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2 Annealing, degradation and spectral effect on a-Si 
modules  

In 1977 Staebler and Wronski showed that in a-Si devices exposed to the light are created  
defects that strongly decrease photoconductivity and hence performances [Sta77].  It is generally 
accepted to divide these defects into two different types: fast and slow [Yan93]. The terms “fast” 
and “slow” refer to the ease with which the degradation can be recovered. Fast defect are 
characterized by low activation energy (<0.3eV) and by the fact that a temperature around 40°C is 
enough to anneal them. The activation energy of slow defects is higher (>0.9eV), hence to reach 
noticeable annealing rates a temperature higher than 80°C is necessary. It was already shown that 
at a temperature of about 150°C, the defects are completely recovered [Sta77].  

Under real operating conditions the modules are exposed to the sunlight but, at the same time, 
the working temperature goes up to 80°C for thermal isolated modules installed in Lugano (46°N, 
8°E). Therefore, depending on irradiation and on temperature a different amount of defects is 
created or annealed in the a-Si modules.  

At ISAAC the topic began to be investigated 20 years ago when the an a-Si plant was installed 
and monitored on the roof of the institute. Figure 2 shows the behaviour of two a-Si plant monitored 
by ISAAC: a single junction and a triple junction plant. The general trend of the efficiency is to 
decrease. The intensity of the decrease is high in the first months and afterwards it becomes 
smaller and smaller. Within this general trend is clearly noticeable a variation that has a shorter 
period (a year) and a swinging tendency.  

 
Figure 2. Long term behaviour of a single junction (black dots) and a triple junction (yellow dots) 

a-Si open rack plants.  
 
The long term trend seems to be mainly due to the slow defects created by the exposition to the 

sunlight. Since, for this plant, the highest module temperature never exceeds 65°C these defects 
are never annealed, and their amount increases during the years. As a matter of facts, the 
degradation intensity decreases with the time. This effect is in agreement with the assumption that 
the degradation process is self-limiting [Cue99]. The total amplitude of this degradation 
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phenomenon represents almost the 30% of the plant efficiency (that is alot, but we are dealing with 
an a-Si technology that is 20 years old!).  

The seasonal behaviour is likely due to the subsequent formation and annealing of the soft 
defects. In winter the working temperature is low hence, most of the defects are not annealed and 
the efficiency decreases. In summer the working temperature is higher and sufficient to anneal 
most of the fast defects, increasing the efficiency. The relative amplitude of the phenomenon is 
pretty constant: about 15% of the actual efficiency.  

Finally, since the Staebler-Wronski effect (SWE) is a bulk effect [Zho86], it is important to 
consider that the intensity of these phenomenon depends on the thickness of the a-Si layers. In 
particular, for multi-junction modules the effect is smaller than for single junction modules as 
already reported in literature [Kro97]. 

 
So far we attributed the cause of the seasonal behaviour only to the degradation and recovery 

effect, but actually some authors [Got04] consider the variation in incident spectrum as major 
contribution to these seasonal performance variations. Indeed, in literature, significant debates 
occurred over the last few years regarding the influences of thermal annealing versus solar 
spectrum on the performance of a-Si photovoltaic systems [Kin00, Nak03, Gru09]. Some have 
argued that seasonal patterns observed in system performance are due to elevated summer 
temperature causing thermal annealing, and others contended that relatively higher performance in 
summer are due to more favorable (blue rich) solar spectrum. The seasonal behaviour is most 
likely due to a combination of both the phenomena but since their effects on a-Si performance is 
somehow superimposed since both lead to a power increase in summer and a decrease in winter, 
some authors attribute this behavior to only one of the two phenomena. This interpretation could 
be due to geographical reasons because the amplitude of the effects mainly depends on location 
temperature and latitude (sun’s height in the sky affects the light spectrum), therefore depending 
on the place where the investigation is performed one of the two effects prevails on the other.  
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Figure 19. Indoor Degradation. Comparison between three a-Si based technologies (single 
junction, double and triple junction). Light soaking parameter: 1000W/m2; simulator class: C/C/B; 
modules temperature: see Table  III. 
 
Table III. Degradation comparison between three a-Si technologies after 70h of light soaking. Fit 
parameters concerning Figure 17 (see reference formula in blue). TAV is the average temperature 
during light soaking process. 

