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Abstract Amorphous silicon (a-Si) is one of the best established thin-ﬁlm solar-cell technologies. Despite
its long history of research, it still has many critical issues because of its defect rich material and its
susceptibility to degrade under light also called as Staebler-Wronski eﬀect (SWE). This leads to an increase
in the defect density of a-Si, but as a metastable eﬀect it can be completely healed at temperatures
above 170 ◦ C. Our study is focused on investigating the behavior of annealing of diﬀerent a-Si modules
under low temperature conditions below 80 ◦ C indicated by successive change of module power. These
conditions reﬂect the environmental temperature impact of the modules in the ﬁeld, or integrated in
buildings as well. The power changes were followed by STC power rating and investigation of modulepower evolution under low irradiance conditions at 50 W/m2 . Our samples were recovered close to their
initial state of power, reaching as high as 99% from its degraded value. This shows the inﬂuence of low
temperature annealing and light on metastable module behavior in a-Si thin-ﬁlm modules.

1 Introduction
The demand of amorphous silicon in the photovoltaic
industry was growing quite rapidly for several years, which
gave this technology a substantial share in the market [1].
Marginal cost of amorphous silicon (a-Si) is playing its decent role in the green energy market, since in many parts
of the world has the short fall in energy supply [2]. Further
research to make the a-Si technology cheaper with higher
eﬃciency is therefore needed. Under diﬀuse light conditions, this technology is found to be good and can yield
better performance than crystalline silicon [3, 4]. Therefore, it is an optimal technology for applications in the
tropical climates, low AM, high turbidity and tends to
give better performance behavior in blue light than in the
red spectrum of the sun [4–9].
It is also a suitable technology for installing the modules in facades as it has low temperature coeﬃcients for
power and power gain due to thermal annealing eﬀect during its operation outdoors [3].
The SWE has been known for many decades. It leads
to a reduction in photoconductivity and dark conductivity of the a-Si solar cells [10]. Although the eﬀect has been
a
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studied for many decades a commonly agreed reason for
the cause of this eﬀect is still unknown. Therefore, degradation eﬀects are central focus for understanding the fully
behavior and formation of this PV material. A-Si technology has a unique property which leads in reversibility of
the degraded photoconductivity, which is unique under all
PV technologies. It can be attained by heating the cell at
170 ◦ C [11] which leads to annihilation of all the defects.
Many defect models have been proposed to explain
this phenomenon. The Bond breaking model was the
ﬁrst widely accepted model to explain this phenomenon
in terms of electronic properties [12]. Thereafter, the
Hydrogen collision model came [13] and then cluster phase
model [14].
In this paper, all the experiments were carried out at
the commercial module level in order to analyze the impact of low temperature annealing and low light irradiance on the modules maximum power. This was chosen
in order to reﬂect out-door conditions. The experimental
section will explain about the procedures followed during
the low temperature annealing of the modules. The results
and discussion section will show the recovery of the a-Si
modules initial power at low temperature annealing and
further discuss the inﬂuence of metastabilities due to pretreatment eﬀect under light and in dark.
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Table 1. Modules used during the experiment.
Modules
sample 1
sample 2
sample 3

Annealing
temp. [◦ C]
60–70
65–70
60–70

Degraded
modules of same
composion

Initial
power [Wp]
116
118
2

Pre-treatment
(Light and dark
soaking)

Annealing
ll stabilised
power

Stabilization
outdoor
indoor
indoor

Pre-treatment
aer annealing

the power got stabilized at that temperature i.e. when the
power from the two two successive annealing steps were
almost equivalent to each other. Low temperature annealing of the modules were initiated at 60 ◦ C (except for
sample 2), 65 ◦ C and 70 ◦ C. All modules were annealed
completely in dark. Sample 2 was annealed in light and
dark both. This was done by annealing it at a temperature
Ti under illumination until stabilization, which means less
than ±1% change in power from the last measurement
point, and then the measurement protocol was followed
(see Sect. 2.1, (b)–(d) again at Ti ).
2.3 Power rating

Temperature

Irradiance

Fig. 1. Experimental scheme to analyze the eﬀect of temperature and irradiance on a-Si modules.

