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ABSTRACT 

A validated predictive model of a-Si:H solar cell arrays was developed. The 

performance of a-Si:H solar cells was modeled by predicting the performance before 

degradation first, and then modifying it with tenns that account for degradation 

and recovery effects. 

A unique approach for the determination of the fundamental rate control

ling parameters for the degradation and recovery process was carried out by ob

serving the variation of the short-circuit current. By this approach, the analytical 

model became simple and the experimental measurement was easy. 

The experimental annealing of a-Si:H silicon samples showed that the per

cent recovery from the degraded state to the as-grown state by annealing was vir

tually independent of the initial state at the start of the annealing process. This 

allowed the recovery parameters to be determined independently of the prior degra

dation process. Possible degradation parameters were determined at low temper

atures. The best combination of degradation and recovery parameters was then 

determined from experiments where degradation and recovery occurred simultane

ously. 

An extremely simple and fast running algorithm for the long-term perfor

mance was developed in terms of the incident solar radiation, the panel temperature, 

and the total radiation exposed. Also it was found that the entire process of the 

Staebler-Wronski effect could be adequately represented by a correlation in which 

the degradation and recovery processes are solely a function of the total radiation 
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exposure of the panel at ambient conditions. These correlations were perfonned by 

manipulating the results obtained by the analytical and experimental study with 

the Progranuning Language for the Analysis of Economic Time Series (PLANETS) 

software. 

The model generated results were validated with experimental data from 

the Solar Energy Research Facility (SERF) at the University of Arizona. The 

validation was satisfactory. 
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CHAPTER 1 

INTRODUCTION 

Photovoltaic cells are solid-state devices that absorb light and convert light 

energy directly into electricity. In the century and a half since the photovoltaic 

effect was first observed by French physicist Edmond Becquerel in 1839 (Angrist 

1982), tremendous progress has been made in photovoltaic technology, especially in 

the thirty years following the first use of photovoltaic cells in the power supply of 

Vanguard I in 1958. 

The emphasis of the research for space applications has been to develop 

more highly reliable, higher efficiency, and lighter wf'ight photovoltaic cells which 

result in lower cost power for space, while terrestrial applications research has been 

directed toward lowering the cost of photovoltaic modules. 

Thin film solar cells were developed in an attempt to reduce the cost of 

photovoltaic generation significantly. These include both amorphous silicon and 

polycrystalline thin film cells, which are about a lltmdred times thinner than crys

talline cells. Amorphous silicon is a leading candidate among thin-film materials 

for the fabrication of flat-plate photovoltaic devices for electricity generation. 

Spear and LeComber (1975) reported that amorphous silicon films produced 

by the glow discharge decomposition of silane (SiH .. ) could be doped to form p-n 

junctions. Using amorphous silicon-hydrogen alloys (a-Si:H) prepared in this way, 

a 5.5% efficient solar cell was reported (Carlson et al 1976). Recently, even for 
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100 cm2 cells, efficiencies of greater than 9% have been reported (Shuffiebotham 

and Card 1987). 

The first commercial products based on amorphous silicon photovoltaic cells 

appeared in 1980. These cells were about 3% efficient in sunlight but matched the 

perfonnance of single-crystal silicon cells under indoor fluorescent lighting. Since 

amorphous silicon photovoltaic cells require less than micron thicknesses of material 

and their processing is relatively simple, they have an initial market in light powered 

consumer products without batteries, which helps to fund their development. 

1.1 Statement of the Problem 

Hydrogenated amorphous silicon (a-Si:H) is a promising and rapidly ad

vancing material for thin film solar cells. The performance of a-Si:H cells has been 

improved significantly in recent years. One of the major factors influencing the 

successful large-scale power source is maintaining long-term stable performance in 

an actual operating environment. 

The substantial promise of amorphous silicon for large-scale and low-cost 

solar cells has resulted in a massive effort to understand and overcome the one re

maining limitation of this material - its light induced degradation. The degradation 

effect was first observed by Staebler and Wronski (1977). Since then, the effect 

has received a considerable attention because it is directly related to the efficiency 

degradation of hydrogenated amorphous silicon (a-Si:H) solar cells. 

The goal of this study is to develop an analytical model for the prediction 

of the long-tenn perfonnance and degradation of amorphous silicon photovoltaic ar

rays using typical meteorological year (TMY) data for Tucson. The model generated 

results will be validated with experimental data from the Solar Energy Research 

Facility (SERF) at the University of Arizona. 
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1.2 Previous Work for LanK-Term Performance Analysis 

Since the degradation effect was first observed, numerous theoretical and 

experimental studies for the long-term perfonnance of amorphous silicon photo

voltaic systems have been presented. 

Staebler et al (1981) first reported the long-tenn performance tests of amor

phous silicon ~i-n solar cells. The tests were conducted indoors using tungsten 

lamps. According to their experimental work, the conversion efficiency rapidly 

dropped, then was followed by a weak logarithmic decay. Extrapolation of the data 

to the equivalent of a 20 year exposure to sunlight resulted in efficiency degradation 

of 20%. They also pointed out that the efficiency degradation is mostly due to a 

decrease in the fill factor (the ratio of the maximum available power to the short

circuit current - the open-circuit voltage product) and the short-circuit current, 

while the open-circuit voltage changed only slightly. 

Ullal et al (1984) investigated the stability of a-Si:H exposed to nonnal 

sunlight for a year. Their temperature studies clearly showed that degradation is 

reduced considerably when the cells operate at temperatures above the ambient 

temperature. They also proposed a model of efficient:y degradation, representing 

initial rapid degradation and subsequent slow decay. 

Hester and Hoff (1985) presented the long-tenn performance of photovoltaic 

modules with two and a half years of test data. The objective of the test was to 

evaluate the perfonnance of the modules particularly in terms of degradation and 

to develop a database to be used for an engineering evaluation of the technology. 

Ichikawa et al (1987) presented three year field tests of the degradation 

phenomena under different light intensities. They compared their experimental 

data with simulation studies by using accepted values of a-Si:H parameters in the 



17 

latter. They also pointed out that the degradation in continuous &rtificiallight tests 

is much faster than that in the outdoor tests. 

Sakai and Uchida (1987) also reported on the field test results of amorphous 

silicon solar cells exposed for one and a half years. They concluded that the two 

most noteworthy phenomena are the initial rapid degradation occurring within one 

month and the seasonal variation in the output performance. 

Eser et al (1987) presented a long-term stability study of amorphous silicon 

solar cells. They analyzed coexisting light-induced degradation and thermal recov

ery processes and concluded that under normal operating conditions of 70 - 80°C, 

light-induced degradation is reduced due to simultaneous thermal recovery 

Mrig et al (1987), DeBlasio et al (1987), and Mrig et al (1988) designed 

testing systems and analytical procedures for numerous thin-film modules and pre

sented the test results based on long-term stability performance testing over the 

past two years. They also mentioned that new methods and procedures are cur

rently under development in the Solar Energy Research Institute to evaluate and 

understand the degradation mechanisms and to influence future module design and 

fabrication for improved long-term stability. 

From the review of prior work, it is quite clear that a predictive performance 

model for a-Si:H analysis which utilizes, synthesizes, and integrates fundamental 

information regarding solar and photovoltaic phenomena has not been written. The 

models and procedures discussed in this study were developed to meet this need. 
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1.3 Or&anization of the Dissertation 

Chapter 2 presents information regarding the prediction of solar incidence 

on a tilted surface using TMY data for Tucson. Anisotropic diffuse radiation mod

els are reviewed and compared with the ASHRAE (American Society of Heating, 

Refrigerating, and Air conditioning Engineers ) clear day model. 

Chapter 3 reviews the nature of a-Si:H solar cells. The prediction models 

of cell temperature and electrical performance before degradation are discussed. 

The model generated results of /-V characteristics are compared with experimental 

data. 

Chapter 4 reviews the degradation effect and prior studies for modeling the 

effect. Possible algorithms for characterizing the Staebler-Wronski effect and its 

effect on /-V characteristics which were developed in this study from prior work 

are discussed. 

Chapter 5 presents the experimental procedures for the determination of 

the fundamental rate controlling parameters of degradation and recovery processes. 

Required empirical correlations are generated from experimental results using the 

PLANETS software. 

Chapter 6 combines the models developed in prior chapters in a predictive 

computer model. The model generated results are validated with experimental data 

from the SERF. 

Chapter 7 summarizes and discusses the results of this study. 
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CHAPTER 2 

PREDICTION OF SOLAR RADIATION 

The proper prediction of the available solar radiation incident on surfaces of 

various orientation is crucial for the design and performance analysis of solar energy 

conversion systems. Under clear sky conditions, the available solar radiation on 

surfaces can be predicted in purely empirical terms, since the solar-earth geometric 

relationships are repeated each year. Due to clouds, however, the prediction of 

insolation becomes very complicated due to the inherently chaotic nature of weather 

systems. 

The total solar radiation incident on a tilted surface has three components: 

direct radiation, diffuse radiation, and ground-reflected radiation. The intensity of 

the ground-reflected radiation depends on the reflectivity of the grOlUld and the tilt 

angle of the surface. This reflected component on a tilted surface, however, is not 

important except in the case of tilt angles close to 90° and a high ground reflectivity. 

For practical photovoltaic panels, the ground-reflected radiation is small enough to 

neglect. The diffuse radiation component, however, is too large to be neglected. 