P(H) =(∆P · exp(-H/H0) + PMIN)/P0 H0 (kWh/m2) PMIN  TAV (°C) 

Triple junction 4.0 89% 46 

Double junction (micromorph) 5.2 90% 56 

Single junction 11.2 92% 38 

 
Indoor light-soaking seems to produce almost the same effects (process rapidity and 

degradation amplitude) on the double and triple junction models. These results differ appreciably 
from the previous comparison between various a-Si based technologies performed at our institute 
and found in the literature [Kro97], [Ast09]. Contrary to the results of our study, in these papers 
single junction a-Si modules record the higher degradation, probably because of their thicker cells, 
while the triple junction modules, with thinner subcells, record the lower degradation. The main 
difference between the tests performed in this study and those of the previous works is that here 
light-soaking was performed indoors. The steady state spectrum that was used is clearly different 
from the AM1.5; in particular, it has higher intensity in the blue range (300-600nm) and lower 
intensity in the red/near IR range (600-1100nm). 
  

This difference in spectrum could influence degradation through three main aspects: photon 
absorption depth; light induced creation of defects and power measurements. 

Absorption depth. For a-Si, on average, blue wavelengths are absorbed in the first 0.5μm of the 
module, while the red/near IR wavelengths can run through the module up to about 1μm. So the 
indoor degradation performed with our steady state simulator probably produces an effective 
degradation on the first cell layers but not on the deepest ones. The triple junction and micromorph 
models consist of a series of sub-cells so the first cell (a-Si in both cases) is strongly affected by 
the light-soaking. Since the Isc and FF of the whole cell depends strongly on the Isc and FF of 
each single sub-cell, a degradation that occurs mainly on the first sub-cell could significantly affect 
the  performance of the whole cell. In the case of the single junction model, the induced-defect 
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density is probably not homogeneous along the cell, as also shown in [Kla07], leading to a lower 
power decrease.  

Light-induced creation of defects. During the electron promotion from valence to conduction 
band, the energy surplus (difference between Eph and EG) is dissipated through thermal relaxation 
(phonon-lattice scattering). This energy induces defects into the atomic structure (SW effect). Blue 
photons have more energy than red ones, therefore the amount of energy dissipated during this 
process is greater than for the AM1.5 spectrum. This fact enhances the degradation intensity.  

Power measurements. In this test, module power was measured by means of a maximum 
power point tracker during the indoor light soaking process, therefore under a steady state lamp 
spectrum. This spectrum is noticeably different from AM1.5 and produces measurement values 
different from those in the AM1.5 spectrum. The relative power changes (occurring during 
degradation) could be affected by these differences. 
 

After the light soaking, the module underwent an annealing process, which was conducted 
outdoors in an air heating oven (dark conditions) at a temperature of 120°C. Figure 20 shows the 
results. The most noticeable difference between the 3 technologies is the shape of the recovery 
curve of micromorph module.  The recovery rapidity of the micromorph is lower than the other 2 
technologies, in fact, the recovery level reached after 8h represents approximately 90% of the final 
level for single and triple junctions but only 65% for micromorph. Another difference concerns the 
recovery level after 30h, which is approximately 7% higher than the initial level for the triple 
junction, 14% for the single junction and around 17% for the micromorph.  

The degradation amplitudes of single and triple junction technologies are in agreement with the 
values observed in outdoor tests conducted at our institute, while, in comparison with the other two 
technologies, the power recovery of the micromorph module is higher than that recorded by the 
previous comparison performed at ISAAC. 

This high power recovery for micromorph could be explained considering the spectrum of the 
light that produces the degradation. Regarding the micromorph, the rich blue light-soaking 
spectrum means that the degradation is very effective on the a-Si subcell (the microcrystalline 
subcell does not degrade under AM1.5 spectrum), so the degradation is almost complete only for 
micromorph (unlike the single and triple junction). The micromorph recovery is therefore a full 
recovery and in relative amplitude is higher than the other two technologies. The difference 
between amplitude of degradation (see Figure 19) and recovery (see Figure 20) of the three 
technologies could also be enhanced by the fact that, during light-soaking process, module power 
was measured under a blue-rich spectrum in comparison with the “quasi AM1.5” spectrum of the 
solar simulator (class A/A/A) used to measure module power during the annealing process. 
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Figure 20. Indoor Annealing. Comparison between three a-Si based technologies: single, double 
and triple junction. Annealing temperature: 120°C. 



[Digitare una citazione tratta dal documento o il sunto di un punto di interesse. È possibile collocare la 
casella di testo in qualsiasi punto del documento. Utilizzare la scheda Strumenti casella di testo per 
cambiare la formattazione della citazione.] 

24/30 

4.4 Spectrum variation and Staebler-Wronski effect on a-Si 
 

As shown in Figure 7, the spectral response of the single junction a-Si module lies in the 300nm  
- 750nm range and is therefore narrower than the crystalline range (300-1200nm). So an a-Si 
module is more sensitive to sun spectrum variations than a c-Si module.  