2 Experimental details
Various commercial modules of double junction a-Si,
stabilized indoors and outdoors were used for the experiments. The chosen a- Si modules are tabulated in Table 1. The samples 1 and 2 were the commercial modules
(1.1 m×1.3 m) of double junction a-Si on a glass substrate.
The sample 3 was a-Si double junction on a polymer substrate type with a size of 15 cm × 45 cm.
Sample 1 was held outdoors operating at close to short
circuit current (exactly at V = 1/3 × VOC , STC) for
around 3 years. Samples 2 and 3 were stabilized indoors
using a BAA-class static sun simulator.
2.1 Measurement protocol
The basic measurement protocol to see the eﬀect of annealing and low irradiance is shown in Figure 1. Following
scheme was:
a. degradation of the modules;
b. pre-treatment cycle, as described in Section 2.4;
c. annealing at low temperature, as described in Section 2.2;
d. pre-treatment.
After step (a), steps (b)–(d) were repeated until the module power was stabilized.
2.2 Low temperature annealing
All the chosen modules were put in a climatic chamber at a particular temperature for a certain time until

During the annealing period a successive IV characterization was done after 30 h to 65 h of annealing in a
pulsed solar simulator for each module, respectively. All
measurements were done according to the IEC 60904 standard (procedure for IV characteristics measurement) [15]
and corrected according to the IEC 60891 for the temperature and irradiance correction [16] at STC (Standard test
conditions i.e. 1000 W/m2 , 25 ◦ C, Air mass 1.5) [17].
2.4 Illumination under low-light conditions
To measure the eﬀect of the annealing on the power
rating in more detail prior to the STC power rating as
described in Section 2.3, a pre-treatment was carried out.
Before the start of pre-treatment, the modules were stored
in dark overnight to eliminate any eﬀects from light. In
pre-treatment, the modules were illuminated (“light soaking” – LS) for 2 h and then immediately stored in dark
(“dark soaking” – DS) for 2 h. The modules were exposed to an irradiance of ∼50 W/m2 during LS, and for
successive time intervals an IV-curve was measured in a
pulsed solar simulator at STC conditions for both LS and
DS cycle. The detailed procedure for the thin ﬁlm pretreatment as done here is described elsewhere [18–20]. A
pre-treatment cycle was performed to show that annealed
modules have a much stable behavior regarding power
changes from low light illumination as they appear at lab
manipulation and handling (approx. 50 W/m2 ).
2.5 Arrhenius’ law
The Arrhenius equation is a simple and accurate formula for the temperature dependence of the reaction rate
constant. It is valid, if the basic activated mechanism is
following the thermal Boltzmann statistics of energy distribution. Here it is used as an indicator for thermal activation of the changes in the modules resulting from the
annealing procedure.
An approach to the evaluation here was a standard
Arrhenius behavior in which the relationship between defects and other intrinsic parameters and the power change
with the temperature. Here the temperature T dependent
parameter tested was the modules power P -(T ), while the
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Table 2. Power evolution for sample 1.

116
115

Temp.
[◦ C]
25
60
65
70

0,590

114
113

65 ˚C

60 ˚C

112

70 ˚C

0,570

111
110

Pmax [W]

109
108

0,530

107
106

0,510

105
104
103

series resistance [Ω]

0,550

Power
[W]
98.6
107.7
111.7
114.9

Power
[%]
100
109.2
113.2
116.5

116 Wp = 100%
85
92.9
96.3
99.0

70

117
116
115

0,490

114

102

65

113

101

70 ˚C

65 ˚C

60 ˚C

112

0,470

100

+7.9
+3.4
+2.7
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Fig. 2. Power evolution vs. series resistance of sample 1, annealed in dark. The lines are for guidance to the eyes.

Pmax [W]

98

108
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105

50

104

shunt resistance [Ω]

117

3

103

intrinsic constants c0 and c1 linking the materials properties changing in the modules cells and the power are still
unknown and will be measure of experiments to follow.
c0 ΔP (T ) = c1 ΔP0 e

−Ea
kT

102
45

101
100
99
98

,

(1)

where Ea is the activation energy of the driving process in
[J], k is the Boltzmann constant and T is the temperature
in [K].

3 Results and discussion
3.1 Experimental results
3.1.1 Impact on module power
All modules annealed showed an increase in their STC
power. The increase depends on the history of the module and the annealing temperature. The power of sample 1 (cf. Tab. 1), which was prior degraded outdoor, increased 16.5% from its degraded state as shown in Figure 2
along with its series resistance. In Table 2, the relative and
absolute increase in power from annealing is also shown.
Series resistance is generally caused by the intrinsic
resistance of the a-Si cell and all successive transition
resistances (e.g. between metal contact and silicon). Its
increase causes loss in performance of the module. In
sample 1 a decrease of the series resistance from 0.51 Ω
to 0.46 Ω was registered, as shown in Figure 2. Also, the
shunt resistance is caused by the manufacturing defects.
Low shunt resistance in a solar cell, cause loss in power
by providing an alternate current path. Here, the shunt
resistance was increased from 42.8 Ω to 64.3 Ω along with
power, as shown in Figure 3.
The changes in series and shunt resistances are small,
but they are shown in graphs correlating to the power
change with each annealing cycle.
In Figure 2, the ﬁrst part for about 550 h represent
the 60 ◦ C annealing. The module has stabilized after