The sun's position in the sky and the amount of 801ar radiation incident 

on a tilted surface can be most conveniently expressed in terms of solar and g~ 

metric angles. Before discussing the diffuse component, a review of solar location 

is essential. 
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2.1 Solar Location 

The angles determined by the sun's position and the specific site are: 

1. Solar zenith angle, 8, 

2. Solar altitude angle, 0 

3. Solar azimuth angle, ,. 

4. Solar declination angle, {y 

5. Solar hour angle, w 

6. Latitude angle, 4> 

The zenith angle is the angle subtended by a vertical line to the zenith 

and the line of sight to the sun. The altitude angle is the complementary angle of 

the zenith angle, therefore, it is the sun's angular distance from the horizon. The 

azimuth a.ngle is the angular displacement from south of the projection of the direct 

radiation on the horizontal plane. The declination angle is the a.ngular position of 

the sun at solar noon with respect to the plane of the equator. The hour a.ngle is 

the angular displacement of the sun due to rotation of the earth on its axis at 150 

per hour. The latitude a.ngle is the angular location north or south of the equator. 

The angles determined by the orientation of solar energy collecting surfaces 

on earth are: 

1. Surface tilt a.ngle, /1 

2. Surface azimuth a.ngle, , 

The tilt angle indicates how far up from the horizontal a surface is sloped, 

while the surface azimuth angle denotes how the surface is positioned relative to 

the true north-south a.nd east-west coordinates. Fig. 2.1 shows the solar a.ngles on 

a tilted surface. 
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ZenIth 

Normal to 
honlonlll ludiC. 

Fig. 2.1 Solar Angles on a Tilted Surface 

The SWl'S apparent position with respect to a stationary earth is determined 

by two angles: the solar altitude and azimuth angles. On the other hand, the 

position of a site on earth with respect to the sun is determined by two continuously 

varying angles (the sun's hour and declination angles) and the latitude angle. The 

declination angle, 6, varies throughout the year and is expressed by 

6 = 2345· sin [ 360· C8~6; n) 1 (2.1 ) 

where 11 is the day of the year. 

The SWl'S altitude and azimuth angles are calculated from the latitude, 

declination, and hour angles. 

sin 0 = sin rP sin 6 + cos rP cos jj cos w = cos (} I 

cos6 sinw 
sin -y, = ----

coso 

(2.2) 

(2.3) 
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The above angles are combined together to yield the calculation of the angle of 

incidence, 9. The angle of incidence, 9, on any surface is defined as the angle 

between the direct radiation on a surface and the normal to that surface. Using the 

angle of incidence, the direct radiation component on a tilted surface can easily be 

calculated. The equation relating the angle of incidence and the other angles is 

cos 9 = cos 6 cos 4> cos fJ (tan 6 tan 4> + cos w)+ 

cos 6 sin fJ cos 1'( cos w sin 4> + sin w tan l' - tan 6 cos ¢» (2.4) 

For the prediction of hourly total radiation incident on a tilted surface, the 

mean hour angle was used (TRNSYS 1983) in this study. This is to ensure that 

the calculated position of the sun will be the average position for the time interval. 

The mean hour angle, Wm~an, is given by 

Winitial + W linal 
Wm~an = 2 (2.5) 

At the mean hour angle, the incident solar radiation and the angle of incidence 

represent approximately the hourly average values of them. 

2.2 Diffuse Solar Radiation Modelini 

The diffuse fraction of solar radiation is important for the prediction of solar 

radiation on a surface. Liu and Jordan (1960) first proposed that the ratio of daily 

diffuse to daily total radiation on a horizontal surface may be correlated with the 

sky clearness index in a location-independent manner. Although it is evident that 

a general correlation exists between the diffuse fraction and the clearness index, the 

data generally exhibit a relatively wide scatter and the resulting empirical relation 

are not in good agreement (Ma and Iqbal 1984). Smietana et al (1984) showed 
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that the diffuse radiation is not accurately determined by the clearness index alone. 

Suehrcke and McConnick (1988) concluded that next to the clearness index, the air 

mass is the second most important variable characterizing the instantaneous diffuse 

radiation. 

Due to the variety and complexity of solar radiation, the diffuse radiation 

was simply assumed to be isotropic over the hemispherical sky (Liu and Jordan 

1963). This assumption conveniently allows the direct and diffuse radiations on a 

horizontal surface to be corrected to the total radiation on a tilted surface by simple 

geometric relationships. For a surface of tilt {3 with the isotropic model, the diffuse 

radiation, Ilu, can be expressed as 

Idt= Idh(l+cos{3) 
2 

where IdA is the diffuse radiation incident on a horizontal surface. 

(2.6) 

The isotropic model for the diffuse radiation is a good approximation for 

overcast skies, however, Dave (1977) showed that sky diffuse radiation is anisotropic 

in many instances and that the assumption of an isotropic distribution may intro-

duce significant error in estimating the diffuse radiation on tilted surfaces. Since 

then, anisotropic models for diffuse radiation have been developed. Anisotropic 

models take into account the circumsolar radiation. The diffuse radiation is, there-

fore, composed of two parts, an isotropic and a circumsolar part that has the same 

angular time variations as the direct component from the sun. 

Ma and Iqbal (1983) compared anisotropic models proposed by Hay (1979) 

and Klucher (1979) with the isotropic one and concluded that the two anisotropic 

models are definitely superior to the isotropic model for surfaces with tilt angles 

up to 60°. Perez et al (1986) developed an even better anisotropic model, and 

subsequently presented a simplified version of their improved model (Perez et al 
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1987). The three anisotropic models mentioned above will be explained in more 

detail. 

2.2.1 Hay's Model 

The diffuse radiation on a horizontal surface was expressed as a combina-

tion of a circumsolar component coming directly from the sun and an isotropically 

distributed diffuse component from the rest of the skydome. The hourly diffuse 

radiation on a tilted surface, I dt , was written as 

where Idla is the diffuse radiation on a horizontal surface; Ila is the total horizontal 

radiation; 10 is the extraterrestrial radiation on a horizontal surface; () is the angle 

of incidence; (}z is the zenith angle. 

The first tenn of the right hand side of eq. (2.7) accounts for the circumsolar 

and the second term for the isotropic component of the diffuse radiation. \Vhen 

overcast conditions prevail (Ila :::::: [dla), Hay's model approaches the isotropic model. 

2.2.2 Klucher's Model 

Klucher modified the anisotropic clear day model developed by Temps and 

Coulson (1977) by adding a modulating function F as the sky varies from clear to 

overcast. The model takes into account the circumsolar radiation and the horizon 

brightening. The hourly diffuse radiation on a tilted surface, I dla , is 

where 
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The term [1 + Fsin3 (,8/2)] accounts for the increase in diffuse radiation 

observed near the horizon during clear days, while the term (1 + Fcos28sin3 8z ) 

represents the circumsolar effect. The modulating function F varies from 1 (very 

clear day, 1" ::> ItI,,) to 0 (overcast day, 1" = ItI,,). The Klucher model, however, 

fails to yield I tlt = I tI" for ,8 = O. Baltas et al (1986) added a correction factor by 

dividing the right side of eq. (2.8) by (1+Fcos28z sin38z ). Under overcast conditions, 

the Klucher model is equivalent to the isotropic model due to F = O. When F 

approaches unity, the model approximates the Temps-Coulson anisotropic clear sky 

model. 

2.2.3 Perez's Model 

Perez et al (1987) proposed an anisotropic diffuse radiation model on tilted 

surfaces. According to their model, the diffuse radiation on tilted surfaces, I tlt , is 

I I [(1 F) [
(1 + cos,8)] F cos[min(7r/2,8)] F . a] 

tit = tI" - 1 2 + 1 LI + 2 sm /J 
COSuz 

(2.9) 

where Fl and F2 are the circumsolar and horizon reduced brightness coefficients; (j 

is the incident angle; (jz is the zenith angle. 

Fl and F2 were derived by least square fitting of data as a function of three 

parameters of solar conditions: the solar zenith angle, the atmosphere clearness, and 

the atmosphere brightness. If Fl = F2 = 0, this model becomes the isotropic one. 

This is the most recent model for the prediction of the diffuse radiation. The model 

also was validated for several sites including Phconix, AZ, and Albuquerque, NM. 

According to the model validation (Perez et al 1987), this model is more accurate 

than Hay and Klucher algorithms, especially for Phoenix and Albuquerque. The 

climatic conditions in Tucson may be similar to those in the two cities, therefore, 

the Perez model was chosen for the prediction of the diffuse radiation incident on 
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photovoltaic panels in this study. The Perez model also was satisfactory at Calgary 

and Alberta in Canada (Harrison and Coombes 1989). 

2.3 Typical MeteoroloKical Year Data 

While hourly total radiation on a horizontal surface is now recorded at 

many stations, stations measuring the hourly diffu~ component are extremely few. 

Regardless of the diffuse model used, one has to know the diffuse radiation on a 

horizontal surface, Idla. To meet this need, the typical meteorological year (TMY) 

data for Tucson was used as an hourly weather model in this study. From the TMY 

data, the direct normal radiation and the total horizontal radiation are available. 

The history and background of the TMY data were smnmarized by Bahm (1985). 

