressed as

Irev = IR + Ish = IR +
VR − IrevRS

Rsh
,

Irev = I0 +
VR − IrevRS

Rsh
,

Irev = I0Rsh

Rsh + RS
+

VR

Rsh + RS
,

(1)

where Irev is the reverse current of crystalline silicone
solar cell under reverse bias voltage VR which is below

the breakdown voltage of the silicone diode, IR is the reverse
leakage current of diode, and Rsh is the shunt resistance.

The P-N junction leakage current IR under reverse
bias includes the contributions of diffusion current, space
charge generation current; band-to-band tunneling current
and thermionic emission current. These shunt types are
processed-induced, caused by grown-in defects of the mate-
rial. The process-induced shunts are due to strong recom-
bination sites at grown-in defects and inversion layers caused
by microscopic (SiC) precipitates on grain boundaries [9]. As
the reverse bias voltage VR is small, the leakage current IR can
be expressed as the function of saturation current of silicon
diode I0 and shunt resistance Rsh. Either the I0 increase or Rsh
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Table 1: The terminal voltage of the bypass diode.

The reverse current of cells
at bias voltage −12 V

Terminal voltage when the
cell is unshaded (V)

Terminal voltage when the
cell is half shaded (V)

Terminal voltage when the
cell is completely shaded (V)

0.8 A −5.83 0.23 0.25

0.9 A −5.83 0.18 0.25

1.0 A −5.83 0.15 0.25

1.1 A −5.83 0.09 0.14

1.2 A −5.84 −0.08 0.05

1.3 A −5.82 −0.09 −0.24

1.4 A −5.83 −0.21 −0.34

1.5 A −5.83 −0.43 −0.59

1.6 A −5.84 −0.58 −0.83

1.8 A −5.83 −0.79 −1.12

2.0 A −5.82 −1.03 −1.25

2.2 A −5.84 −1.18 −1.47

2.4 A −5.85 −1.36 −1.79

2.6 A −5.83 −2.63 −1.83

2.8 A −5.82 −3.53 −1.99

3.0 A −5.83 −3.67 −2.56
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Figure 3: The dissipated power at different shunt resistance.

decrease, the reverse current Irev increases with the variable,
and these two parameters determine the solar cell type.

Spirito and Abergamo made a distinction between A-
type cells, dominated in reverse bias by avalanche multiplica-
tion, and B-type cells, dominated by shunt resistance effects
in reverse bias [1]. Reverse bias equation for A-type cells is

I =
(
ISC − I0

(
exp

V

mVt
− 1
))

M(V),

M = 1(
1− (|V |/Vb)n

) ,

(2)

where ISC, I0, m and Vt have their usual meaning, Vb is break-
down voltage, and n is the Miller exponent.
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Figure 4: The makeup of module before lamination.

In the case of B-type cells, the equation used by the au-
thors is

I =
(
ISC − I0

(
exp

V

mVt
− 1
))
− V

Rsh
. (3)

The characteristics of different types of solar cells are
described in Figure 1(b). The reverse I-V characteristics of
the individual cells mainly determine the power dissipated
within a single cell under reverse bias.

3. The Effect of Reverse Current on
the Reliability of Crystalline Silicon
Solar Modules

In a general way, the reverse current of crystalline silicon
solar cells originates in cell defects and impurity centers in
the materials and can be represented by a shunt resistance.
We chose 71 cells (125 mm× 125 mm) whose reverse current
is smaller than 1.0 A at V = −12 V and the shunt resistance
is larger than 20Ω. And one cell has a 2.008 A of reverse
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Figure 5: The method of the experiment.

current and 12.88Ω of shunt resistance. These 72 single
silicon solar cells are laminated one module in series that
three Schottky diodes are built-in. 24 cells were serially
connected with a bypass diode across each string. The
modules were short-circuited for several days under natural
sunlight; the cell which has a 2.008 A of reverse current at
−12 V is partially shaded, and after about 20 k Wh/m2·day
of solar irradiation, there was a hot spot in this module, as
can be seen from Figure 2.

From Figure 2, this clearly indicates that focal point
heating at the hot-spot sites causes irreversible destruction of
the crystalline silicon solar module structure, even if bypass
diodes were used in this solar module; this is because the
shaded cell dissipated power in the form of heat and led to
deterioration of the encapsulation.

Figure 3 shows the dissipated power of the shaded cell in
a solar module described by Figure 2(a).

As shown in Figure 3, the smaller the shunt resistance is,
the more power the shaded cell dissipates.

4. Investigation of the Threshold of Reverse
Current about Bypass Diode Conduction

In order to study the threshold of reverse current that can
avoid hot spot, the experiment designed by us is presented
in Figure 4. The cells used in this experiment are 125 mm ×
125 mm (154.8 cm2) single crystalline silicon solar cells, and
the reverse current of the above two rows of cells is less than
1.0 A at bias voltage −12 V. The reverse current of the rest
cells is shown in Figure 4.

In Figure 5, the dashed part represents one cell that
has different reverse current (0.8 A–3.0 A) and is connected,
respectively.

Table 1 gives out the terminal voltage of the bypass diode
under different shaded rate.
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Figure 6: The I-V characteristics of module with a shaded cell.

From Table 1, it can be concluded that the bypass diode
becomes conductive easily when the reverse current of solar
cells is less than 1.0 A at bias voltage−12 V, so we can explain
why the bypass diode did not function in Figure 2.

By comparing Table 1 with our former experimental
results [10], we find that conduction of the bypass diode is
also relevant to the area of crystalline silicon solar cell.

Figure 6 gives out the I-V characteristics of shaded
photovoltaic module; the current of module is decided by
the points of intersection between the reverse I-V of the
shaded cells and the forward I-V of the rest cells.
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From this experiment, we find that the larger the reverse
current is, the larger the reverse-biased cell dissipates, and
it is not more conducive to the bypass diode conduction.
The slope of the I-V curve in the reverse bias mode gives
information regarding the cell’s pn junction properties in
shunt resistance and has an effect on the I-V slope of a cell
in the reverse bias, resulting in high power dissipation.

For the cells with a large reverse current, in addition to
the level of irradiance and reverse current, the dissipated
power at a shaded crystalline silicon solar cell is strongly
influenced by the shaded rate.

5. Conclusions

In general, to avoid of the formation hot spots for crystalline
silicon solar modules, substrings of cells inside the inter-
connection circuit of modules are bridged by bypass diodes,
but conduction of bypass diode is determined by the reverse
current and the shading rate of the shaded cell.

When the reverse current is larger than 1.0 A at bias
voltage−12 V for 125 mm× 125 mm monocrystalline silicon
solar cells, the shaded cell does not become reverse biased
and the bypass diode does not conduct; this will lead to
irreversible hot-spot damage of cells.

By experiments, we recommended that the reverse cur-
rent should be smaller than 1.0 A for 125 mm× 125 mm mo-
nocrystalline silicon solar cells when the bias voltage is at
−12 V.
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