0,00

500,00

1000,00

1500,00

2000,00

40
2500,00

Time [h]

Fig. 3. Power evolution vs. shunt resistance of sample 1, annealed in dark. The lines are for guidance to the eyes.

about 553 h starting at 98.6 (±0.2%) Watt peak (Wp) and
a ﬁnal stabilized value of 107.7 Wp (±0.2%) of power. This
results in a performance improvement of 9.1 W (9.2%).
At 65 ◦ C cycle, the stabilized ﬁnal value was reached
after 635 h with 111.7 Wp (±0.2%), resulting in a further increase of 4 W (4%). At 70 ◦ C the module ﬁnally
reached 114.9 Wp (±0.2%) after 920 h. The power increase
from 65 ◦ C to 70 ◦ C cycle was 3.2 W (3.3%). Thus, the
overall increase for three runs is 16.3 Wp, i.e. 16.5% from
the degraded value.
In Figure 4, the relative increase in power of the module for each temperature step is shown. All temperature
steps lead to an increase of power. The initial power value
after manufacturing (data sheet value of 116 Wp) was not
reached.
A diﬀerent behavior was found for the ﬂexible thin ﬁlm
module, sample 3 as given in Figure 5. The performance at
the ﬁrst measuring point was 1.82 Wp (stabilized value).
After about 553 h at 60 ◦ C the power increased to 1.93 Wp
(±0.8%). This results in an increase of 0.11 Wp (6.2%).
During the 65 ◦ C and 70 ◦ C run, no further change in
power was registered.
In Table 3 the maximum power change due to annealing is summarized.

3.1.2 Impact on low light behavior
Before starting with annealing, a pre-treatment cycle was performed, as explained in Section 2.4. After
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Fig. 4. Power curve normalized to its initial state at each
annealing temperature of sample 1.
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Fig. 6. Evolution of the normalized power of a double junction
a-Si module (sample 2) before (a) and after (b) annealing.
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Fig. 5. Power curve normalized to its initial state at each
annealing temperature of sample 3.
Table 3. Power evolution for sample 3.
Temp.
[◦ C]
25
60
65
70

Power
[W]
1.82
1.93
1.92
1.93

Power
[%]
100
106.3
105.9
106.2

2 Wp = 100%
91
96.5
96.0
96.5

+6.3
–0.4
+0.3

the annealing procedure was ﬁnished, a subsequent
pre-treatment cycle was again carried out. All IV
characterizations were measured at STC (standard test
conditions). The obtained results were compared with the
evolution characteristics found for the degraded (i.e. initial) state. Figure 6 shows the evolution of module power
at STC during the pre-treatment cycle for the degraded
state (Fig. 6a) and the annealed state (Fig. 6b). In Figures 6a and 6b the power was normalized to the initial

measurement point of LS i.e. the IV curve of the module
stored in dark overnight.
The last point (t = 120) of LS curve is the starting
point (t = 0) of DS cycle and the end point of the DS
cycle shows the completion of pre-treatment. The power
change from the initial point of LS was compared with the
ﬁnal point of DS.
During the pre-treatment of the degraded module the
output power, as shown in Figure 6a, gradually increases
by +2.2% under illumination (LS) followed by a relaxation
with reversed dynamics while holding in dark (DS). The
initial power of the degraded module was recovered after 10 min in the dark while the module power saturation
(–2.5%) was reached after 20 min at a value being slightly
below the initial value before start of the LS cycle. Application of the pre-treatment procedure on annealed modules yields a remarkable change of the amplitude and dynamics of the metastable behavior. There, the magnitude
of the power change due to illumination was much smaller
during the period of the LS (>0.8%) and DS (<0.3%)
treatments, respectively (see Fig. 6b).
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Fig. 7. Annealing curve of sample 2, low temperature annealing with light and without light.
Table 4. Power evolution for sample 2.
Temp.
[◦ C]
25
65
65
70