For the United States, the hourly solar radiation on a horizontal surface 

has been measured for 26 cities around the country. Their 23-year data base form 

the SOLMET hourly data base. Then, it was extended to 222 additional locations, 

which had sunshine or cloud cover observations. The addition of direct normal 

radiation components was generated from a model, not measured. 

The TMY data must be typical of the long-term weather data base and 

have a representative hourly picture of the climate of a year's duration. In spite 

of its inherent error due to the modeled direct normal radiation, the TMY data 

must be the most common hourly data set for the long-term performance analysis 

of photovoltaic systems if actual data are not available. 
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2.4 Modelini of Incident Solar Radiation 

When the direct normal radiation, I"n, is known, the direct radiation falling 

on a horizontal surface, I"Ia, can be calculated by 

(2.10) 

Then, the diffuse component on a horizontal surface, Idla, can be found by sub

tracting the direct horizontal radiation, I"Ia, from the total horizontal radiation, 

lla. 

(2.11) 

The diffuse radiation on a tilted surface, Idt, then can be calculated by the Perez 

algorithm in eq. (2.9). The direct radiation on a tilted surface, I"t, can be obtained 

from the direct normal radiation and the incident angle, fJ, to the surface. 

(2.12) 

The total radiation on a tilted surface, Itt, can be found by adding the direct 

radiation on a tilted surface, I"t, to the diffuse radiation on a tilted surface, Idt . 

(2.13) 

Based on the calculational procedures described above, the prediction of 

solar radiation incident on a tilted surface was performed by the following: 

1. Compute the mean hour angle for the time step from eq. (2.5). 

2. Compute the solar zenith angle from eq. (2.2). 

3. Compute the angle of incidence from eq. (2.4) using solar angles. 

4. Compute the direct radiation falling on a horizontal surface from eq. (2.10). 
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5. Compute the diffuse radiation on a horizontal surface from eq. (2.11). 

6. Compute the direct radiation incident on a tilted surface from eq. (2.12). 

7. Compute the diffuse radiation on a tilted surface by the Perez model in 

eq. (2.9). 

8. Compute the total radiation incident on a tilted surface from eq. (2.13). 

The photovoltaic panel in this study has a 32° tilt angle and faces due 

south in Tucson. The results of the monthly total solar radiation calculated by 

the three anisotropic diffuse radiation models and the ASHRAE method (ASHRAE 

Handbook of Fundamentals 1981, see Appendix-A) are shown in Table 2.1 and 

graphically in Fig. 2.2. The ASHRAE model, which is designed for clear days, was 

not used for the prediction of solar radiation in this study. However, the model 

provides the maximum possible solar radiation on a surface, thereby it was used to 

check the simulation results of other models. 

According to the results, the Klucher model performs very much like the 

Perez model. The Hay model agrees well with the other two anisotropic models from 

March to September, however, the Hay model deviates much for the rest of the year. 

Table 2.2 shows the relative error and the root mean square error (R .. HSE) with 

respect to the Perez model. 
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Table 2.1 Monthly Solar Radiation, Btu/ tt2 

Month ASHRAE Hay Klucher Perez 
Jan 61411 51036 48536 48896 
Feb 60893 54384 51563 52449 
Mar 72912 67204 65541 66447 
Apr 74263 70825 70559 71906 
May 74900 72596 73440 74249 
Jun 70409 67903 68996 69459 
Jul 73818 61984 62607 63369 
Aug 74014 64140 64186 65680 
Sep 70199 64699 63700 64930 
Oct 68627 67619 63733 63837 
Nov 61368 53842 51363 51903 
Dec 59738 50533 47615 47346 

Total 822552 746765 731839 740471 

Table 2.2 Analysis of Deviation 

Month Hay Klucher 
Jan 4.38% -0.74% 
Feb 3.69% -1.69% 
Mar 1.14% -1.36% 
Apr -1.50% -1.87% 
r..lay -2.23% -1.09% 
Jun -2.24% -0.67% 
Jul -2.19% -1.20% 
Aug -2.34% -2.27% 
Sep -0.36% -1.89% 
Oct 5.92% -0.16% 
Nov 3.74% -1.04% 
Dec 6.73% 0.57% 

RAISE 3.55% 1.36% 
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CHAPTER 3 

MODELING OF AMORPHOUS SOLAR CELL PERFORMANCE 

The amorphous semiconductor is a whole new class of materials for making 

solar cells. Amorphous thin film and crystalline photovoltaic cells are fabricated in 

entirely different ways and are fundamentally different in nature. 

In this chapter, the nature of hydrogenated amorphous silicon solar cell 

(a-Si:H) will be briefly reviewed first. For the prediction of the performance of 

a-Si:H, a thermal model for the calculation of photovoltaic cell temperature will be 

presented. Then, the modeling of J- V characteristics of a-Si:H without degradation 

will be discussed. 

3.1 Hydroienated Amorphous Silicon Solar Cell 

An amorphous material is one that has no long-range crystalline structure, 

while appearing to be solid. Glass is a good example of such a material. For crystals, 

there is a strict periodicity. The periodicity is referred to as long-range order. In the 

case of amorphous solids, only the short-range order remains. Like the tetrahedrally 

bonded array of crystalline silicon lattices, silicon atoms in amorphous silicon are 

generally connected to four other silicon atoms. 

Without the constraints of periodicity, however, it is difficult for every 

silicon atom to be linked up with four others. In amorphous solids, therefore, some 

lattices are distorted. Some silicon atoms only have covalent bonds with three 
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surrounding silicon atoms, where the fourth bond is not formed. This defect causes 

a breakdown in long-range order and leads to an increase in the strain of the lattice. 

This unsaturated bond is referred to as a dangling bond and can be tmderstood as 

a strain relieving mechanism. The dangling bond creates an available energy level 

in the quantum energy gap of silicon (the "forbidden" gap) with the tmfortunate 

consequences discussed later. 

In a-Si:H, hydrogen atoms play an important role. They terminate the 

dangling bonds by sharing their electrons with the dangling electrons of the silicon. 

By doing so, the defect states within the forbidden gap can be removed. In pure 

a-Si, there are more than 1019cm- 3 defects, while for a-Si:H, there are three to 

four orders of magnitude fewer defects. Therefore, hydrogen atoms dramatically 

improve the electrical and optical properties of the material. 

Although hydrogen can saturate most of the silicon dangling bonds in a

Si, there are still typically about 5 x 1015cm- 3 dangling bond states in the gap, 

which play important roles as effective recombination centers and are related to the 

light-induced changes in the material which degrade amorphous photovoltaic cell 

performance. Figure 3.1 schematically shows the structure of amorphous silicon. 

This figure also illustrates the concept of the dangling bonds and how hydrogen 

deactivates them. 

The a-Si:H solar cells have ~i-n structures. The intrinsic layer (i-layer) is 

located between highly doped p and Tl layers, and is much thicker than the other 

layers (about 20 to 30 times). Most free carriers are generated in the i-layer. Also, 

the carrier loss through recombination in this layer is the most ftmdamental factor 

for current and voltage losses. The i-layer, therefore, is the critical location for the 

photovoltaic effect of a-Si:H. The efficiency of the solar cell also strongly depends 

OIl the electronic properties of the i-layer. 
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The nature of a-Si:H was reviewed in this section. The prediction of pho-

tovoltaic cell temperature will be discussed in the next section. 

3.2 Thermal Model for Photovoltaic Cell Temperature 

It is well known that solar cell voltage and power are significantly inft.uenced 

by cell temperature. Therefore, it is important to examine how cell temperature 

varies under different environmental conditions for the prediction of solar cell per-

formance. 

The daytime temperature of solar cells is significantly greater than the am

bient temperature due to the absorption of insolation. During the day, a solar cell 

module operates at a temperature greater than the ambient temperature by a fac

tor that depends on incident solar radiation, the absorptivity of the module, and 

mounting conditions. If solar cell modules are mounted in a way that facilitates con

vective cooling, they will operate at a lower temperature. For this reason, the wind 
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speed at a site strongly affects cell temperature and perfonnance. Also, radiative 

heat transfer should be considered in ambient conditions. 

Based on the phenomena mentioned above, Fuentes (1987) presented a 

simple model to calculate the unifonn cell temperature. The model is capable of 

predicting the heat gain and the convective and radiative losses at anyenvironmen

tal condition, and also incorporates a thennal mass effect of a photovoltaic cell. 

According to the Fuentes model, the energy balance on a cell was expressed as 

(3.1 ) 

where 0 is the absorptivity of the cell; S is the incident solar radiation; he is the 

overall convective heat transfer coefficient; Tp is the cell temperature; T(J is the 

ambient temperature; u is the Stefan-Boltzmann constant; fe is the emissivity of 

the cell; T. is the sky temperature; fg is the emissivity of the ground; Tg is the 

ground temperature; me is the thermal mass of the cell. 

Equation (3.1) can be integrated and solved after linearizing the radiation 

terms as follows: 

where hr is the radiative heat transfer coefficient. The product term (T; + T2)( Te + 

T) can be assumed constant because it does not change much in actual ambient 

conditions. 

The model simulation procedure for cell temperature based on the Fuentes 

model will be explained in Chapter 6 and compared with actual experimental data 

for validation. In this section, the modification of the Fuentes model introduced in 

this study will be discussed. The modified portions are the calculation of convective 

heat transfer coefficients and the sky temperature. 
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Due to the chaotic nature of the environmental wind speed and direction, 

empirically derived expressions of the dimensionless numbers in heat transfer the

ory may not be applicable. Therefore, the dimensionless correlations used in the 

FUentes model to determine convective heat transfer coefficients were replaced with 

a simplified ASHRAE correlation (ASHRAE Handbook of Fundamentals 1981) in 

this study. The correlation was originally developed for calculating cooling and 

heating loads in buildings. 