Sun spectrum varies during the year, mainly because of the variation of the sun height in the 
sky. When the sun is higher in the sky (summer), the light path in the atmosphere is shorter, so the 
sun spectrum on the Earth’s surface is more blue-rich, whereas, when the sun is lower, the light 
path is longer and the spectrum becomes more red-rich. Due to its typical spectral response, the 
collection of light increases and consequently the power of an a-Si module is greater for a blue rich 
spectrum and smaller for a red rich one. Different approaches may be adopted in order to 
characterize the spectrum with a single number, (Average Photon Energy [Min07], Air Mass 
[Ken06], Useful Fraction [Got04],…). In this study we chose to use the Air Mass (AM) value 
approach.  

AM is a value related to the length of the light-path in the Earth’s atmosphere. The AM value is 
obtained through geometrical calculation; its minimum value (1) is when the sun is at the Zenith 
and its maximum value (around 40) is when the sun is on the horizon. AM values are calculated 
assuming very clear sky conditions (clouds generally increase the blue component of the sun 
spectrum). Therefore outdoor measurements were always taken when very few (or possibly no) 
clouds were in the sky. Measurements were taken on different days over the year and on the same 
day at different hours. Measurement values have been corrected to 1000W/m2 according to the 
international standards [IEC60891]. 

From the results, shown in Figure 21, the dependence of a-Si short circuit current on AM value 
seems to be linear. Isc varies by about 25% in the AM range considered (from 1 to 5), decreasing 
for higher AM values (red rich spectrum). This effect is strong if compared to the c-Si module (see 
Figure 21) for which the Isc value varies by about 6-7% in the same range. Moreover, the effect on 
c-Si is opposite, the short circuit current of c-Si increases for higher AM values. These results 
largely agree with those presented by Kenny [Ken06]. 
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Figure 21. Short circuit current dependence on sun spectrum. Comparison between amorphous 
silicon (sj) module and multicrystalline silicon. 
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5 Conclusions 

This project was the natural continuation of the previous CPT-project (2003-2006) aimed at 
showing the benefits arising from the building integration of an a-Si PV plant in a flat roof. The main 
outcome of this first project suggests that for Building Integrated Photovoltaic (BIPV) applications 
amorphous silicon technology is more suitable than crystalline silicon. 

In this project, CPT Solar plant performances continued to be monitored and an in-depth 
analysis was conducted on the typical recovery and degradation behaviour of the Uni-Solar 
modules (constituting the plant). The behaviour of these modules was also compared with other 
technologies affected by the same phenomenon. Moreover a study aimed at separating the 
influence of the Staebler-Wronski effect from the sun spectrum variation throughout the year was 
also conducted. 
 
 

The main outcomes of this work are: 
 

1) Monitoring of the CPT Solar plant  
 

‐ Despite the various maintenance work executed on the plant, the CPT plant performance 
ratio is basically constant, with an average annual value of around 85%. 
 
 

2) Annealing and degradation process on Uni-Solar modules 
 

‐ Evolution of the initial outdoor degradation depends on the season. The combined 
effect of annealing and degradation means that the warmer the season, the slower the 
degradation; 
 

‐ Evolution of the degradation depends on the module electric load. Since the inner 
electric field depends on the external electric charge, degradation amplitude and rapidity 
are slower in short circuit configurations than in open circuit configurations; 
 

‐ Power recovered level depends on annealing temperature. In a dark environment this 
level is reached after about 30 hours of annealing. A complete mapping of the recovered 
level on temperature and time dependence was conducted in the 40-120°C and 0-30h; 
range 
 

‐ Outdoor annealing is less effective than indoor annealing. Heat radiation from the 
module front and degradation due to light soaking make outdoor annealing slower than 
indoor annealing; 
 

‐ The degradation-recovery process is not reversible for annealing temperatures of up 
to 120°C. Light soaking during summer causes new defects to build up in a-Si atomic 
structures, but if the annealing temperature is insufficient to produce a full recovery, some 
of these defects persist after annealing. After a second degradation-recovery cycle, new 
not-recoverable defects are added to the previous defects, leading to a long term 
degradation. 
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3) Staebler-Wronski effect on three a-Si based technologies 
 

‐ The light soaking spectrum could have an influence on the degradation effect. The 
light spectrum influences the depth of the light path into the module; moreover, a light 
spectrum with a higher average photon energy releases more energy and induces more 
defects into the atomic structure.  

 
 
4) Spectrum variation and the Staebler-Wronski effect on a-Si. 
 
‐ By considering their time period it has been possible to separate between spectrum 

variation and Staebler-Wronski effects on a-Si. In the period considered, the spectrum 
variation accounts for about 15% of the power variation, compared with 7% for the 
Staebler-Wronski effect. 
Because of their different time periods and “phases”, the combination of the two effects 
leads to an overall effect that is between the two and accounts for about 10% on the power 
variation in the period considered.  
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