Power
[W]
99.726
102.97
107.491
111.562

Power
[%]
100
103.3
107.8
111.9

118 Wp = 100%
84.5
87.3
91.1
94.8

+2.8
+3.8
+3.7

3.1.3 Annealing under illumination
A single module was used to follow a diﬀerent annealing/illumination path. Sample 2 was used in order to analyze the correlation between illumination and annealing
in combination, compared to the dark annealed modules
(see Fig. 7).
During annealing in light at 65 ◦ C and an irradiance
of approx. 830 W/m2 a stabilised power of 102.97 Wp
with an absolute increase of 3.2 W after 85 h were obtained. According to the graph, the portion of annealed
power with light was considered stable from the ﬁnal three
consecutive measurement points, in degree of their deviation in power of ±0.1 W. Following this, annealing in
dark for around 509 h at 65 ◦ C, lead to a further increase
to 107.4 Wp with a ΔP of 5.2 W. The power increase
from 65 ◦ C to 70 ◦ C was 112 Wp with an increase in 4.6 W
and overall increase in power after the ﬁnal annealing step
was 112 Wp (12%) from its degraded state of 99.7 Wp.
All results for the measured power values stayed stable
at room temperature i.e. the module state did not change
even after storing the modules in dark for some hours and
the IV characterization gave reproducible results.
3.2 Discussion
3.2.1 Annealing
The results of the annealing cycles show that a huge
part of the initial (manufactured) power can be recovered
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by annealing in the dark even at low temperatures. This
is interesting for two reasons. First it is deﬁnitely below
the temperature damaging the module structure. Second
it is at temperatures measured as operation temperatures
in the ﬁeld. As it has been observed as a seasonal eﬀect
seen in building integrated a-Si technologies, where the
power of the PV modules improves during summer and
decreases during winter season [21]. Therefore, it was interesting to use outdoor operating temperatures of PV
modules in dark to observe the eﬀect of low temperature
on the recovery of power. The annealing was done for a-Si
double junction technologies, glass-encapsulated and fully
plastic encapsulated modules.
Interestingly, the series resistance was reduced and the
shunt resistance was raised, after each annealing cycle.
The change in shunt resistance represents the recombination losses in the bulk. This causes reduction in the ﬁll
factor. Through annealing a change in shunt resistance
also improved the ﬁll factor, for example in sample 1, the
ﬁll factor was increased from 63.4% to 68.9%. This shows a
reduction in the recombination losses through low temperature annealing. Also, with each pre-treatment the modules showed a decrease in metastabilities. This also suggests that there is some kind of stabilization introduced
in the structure of the a-Si technology.
Finally, presented measurement also shows how to differentiate between the spectral and thermal annealing effects as a-Si technologies as shown in Figure 7, where the
diﬀerence between annealing in light and annealing in dark
can be seen, where it exhibit a power recovery dependence
on the incident spectrum [22].
Retain in power also suggests that some change in
metastabilities is occurring inside the a-Si:H technology.
The overall change was almost the full module degraded
power from the manufactured state.
3.2.2 Arrhenius behavior
The annealing procedure was done for a long duration
of time – around 2000 h, but our purpose was to investigate the main evolution of power correlated to defect
annihilation. The energy barriers of the metastable state
from the ground state as found in literature have a variation from 0.9 eV to 1.3 eV [12, 23].
Since defect annealing is a thermal activated process,
it must show an Arrhenius behavior. The stabilized power
at each temperature was plotted vs. (1000/temperature)
for sample 1. It follows a perfect Arrhenius curve, as shown
in Figure 8.
Annealing might have changed some important parameter in the a-Si:H structure, this could be the Si-H2 which
is according to the experimental research suggesting its
increase from 50 ◦ C [24]. The di-hydride bonds require
much less activation energy than the single Si-H bonds.
This is also proven by these researchers from [24]. This
might be an essential factor in increasing the eﬃciency of
the module. Also, as the Si-H2 lies generally in the shallow traps, this suggests that it requires low activation to
transport in the material.
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illumination and in the dark was shown. For the underlying driving process the thermal nature could be shown
as the results follow Arrhenius behavior. This observation
suggests, that the presence and the dynamics of metastabilities in double-juncion a-Si:H modules are related to
optically/thermally induced changes of the intrinsic defect density.
The almost full power recovery and activation energy
suggests that the defects which cause degradation might
be just of low activation energy. This ﬁndings and conclusions were all done on module level, which lowers their
value for reason of model character. Nevertheless, we hope,
that these kind of experiments can also help to understand
full scale mass marked modules in their behavior much
better.

Fig. 8. Shows the Arrhenius curve for sample 1, the annealed
power showing the correlation to the defect densities.
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