4v 
h =2+-

e 15 

where v is the wind speed in miles per hour; he is in Btu/hr-Jt 2
_ o F 

(3.3) 

The prediction of the sky temperature depends on the ambient temperature, 

humidity, amount of cloud cover, and elevation. Swinbank (1963) proposed a simple 

sky temperature equation for clear sky conditions by averaging out the effects of 

humidity and elevation on the sky temperature as follows: 

T~ = 0.0552 X To U (3.4) 

where To and T. are both in ° K. 

Equation (3.4), however, is not applicable for cloudy days. During overcast 

days, the sky temperature is close to that of ambient. Therefore, the actual sky 

temperature would be somewhere hetween ambient temperature and the value ob-

tained by eq. (3.4). In order to correlate the sky temperature to cloud conditions, 

the clearness index is the most appropriate approach. To modify eq. (3.4) under 

actual weather conditions, the following assumptions were made: 

1. During overcast days, Ts = To. 

2. On clear days, T. = 0.0552 X To l.~. 
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3. Between the extreme conditions, the sky temperature linearly depends on 

the clearness index. 

The clearness index was first proposed by Liu and Jordan (1960) and is 

defined as the ratio of the radiation on a horizontal surface to the extraterrestrial 

radiation on a horizontal plane. Depending upon the time step, the clearness index 

has the hourly, daily, and monthly averaged values. For simplicity, the monthly 

average was used in this study. The monthly average clearness index, KT , can be 

expressed as 

(3.5) 

where E H is the monthly horizontal solar radiation; E H 0 is the monthly ext rater-

restrial solar radiation on a horizontal plane. The extraterrestrial solar radiation 

incident on a horizontal plane, H o , is (Duffie and Beckman 1980) 

[ (360n)] . Ho = G.c 1 +0.033 cos 365 sma (3.6) 

where G.c is the solar constant at 428 Btu/hr-/t2
; n is the day of the year; a is 

the solar altitude angle. If the ASHRAE clear day model is assumed, the monthly 

average clearness index on clear days, KT,asla, can be expressed by 

(3.7) 

where E Hasla is the monthly solar radiation on a horizontal surface by the 

ASHRAE clear day model. 

In order to estimate the clf'amess index on overcast days, typical overcast 

days in Tucson were identified in the TMY data month by month. From this 

data, the daily average horizontal radiation on overcast days, E Hoc, and the daily 
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average extraterrestrial radiation on a horizontal plane, E Ho, were calculated for 

each month. Then, the monthly average clearness index on overcast days, KT,oc, 

can be calculated from 

- EHoc 
Kr,oc = EHo (3.8) 

With the assumptions made above, the actual sky temperature, T.,(Jct, can 

be expressed as 

T.,(Jct - T(J 0.0552 X T(J l.~ - T.,(Jct 
= 

Kr - Kr,oc Kr,ula - Kr 
(3.9) 

Rearranging eq. (3.9) for T.,(Jct gives 

-. - -. l.~ 
T _ (Rr,u" - Kr)T(J + (Kr - Rr,oc)(0.0552 x T(J ) 

.,(Jct - K K r,(J1l1a - r,oc 
(3.10) 

Table 3.1 shows the monthly averaged daily horizontal radiation for different 

weather conditions. Table 3.2 depicts the corresponding monthly average clearness 

indexes for clear days, actual days, and overcast days in Tucson. 

Table 3.1 Monthly Averaged Daily Horizontal Radiation, Btu/ jt2 

Month Extraterrestrial Clear Actual Overcast 
Jan 1711 1262 1059 635 
Feb 2069 1579 1384 950 
Mar 2651 1996 1851 989 
Apr 3112 2442 2353 1466 
May 3465 2682 2675 1643 
Jun 3567 2769 2701 1409 
Jul 3487 2724 2297 1231 
Aug 3175 2463 2166 1130 
Sep 2803 2094 1935 872 
Oct 2237 1687 1615 797 
Nov 1791 1349 1180 686 
Dec 1598 1170 995 644 
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Table 3.2 Monthly Averaged Clearness Index 

Month Clear Actual Overcast 
Jan .737 .619 .371 
Feb .763 .669 .459 
Mar .753 .698 .373 
Apr .785 .756 .471 
May .774 .772 .474 
Jun .776 .757 .395 
Jul .781 .659 .353 
Aug .776 .682 .356 
Sep .747 .690 .311 
Oct .754 .722 .356 
Nov .753 .659 .383 
Dec .732 .623 .403 

Average .761 .602 .302 

Figure 3.2 provides the graphical view of eqn (3.10) and illustrates the 

location of the sky temperature under the different weather conditions. The sky 

temperature must lie on a straight line between state 1 and state 2, at a point which 

is proportional to the clearness index. 
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Fig. 3.2 Sky Temperature vs Clearness Index 
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In t~his section, the Fuentes model was introduced. Also, the modifications 

for the! prediction of heat transfer coefficients in eq. (3.3) and the sky temperature in 

eq. (3.10) were discussed. The two equations will be used for the simulation model 

of a-S:i:H cell temperature in Chapter 6. 

In the next section, the electrical performance model will be discussed. The 

p.lectri,cal performance of photovoltaic cells is determined by cell temperature and 

the amount of solar radiation incident on a cell surface. 

~il..E:lectrical Performance Model of a-Si:H Pbotovoltaic Cell 

In spite of the entirely different fabrication processes and the fundamental 

differences in the organization of their atoms, many similarities in electrical char

acteristics exist between crystalline and amorphous solar cells because of the short 

range order which determines these electrical properties. In most respects, the phe

nomena which determine the 1-V characteristics of amorphous silicon solar cells are 

the same as those of crystalline solar cells (Hart 1986). These characteristics are: 

1. Power varies approximately directly with incident solar radiation. 

2. CurTent varies directly with incident solar radiation. 

3. Volj~age remains fairly constant relative to varying solar radiation. 

The! a-Si:H I-V characteristics differ significantly from crystalline solar 

cells in the two following ways (Harnakawa 1985; Hart 1986): 

1. Existence of a high electric field in the carrier generation region in a-Si:H, 

therefore, the drift-type photovoltaic effect in a-Si:H dominates. 

2. The fill factor of crystalline silicon is typically 0.75-0.80, while a-Si:H is in 

the range of 0.5-0.6. 
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With the similarities between crystalline and amorphous solar cells, the 

solar cell equation for a single diode model is well behaved for amorphous silicon 

solar cells (Czubatyj et al1980; Kuwano et al1981; Dressnandt and Rothwarf 1984; 

Mitchell et al 1985). 

To date, no single solar cell model exists which accurately simulates all 

available solar cells over a wide ranges of temperatures, solar intensity, and other 

environmental effects. The most widely used model is the single diode model which 

is derived from solid-state theory and observations made on the solar cell terminal 

characteristics under different test conditions. The ideal solar cell equation derived 

from solid-state theory is 

I = It - Iv = It - 10 [exp(!~) - 1 ] (3.11) 

where I is the load current; It is the light-generated current; Iv is the diode current; 

10 is the reverse saturation current; q is the electron charge; k is the Boltzmann 

constant; V is the load voltage; T is the cell temperature. The diode reverse 

saturation current, 10 , was assumed constant in this study. Since the value of the 

diode reverse saturation current density is in the range of 1 - 3 X 10- 12 amps/cm2 

(Green 1982), the following value was used with cell surface area, .4c: 

10 = Ac x 2 X 10- 12 amps 

Equation (3.11), however, is not accurate enough to use for the analysis of 

actual solar cell 1-V characteristics for engineering purposes. Therefore, the follow

ing three additional parameters are usually included in eq. (3.11) (Rauschenbach 

1980): 

1. A, diode quality factor (or diode imperfection factor). 

2. R., series resistance. 
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3. R./a, shunt resistance. 

\Vith these additional parameters, eqn (3.11) is expressed as (Rauschenbach 1980) 

1 = h - 10 [exp[q(V + IR6
)] -1]-~ 

AkT R./a 
(3.12) 

The equivalent circuits of the solar cell models in eqn (3.11) and eqn (3.12) are 

shown in Fig. 3.3. The left side is for eqn (3.11), and the right side is for eqn (3.12). 
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Fig. 3.3 Equivalent Circuits of Solar Cell f..lodels 

The term including shunt resistance, R./a, in eqn (3.12) can be neglected 

because it is too small to affect the cell's behavior. Therefore, eqn (3.12) can be 

simplified as 

I = I - I [ [q( V + I R6)] - 1] 
L 0 exp AkT (3.13) 

The light-generated current, It, is relatively insensitive to cell temperatures 

and is directly proportional to incident solar radiation (Otterbein et 81. 1978; Buresh 

1983; Mitchell et al.1985). Therefore, the light-generated current, It, at a given 

solar radiation, S, can be expressed as 

S 
h=hr

Sr 
(3.14) 
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where hr is the light-generated current at a reference solar radiation Sr. 

Since h ~ I.e (Araujo and Sanchez 1982), eq. (3.14) can be used for the 

calculation of I.e. 

(3.15) 

Setting 1=0 in eq. (3.13) with h (~ I.e) :> 10 , the open-circuit voltage, 

V oc , can be expressed by 

Voc = AkTln(/.c ) 
q 10 

(3.16) 

A rise in cell temperature in eq. (3.16) appears to cause a proportional 

increase in the open-circuit voltage, which is not true. Thus, either A or 10 must 

change to reflect reality. \Vhile it may be more correct physically to allow 10 to 

be a function of temperature, this method is not used due to its complexity. Since 

the diode reverse saturation current, 10 , was assumed constant in this study, the 

temperature dependence of Voc can be correctly expressed by making the diode 

quality factor, A, a function of temperature by the following equation: 

A = A,. + C A (T,. - T) ( 3.17) 

where A,. is the diode quality factor at a reference temperature, T,.; C A is the corre-

lation coefficient and is ~A/ ~T. From the G4000 specifications (ARCa 1988), the 

diode quality factor, A, has a value of 1.471 at 298° K. The correlation coefficient, 

C A, was obtained using G4000 experimental data (see Fig. 3.4) and is shown in 

Table 3.3. 

Table 3.3 Detennination of Correlation Coefficient 

Temperature Voc A CA 
OK volts °K- 1 

298 0.852 1.4710 
333 0.756 1.1676 -0.00867 
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The series resistance, R" of a solar cell is an idealization of internal electri

cal losses. The series resistance can be measured by observing the I-V characteris-

tics and varies with light intensity and temperature level. The preferred method of 

determining R, experimentally uses the following equation (Rauschenbach 1980): 

(3.18) 

~ Voe and ~I,e are determined from two I-V curves from the same cell taken at 

different radiation levels, but the same temperature. The G4000 1-V characteristics 

were analyzed and Table 3.4 shows the temperature and light intensity dependence 

of ~Voe/~I,e in eq.{3.18). 

Table 3.4 Effect of Temperature and Light Intensity on ~ Voel ~I6e 

Solar Temperature I,e Voe ~Voe/~I,e Rad Temp 
Wlm'l OK amps volts ohms Effect Effect 
1000 298 2.20 .852 
800 298 1.76 .848 .0082 0.00% 0.00% 
600 298 1.32 .841 .0150 83.52% 0.00% 
400 298 0.88 .827 .0323 295.84% 0.00% 

1000 320 2.27 .785 
800 320 1.82 .781 .0081 0.00% -0.68% 
600 320 1.36 .775 .0142 75.00% -5.29% 
400 320 0.91 .761 .0304 275.00% -5.67% 

1000 333 2.30 .756 
800 333 1.84 .752 .0077 0.00% -5.60% 
600 333 1.38 .746 .0136 76.11% -9.41 % 
400 333 0.98 .733 .0287 271.90% -11.08% 

From Table 3.4, the radiation dependence of ~ Voel ~I6e is much stronger 

than the temperature dependence. Taking average values of solar radiation and 
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~ Voe / ~/.e, the following functional relation was obtained using least-square curve 

fitting for a straight line: 

~Voe S 
R. = ~I.e = .056975 - .000056 (3.19) 

As is expected, the series resistance decreases as light intensity increases due to the 

increasing density of light generated carriers. 

By observation of the I-V characteristics in Fig. 3.4, a particular pair of 

Voe and I.e will maximize the power output. This is called the maximum power 

point, Pm. The cell I-V curve, therefore, passes through three significant points: 

I.e, the short-circuit current; Voe , the open-circuit voltage; and Pm, the maximum 

power point. Multiplying eqn (3.13) by V, the power, P, is written as 

(3.20) 

Then, the maximum power, Pm, can be obtained by setting dP/dV = O. Figure 3.5 

shows the relation between output power and voltage . 
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Fig. 3.5 Output Power vs Voltage 
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If the current is assumed to be fairly constant around the maximum power 

point with respect to the voltage change, the maximum power point can be expressed 

as 

dP _ I I I [q(Vm + ImR,)] (AkT + qVm) - 0 
dV - 'c + 0 - 0 exp AkT AkT- (3.21) 

where Vm and 1m are the voltage and current at the maximum power point, respec-

tively. Rearranging eq. (3.21) for Vm leads to the following equation (Knobloch et 

al 1983): 

Vm = AkT In [(I.e) ( AkT )] - ImR, 
q 10 AkT + qVm 

(3.22) 

If there is a relation between 1m and I.e, eq. (3.22) can be solved by using 

eq. (3.15) and an initial guess of Vm . To derive this necessary relation, the maximum 

power points and the corresponding current values from G4000 experimental data 

were investigated and summarized in Table 3.5. 

Table 3.5 Determination of the Maximum Power Points 
ARea G4000 Experimental Data 

voltage, volts 
Radiation 16 I 17 I 18 I 20 max 

W/m2 power, watts power 
1000 29.28 29.75 25.74 24.40 29.75 
800 23.68 24.31 23.94 23.80 24.31 
600 18.08 18.70 18.54 15.60 18.70 
400 12.00 12.41 12.24 10.60 12.41 
200 5.92 5.95 5.94 4.60 5.95 
100 2.88 2.89 2.70 1.60 2.89 

average 

Im/I,e 

.795 

.813 

.833 

.830 

.795 

.773 

.807 
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From the average value of 1m/I.e in Table 3.5, the current at the maximum 

power point, 1m , at a different light intensity can be well approximated by 

1m = 0.807 X I.e (3.23) 

Vm can be determined by iteration of eq. (3.22) with an initial guess of Vm. 

Then, the maximum power , Pm, is 

(3.24) 

The fill factor, F F, is a measure of the squareness or sharpness of the knee 

in the I-V curve and is defined by 

(3.25) 

The squarer the curve is, the greater the output power for a given I.e and 

Voe. The maximum conversion efficiency, TI, can be found from 

(3.26) 

3.4 Model Simulation of a-SijH Performance 

Based on the procedures developed in the previous section, the model sim

ulation for the prediction of a-Si:H performance was carried out by the following 

sequence: 

1. Compute I.e from eq. (3.15). 

2. Compute Voc from eq. (3.16). 

3. Compute A from eq. (3.17). 

4. Compute 1m from eq. (3.23). 
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5. Compute R. from eq. (3.19). 

6. Assume Vm. As an initial guess, Vm was assumed to be 0.8 x Voc. 

7. Compute Vm from eq. (3.22). 

8. Compare the calculated Vm in step-7 with the assumed Vm in step-6. 

9. If the difference between them is greater than the tolerance (0.05 V in this 

study), go to step-6 with the calculated Vm in step-7 as a second guess. 

10. Repeat step-9 until the difference is within the tolerance. 

11. Compute Pm and 7J from eq. (3.24) and eq. (3.26), respectively. 

The experimental G4000 maximum power point and the simulated value 

are compared and summarized in Table 3.6 for various light intensities and cell 

temperatures. 

Table 3.6 Experimental and Simulated Maximum Power Points 

( Cell temperature at 2980 K) 

Radiation G4000 Model Error 
W/m2 watts watts 
1000 29.75 31.97 7.46% 
800 24.31 25.59 5.27% 
600 18.70 19.21 2.73% 
400 12.41 12.;8 2.98% 
200 5.95 6.30 5.88% 
100 2.89 3.07 6.23% 

( Radiation at 1000 lV/m2 ) 

Temperature G4000 Model Error 
OK watts watts 
298 29.75 31.97 7.46% 
320 28.01 29.68 5.97% 
333 27.02 28.00 3.63% 
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The root mean square error (RM S E) of the model generated result is about 

5%. Thus, the I-V characteristics model made in this study is satisfactory. In this 

chapter, the performance of a-Si:H was modeled and validated with experimental 

data. However, the degradation effect was not considered. The degradation effect 

will be discussed in the next chapter. 
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CHAPTER 4 

THE LIGHT-INDUCED DEGRADATION EFFECT 

The light-induced degradation in a-Si:H films was first observed by Staebler 

and Wronski (1977) and has been called the Staebler-Wronski effect (SWE). Since 

then, extensive research has been carried out in order to understand the origin and 

the operational mechanism of the light-induced defects because they are directly 

associated with the degradation of the efficiency of hydrogenated amorphous silicon 

(a-Si:H) solar cells. Although this effect has been well documented experimentally, 

no theoretical model has yet provided a comprehensive explanation of the observed 

phenomena. 

In this chapter, the SWE and the previous studies for modeling the effect 

will be reviewed first. Possible models for the SWE and its effect on J-V charac

teristics developed from prior work in this study will be discussed. 

4.1 The Staebler-Wronski Effect 

In 1977, Staebler and \Vronski found that both the photoconductivity and 

the dark conductivity of intrinsic a-Si:H were significantly decreased when the 

samples were exposed to light in the range 0.6 - 0.9 Jlm with the intensity of 2000 

W/m2 at room temperature. The results of the effect are shown in Fig. 4.1, which 

depicts the conductivity change as a fWlction of time. 
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Fig. 4.1 Conductivity Change upon Light Exposure 

For the first two hours before light exposure, the sample is in state-A and 

is held in the dark. During this period, the conductivity remains constant. \Vhen 

the light exposure first begins, the conductivity increases due to the electron-hole 

pairs generated by light. The rapid increase of the conductivity indicates the onset 

of the photoconductivity. 

During the four hours of exposure, the photoconductivity decreases by a 

factor of 8. After the light is turned off, the dark conductivity in the degraded state 

(state-B) has dropped by nearly four orders of magnitude from its initial value 

in state-A. This new state is stable at room temperature, however, it is not an 

equilibriwn state. The conductivity in state-B depends on the total light exposure 

that the sample received. 

This effect is thennally reversible. The degraded samples can be returned 

to the initial state by annealing at 150a C in the dark for a few hours. The recovery 
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time is a function of annealing temperature. As the annealing temperature goes up, 

the recovery time required to return to the initial state goes down. 

Staebler and Wronski concluded that the effect of light exposure is to in

crease the density of states in the energy gap, which can act as carrier recombination 

centers. Therefore, the observed photoconductivity decrease can be explained by a 

reduction in carrier lifetime. After their pioneering work, a number of studies have 

confirmed their conclusion about the reduction in carrier lifetime (Moller et al 1982; 

Swartz 1982; Uchida et al 1983; Tawada et al 1983; Faughnan and Crandall 1984; 

Smith et al 1985; Hack and Shur 1985; Bennett et al 1985; Yamaguchi et al 1987). 

The accepted characteristics of the SWE from numerous experimental and 

theoretical studies can be sununarized as follows and graphically in Fig. 4.2 and 

Fig. 4.3 (Staebler et al 1981; Nakano et al 1982; Tsuda et al 1983; Maruska et al 

1983; una! et al 1984; Hack and Shur 1985; Lee et al 1985; Stutzmann et al 1985; 

Eser 1986; Bhargava et al 1987; DeBlasio et al 1987; Yanagisawa 1987; Mrig et al 

1988): 

1. The degradation in the efficiency is initially rapid but continually decreases 

as light exposure continues. The magnitude of light-induced degradation 

in the material decreases as the temperature increases. That means that 

the degradation and thermal recovery proc('sses take place simultaneously 

during light exposure at elevated temperatur('s (Fig. 4.2). 

2. The major loss of the efficiency is primarily due to the degradation in the fill 

factor. The open-circuit voltage remains fairly constant. A minor change 

in short-circuit current is also observed (Fig. 4.3). 
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The exact mechanism of degradation is still not well understood. However, 

it is now believed that light-induced degradation in a-Si:H is the result of breaking 

the pre-existing stretched (weak) Si:Si bonds by the energy released from the band

to-band recombination of photo-generated electron-hole pairs. When a stretched 

Si:Si bond breaks, a dangling bond is fonned. The stretched Si:Si bonds are, 

therefore, the sources for light-induced dangling bonds. The quantum energy of a 

dangling bond lies in the energy gap, thus facilitating recombination and lowering 

carrier lifetime. The dangling bond is dangling and not associated with a hydrogen 

atom. In one postulated recovery mechanism, hydrogen diffuses to the dangling 

bond and fonns a covalent bond. Then the bond is not dangling any more. Another 

suggested recovery method invokes the reformation of a weak Si:Si bond from two 

adjacent dangling bonds (Eser 1986). 

The SWE is intimately related to the reduction in carrier lifetime due to 

the increase in the dangling bond density. On the other hand, the change in carrier 

mobility, 1', due to the degradation effect is quite small (Staebler and \Vronski 

1980). Yamagishi et al (1987) confirmed from their experiment that the effect of 

the mobility change is very minor compared to that of the lifetime change, which is 

important in the experimental work of this study. The quantitative analysis for the 

correlation between carrier lifetime and dangling bond density will be discussed in 

the next section. 

4.2 Analysis of the Deiradation and Recovery of a-SiiH Solar Cell. 

Numerous experimental models have been prf'sented which quantitatively 

describe the degradation and recovery processes. In order to predict the degrada

tion effect, the determination of degradation and recovery rates is quite essential. 

Prior work regarding modeling of the processes of dt'gradation and recovery will 
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be reviewed in this section. Derivations performed in this study will be presented 

where appropriate. 

The correlation between carrier lifetime and dangling bond density is crucial 

in this study. Smith et al (1985) postulated that the carrier lifetime is inversely 

proportional to the dangling bond density and proposed the following correlation: 

(4.1 ) 

where r is the mean value of the coefficient of proportionality. Also, it is convenient 

to define a combined J.'T product of holes and electrons, J.'T, because holes are in the 

minority on one side of the i-layer and electrons on the other side in a p-i-n solar 

cell (Smith et al 1985). 

( 4.2) 

where 1', and T, are the hole mobility and lifetime; J.'n and Tn are the electron 

mobility and lifetime. 

Since carrier mobility, Ii, is relatively constant, carrier lifetime and dangling 

bond density were related through the following equation in this study: 

( 4.3) 

where "f 0 is the initial carrier lifetime before degradation. Equation (4.3) provides 

a means to correlate the dangling bond density with the carrier lifetime, which is 

an important relation in this study. 

The initial values of the J.'T product and dangling bond density before degra-

dation must be known to use the correlation in eq. (4.3). The percent decrease in 

carrier lifetime then can be related to the percent increase in dangling bond den-

sity. Due to the unavailability of the experimental facilities, the initial dangling 
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bond density and the I'T product of the samples were obtained from the manufac

turer and have the following typical values (Willet 1989): 

N.(O) = 5 x 1015em- 3 

I'T 0 = 2.0 X 10-8 em2 V-I 

Accepted values of initial dangling bond density and I'T 0 of a-Si:H before light 

exposure from previous studies are tabulated in Table 4.1. 

Table 4.1 N.(O) and I'T 0 of a-Si:H 

Sources NII(O), em .J 

Street (1982) 5 x 101~ 
Lee et al (1985) 5 x 1015 

Stutzmann et al (1985) 10 x 1015 

Shepard et al (1988) 3 x 1015 

Willet (1989) 5 x 1015 

Sources I'T 0' 
em"l VI 

Street (1983) 1.6x 10-8 

Tawada et al (1983) 3.0x 10-8 

Xi et al (1985) 2.8x 10-8 

Yamaguchi et al (1987) 3.0x 10-8 

\Villet (1989) 2.0x 10-8 

The most comprf'hensive studies of the rate of df'gradation and recovery 

were done by Stutzmann et al (1985), Lee et al (1985), and Eser (1986). 

Stutzmann et al (1985) investigated the kinetics of degradation and recov-

ery by photoconductivity and electron spin resonance (ESR) measurements. In 

their model, electrons and holes, nand p, are generated at a rate proportional to 

light intensity, while their densities are inversely proportional to the dangling bond 

density. 

G 
11= -

rn N. 
( 4.4) 



G 
p=-

r,N. 
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(4.5) 

where G is the carner generation rate; rn and r, are the recombination probabilities 

for electrons and holes through the energy levels associated with dangling bonds, 

respectively. 

Under the assumption that new dangling bonds are created by the en

ergy released from the band-to-band recombination of photogenerated electron-hole 

pairs, Stutzmann et at (1985) expressed the rate of the dangling bond density change 

with light exposure time by 

dN. 
dt 

ex: np ex: (4.6) 

In eq. (4.6), the generation rate of the new dangling bond density should be pro-

portional to the product np of the respective concentrations of electrons and holes 

because the probability of the dangling bond creation is proportional to both the 

numbers of electrons and holes. The rate of generation of new dangling bonds, 

dN./dt, therefore, decreases with the square of the density of the dangling bonds. 

In this case, the Staebler-Wronski effect is self-limiting since the creation of new 

dangling bonds is inhibited by the density of stretched weak Si:Si bonds, which are 

the predecessor of new dangling bonds. As dangling bonds are formed, fewer weak 

Si :Si bonds are available. Thus, the more dangling bonds there are, the slower new 

ones are created. 

Also, Stutzmann et al (l!)85) proposed a first-order thermal recovery reac-

tion with a distribution of activation energies between 0.9 and 1.3 e V. The rate 

equation which they proposed combines both degradation and recovery together 

with the temperature dependence is expressed by 

dN. , G
2 

(-Ear) [ ] dt = Rd N} - eXP"kT N. - N.(O) ( 4.7) 
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where K~ is the proportionality coefficient for degradation whose temperature de

pendence is sufficiently weak to make it approximately constant; EAr is the activa

tion energy for the recovery; N.(O) is the dangling bond density before exposure. 

Lee et al (1985) also investigated the recovery kinetics by ESR techniques, 

but they concluded that recovery can be described by a second-order kinetic model 

with a single activation energy. According to their model, the recovery rate equation 

IS 

dN. (-EAr) 2 '"dt = -kr exp -w- N. (4.8) 

where kr is the proporti0nality coefficient for recovery; EAr is the recovery activation 

energy at 1.1 eV. However, Smith and Wagner (1985) showed that both the Lee 

and the Stutzmann models could fit experimental results if proper coefficients were 

chosen. 

Eser (1986) also assumed that the degradation process is the result of the 

breaking of stretched Si:Si bonds. From his experimental work, the light-induced 

degradation and recovery of defects in a-Si:H appear to be thermally activated with 

single activation energies of 0.1 e V and 1.35 e V, respectively. 

Eser's result on recovery was quite different from the previous two models. 

According to his analysis, the thermal recovery process is a fifth-order reaction of the 

dangling bond density. He pointed out, however, that his result came from the curve 

fitting of the experimental result and may not be directly related to the physical 

processes taking place in the reaction. He concluded that the recovery reaction can 

only be a second-order process since two coincident and adjacent dangling bonds 

are required to reesiablish stretched Si:Si bonds. 

From the models reviewed above, both light-induced degradation and ther-

mal recovery can be described by the reactions activated by single activation energies 
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which are inversely or directly proportional to the dangling bond density. Also, the 

rate of thermal recovery should be proportional to the density of the recoverable 

dangling bonds, Ns-Ns(O), however, the reaction order is still controversial. Then'

fore, the recovery reaction order, m, will be determined from the experimental data. 

The recovery rate equation in this study was expressed as 

( 4.9) 

By combining the recovery model in eq. (4.9) and Stutzmann's degradation 

model, and replacing the Kd of the Stutzmann model with a Boltzmann distributioll 

term incorporating the degradation activation energy, the rate equation in this study 

was expressed as 

(4.10) 

where kd is the proportionality coefficient for degradation; kr is the proportionality 

coefficient for recovery; Ead is the activation energy for the degradation; Ear is tIl(' 

activation energy for the recovery. 

Equation (4.10) is used in the experimental work, both in the III lIlwrieal 

form of the differential equation and in the integratf'd form. To evaluate the dangling 

bond density in time, we can use eq. (4.10), which can he solved numerically using 

Euler's forward difference formula. 

The formula is simple and explicit. Therefore, if N~" is known, Ns,l+l can din·ctly 

be calculated. The accuracy of results and the sp<'ed of computation are crucial 

in numerical methods. One means of n·ducing th<' error is to make tIlt' stq> siz<" 
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6t, smaller. However, it may result in an increase in both computational time and 

roundoff error (Ferziger 1981). Therefore, selecting an optimal step size is essential. 

Table 4.2 shows the simulation results for an hour period by eq. (4.11) with differf'nt 

time steps and arbitrary values of system parameters for comparison. 

Table 4.2 Step-Size vs Accuracy 

Step size, sec Final Values Error 
0.1 1.000000 
0.5 1.000030 0.003% 
1.0 1.000075 0.007% 
5.0 1.000425 0.043% 

10.0 1.000858 0.086% 
30.0 1.002618 0.262% 
60.0 1.005340 0.534% 

300.0 1.031658 3.166% 

Ten seconds was chosen as the time step in this study as th£' best ('0111-

promise between accuracy and computational time. Equation (4.11) can be solved 

numerically if the activation energies, Ead and Ear. the proportionality coefficients, 

kd and kr. the recovery reaction order, m, and the carrier generation rate, G, an' 

known. We call them the fundamental rate controlling parameters of the samples. 

The fundamental rate controlling parameters are important variables in evaluating 

the relative effects of degradation and recovery processes in our analysis and can b(' 

evaluated by a combination of experimental and n1llll('rical methods. 

The change of N IJ in time can be pn'dicted by solving eq. ( 4.11). The 

change in carrier lifetime then can be predicted by correlating the change of N.. 

by eq. (4.3). The analysis of degradation and recovery to this point has been ill 

terms of the dangling bond density and the carrier lifetiIll('. The quantities which 
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can be measured experimentally, however, are the short-circuit current, the open

circuit voltage, and the fill factor, using the experimental facilities available for 

this study. In the next section, a means to correlate a dangling bond density to 

experimentally measurable quantities will be presented. The carrier lifetime must 

be a crucial factor for correlating them since the SWE is directly related to the 

change in carrier lifetime. 

4.3 Analysis and Modeling of a-Si:H Solar Cell Performance 

In the following, we will derive the relationships needed to determine ex

perimentally the fundamental rate controlling parameters which will be used in the 

perfonnance prediction model. 

In Section 4.1, it was cited from prior work that the fill factor is the principal 

variable changed by degradation. However, no theoretical perfonnance model has 

been proposed yet which uses a correlation between the fill factor and the carrier 

lifetime. On the other hand, the change in the short-circuit current is directly related 

to the change in carrier lifetime. Since prior work has shown that the degradation 

of I.e is much more significant than that of Voe , the degradation of I.e will be used 

in the quantitative experimental determination of the flmdamental rate controlling 

parameters in this study. 

To correlate N. with I.e, we begin with the current model in terms of the 

carrier lifetime at low light intensities proposed by Crandall {1982}. 

{4.12} 

where I is the current; Ae is the cell area; G is the carrier generation rate; q is the 

electron charge; d is the i-layer thickness; Ie is the carrier collection length. The 
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carrier collection length is defined by 

(4.13) 

where E is the electric field in the i layer. If a uniform field in the i layer is assumed 

(Crandall 1983), eq. (4.13) can be expressed as 

(4.14) 

where VII is the applied voltage; Vbi is the built-in voltage which is approximately the 

same as the open-circuit voltage (Faughnan and Crandall 1984). Under the short-

circuit conditions, the applied voltage, VII' due to light is zero and the corresponding 

carrier collection length, leo, can be given by 

(4.15 ) 

Combining eq. (4.15) and eq. (4.12), the short-circuit current was expressed 

in this study by the following equation: 

I - AcqGj:TTVoc [1 _ (-rfl)] 
~c - d exp -V 

JlT oc 
( 4.16) 

The initial short-circuit current before the degradation, I~c(O), then can be related 

to the initial carner lifetime before light exposure, To, by 

( 4.17) 

From the ratio of the initial I~c(O) to the I.c{t) after light exposure, the change in 

carrier lifetime in this study can be determined from the following equation: 

( 4.18) 
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Therefore, eq. (4.18) is the key to the prediction of the change in carrier lifetime 

from a directly measured quantity, the I.c • The change in carrier lifetime then can 

be directly related to the change in dangling bond density through eq. (4.3). Thus 

by measuring I.c while degradation and recovery are occurring, we can determine 

changes in T and N. as a function of time. This allows the activation energies and 

coefficients of proportionality of these processes to be experimentally determined 

and used in the predictive computer model developed in this study. 

To derive the additional basic correlations in the performance prediction 

model, the correlation between the carrier lifetime and the I-V characteristics of 

a-Si:H proposed by Faughnan and Crandall (1984) is the starting point. They used 

the Hecht formula (Hecht 1932) to describe the I-V characteristics of an a-Si:H 

p-i-n solar cell: 

where I is the carrier collection ratio and is defined by 

I = electron-hole pairs collected in the external circuit 
- number or photo-generated electron-hole pairs 

( 4.19) 

( 4.20) 

At the short-circuit condition, the carrier collection ratio, I.c, is the ratio or the 

short-circuit current to the light generated current, h, by the definition, and it can 

be expressed as 

I.e leo [ (-d)] I.e = h = d 1 - exp leo (4.21 ) 

By substituting eq. (4.15) into eq. (4.21), I,e can be expressed as 

J-lrVoe [ ( -Jl )] 
I.e = ~ 1 - exp J-lTVoe ( 4.22) 
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Then, the ratio of the initial carrier collection ratio, l.e{O), to the carner collection 

ratio after the degradation due to light exposure occurs, I.e{ t), for short-circuit 

conditions can be expressed as 

( 4.23) 

In this study, it was noted that eq. (4.23) and eq. (4.1S) are identical. There-

fore, the ratio of the degradation of the carrier collection ratio at the short-circuit 

condition is identical to the ratio of the degradation of the short-circuit current. 

From eq. (4.21), I.e was calculated with different values of leo. The i-layer thickness 

of the sample, d, is 0.35 JJm (Willet 10S9). 

Table 4.3 leol d vs lae 

leold I.e Remarks 
1 0.632 

10 0.952 
14 0.065 samples 
20 0.975 
30 0.084 

From Table 4.3, it was found that I.e of the samples has the value of alm06t 

unity. Therefore, the short-circuit current is approximately the same as the light 

generated current, which provides a reasonable basis for the assumption made in 

Chapter 3 (I.e ~ I L)' 

We will now introduce the fill factor into our analysis. As mentioned earlier, 

the major effect of the degradation process is the reduction of the carrier lifetime. 

This decreases the fill factor, which decreases the output power and current flow. 
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Similarly, the collection length, 'e, which is a function of a carrier lifetime, influ

ences the efficiency of an amorphous silicon solar cell through its effect on the fill 

factor. Smith et al (1985) have presented an empirical relationship between the 

carrier lifetime and the fill factor by means of the collection length using the data 

of Faughnan and Crandall (1984). 

(
leo) ( J.' T Voe ) F F = 0.39 + 0.3 X loglo d = 0.39 + 0.3 X loglo tP (4.24) 

This relationship is the only one proposed for the correlation of the degradation of 

the carrier lifetime and the degradation of the fill factor and is fully accepted by 

the photovoltaic module manufacturer. The ratio of the initial fill factor, F F(O), 

to the fill factor after light exposure, FF(t), then can be found by 

FF(t) _ 0.39 + 0.3 X loglO (~) 
FF(O) - 0.39 + 0.3 x log 10 ( er~ros) 

( 4.25) 

The characteristics of cells, however, may vary from sample to sample according 

to unavoidable slight differences in sample preparation. Therefore, the empirical 

relationship in eq. (4.25) may not be generally acceptable for predicting the per

formance of different cells. From eq. (4.25), it is reasonable to asswne that the 

degradation in fill factor can be expressed solely as a function of the degradation in 

carrier lifetime. A similar empirical correlation was experimentally determined for 

the G4000 sample in this study, which was of the form: 

F F( t) = C (J.' T, ) n 

F F(O) J.'T 0 

( 4.26) 

Equation (4.26) is conceptually identical to eq. (4.25), however, eq. (4.26) does not 

include the cell thickness term, d, since the perfonnance characteristics may not be 

dependent on the thickness as in eq. (4.25). The Smith model was compared and 
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validated with the experimentally detennined model in eq. (4.26). Details of this 

part of the study will be presented in the next chapter. 

We will now combine our degradation and recovery analysis with the pho-

tovoltaic conversion efficiency to predict the effect of the degradation and recovery 

processes. The relation between the photovoltaic cell efficiency with and without 

degradation ('1' and '10' respectively) can be expressed by the following functional 

relationship if light intensity remains the same: 

F F(t) I.c(t) 
- F F(O) I.c(O) 

( 4.27) 

In eq. (4.27), the open-circuit voltages, Voc( t) and Voc(O), have cancelled out due to 

their similar values. From eq. (4.27), the degradation in conversion efficiency can be 

expressed by multiplication of the degradation in the fill factor and the degradation 

in the short-circuit current. Thus the equations that predict the degradation of 

the array performance have been developed using the experimentally determined 

coefficients and activation energies. The value of N. as a function of time can be 

determined from this value, the degraded value of JJT and then the degraded fill 

factor can be calculated. Finally, the degraded overall efficiency can be calculated. 

The long-term perfonnance model which has been developed in this study 

depends on the calculation of the fill factor and the short-circuit current with and 

without degradation to determine the photovoltaic array efficiency. The perfor

mance of amorphous solar cells then can be predicted by combining the following 

two analyses: 

1. Photovoltaic power generation without considering the degradation effect 

discussed in Chapter 3. 

2. Photovoltaic conversion efficiency decay due to the degradation discussed 

in this chapter. 
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From the above two analyses, the electric power generated with the degra-

dation effect, Pile" can be calculated by combining eq. (3.24) and eq. (4.27). 

'1t Pdeg = Pm x-
'10 

( 4.28) 

In this section, the change in carrier lifetime due to the SWE was correlated 

to the change in the short-circuit current, which is an experimentally measurable 

quantity. The degradation in the fill factor can also be correlated to the change 

in carrier lifetime by an experimentally detennined correlation in eq. (4.26). The 

experimental procedures will be presented in the next chapter. 



68 

CHAPTER 5 

EXPERIMENTAL METHODOLOGY AND RESULTS 

The goal of the experimental part of this study is the detennination of 

the fundamental parameters that determine the relative rates of degradation and 

recovery of the samples. These parameters were evaluated from the change in the 

experimentally measured values of I~c, using the correlation developed in Chapter 4. 

Before perfonning the experiments regarding the degradation and annealing 

processes, the carrier generation rate, G, was determined since the rate of degra

dation depends partly on the value of G. During each degradation experiment, G 

must be constant. Since this condition is not easily fulfilled in natural sunlight, an 

artificial lamp which yields a constant light intensity was used in the experiment. 

Unfortunately, the spectral distribution of light produced by the artificial lamp is 

different from that of sunlight. Thus we need a method of calculating the G value 

for the artificial lamp from the accepted G value of natural sunlight. 

5.1 Determination of G for Artificial Lamp 

The value of G from any light source is a function of the light intensity 

and the spectral distribution of the incident light. Thus the carrier generation rate 

under natural sunlight, Gun, is a function of the sun's location in the sky, since the 

incident insolation intensity and spectral distribution change as a function of the 

sun's location. The most important parameter which detennines the light intensity 
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and the spectral distribution of sunlight is the length of the light path through the 

atmosphere. The length of the light path is embodied in the air mass concept, 

where the air mass (AM) is unity when the sun is directly overhead, and is zero 

above the earth's atmosphere. 

The accepted value of the earner generation rate for a-Si:H, Gstd, in 

sunlight at 1000 Wfm2 under AM 1.5 is 1.6 x 1021 cm-3 sec-1 (Smith et al. 1985; 

Ichikawa et al. 1987). This value of G is only correct for the spectral distribution of 

sunlight at AM 1.5. The solar spectral distribution at various air mass values and 

the spectral response of a-Si:H are shown in Fig. 5.1 and Fig. 5.2, respectively. 

The carrier generation rate of the light source used in the experimental part 

of this study is not directly measurable. However, the short-circuit current of a test 

cell is a directly measurable quantity, which is directly proportional to G, which 

in turn a function of the spectral distribution of the incident light, the spectral 

response of a-Si:H, and the light intensity under short-circuit conditions. 
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If the spectral distribution of sunlight. is constant and the intensity varies, 

the carrier generation rate at measured sunlight intensity, Gnn , then can be related 

to the standard values by 

Inn 
G nn = I X G "td,nn 

"td, .. "n 
(5.1 ) 

where Inn is a measured sunlight intensity and I"td,nn is the standard solar inten-

sity of 1000 IV/m2 used when G "td,,,un was evaluated. 

If the intensity of light from a lamp and from the sun is the same, but their 

spectral distributions vary, their carrier generation rates and short-circuit currents 

can be related by 

G I~r.I(J"'p G 
lamp = -1---- X .tun 

"c,,,un 
(5.2) 
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where I.e,ltamp and I.e,nn are the measured short-circuit currents under artificial 

light and sunlight, respectively. By combining eq. (5.1) and eq. (5.2), G,amp can be 

expressed as 

(5.3) 

The short-circuit currents produced by 1000 W/rn 2 sunlight (at an AM of 

1.5) and by the same intensity of artificial light were measured in order to find G,amp 

for that light intensity from eq. (5.3). The total light intensities were measured with 

an Eppley PSP pyranometer, since it is insensitive to the wavelength of insolation. 

Halogen projector lamps ELH (120V-300W) were used as the test lamp. Table 5.1 

shows the short-circuit currents measured under sunlight and the test lamp for the 

samples used in the experiment. 

Table 5.1 Measured Short-Circuit Currents 

Samples Sunlight I. e •• un Lamp Iu.lamp 

Wjm2 rnA WJrn 2 mA. 
A 1024 30.02 1000 26.18 
B 1105 30.91 1000 26.64 
C 1033 29.63 1000 26.16 
D 1042 30.07 1000 27.02 

average 1051 30.16 1000 26.50 

Table 5.2 was prepared to correlate G,amp and C. td •un by eq. (5.3). From 

Table 5.2, it was found that the spectral characteristics of the halogen projector 

lamps are fairly close to those of sunlight. The variation of I.e/I,ight may come from 

slight differences in sample characteristics. From eq. (5.3), the carrier generation 

rate of the halogen lamps at 1000 lV/m2, C'amp was expressed by the following 

equation in this study: 
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Table 5.2 I.e divided by Light Intensity 

#1 #2 
Samples I.e,."n/I."n I.e,'am,/I,am, #2/#1 

mA-m2 /W mA-m2 /W 
A 0.02932 0.02618 89.30% 
B 0.02797 0.02664 95.24% 
C 0.02868 0.02616 91.20% 
D 0.02886 0.02702 93.63% 

average 0.02871 0.02650 92.34% 

C'amp = 0.92 X Clltd,nn (5.4) 

The values of the parameters which have now been detennined for the 

G4000 samples are: 

Initial dangling bond density, N.(O): 5 x 101.5 cm -3 

Initial carrier lifetime-mobility product, ItT 0: 2.0 x 1O-8cm2V- 1 . 

Built-in voltage, Vbi: 0.857 V 

Intrinsic i-layer thickness, d: 0.35 Jlm 

Carrier generation rate, C'amp: 0.92 X 1.6 X 1021 cm- 3 sec- 1 

These parameters will be used to solve eq. (4.11) and to correlate the dan

gling bond density and measured quantities. In the next section, the experimental 

methodology and the analytical procedure for the detennination of the fundamental 

rate controlling parameters will be presented. 

6.2 Experimental MetbodoloiY 

To experimentally detennine the fundamental parameters which detennine 

the rates of degradation and recovery, controlled conditions which eliminate either 
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degradation or recovery are imposed on the sample. At low temperatures, the recov

ery effect will be negligible. Also, light-induced degradation is obviously impossible 

in the dark. Thus, using controlled conditions, either of the two effects can be 

prevented, which allows the activation energy and the proportionality coefficient of 

the other effect to be evaluated. During light exposure at normal array operating 

temperatures, however, degradation and recovery processes occur simultaneously. 

Based on the phenomena mentioned above, the following experiments were 

perfonned to determine the fundamental rate controlling parameters: 

1. Degradation at a constant 500 F with light intensities of 1000 W/m2 and 

2000W/m2 . 

2. Annealing and recovery at several temperatures (1700 F, 2350 F, 2700 F. 

3000 F, and 3400 F) in the dark. 

3. Degradation at a light intensity of 1000 W/m 2 without temperature control. 

The purpose of this experiment was to determine if degradation is decreased 

at normal array operating temperatures by a simultaneous recovery process. 

The G4000 samples were provided by the ARCO Solar Inc. for the exper

iment. During the experiment, halogen projector lamps ELH (120V -300W) were 

used. The slight variation of light intensity at a measuring point due to voltage 

fluctuation was monitored by using aLi-Cor Pyranom('t('r (Model PY-7130), which 

was calibrated with the Eppley PSP pyranometer. The annealing was carried out 

using the electric heater (Model HP-A1915B). Figure 5.3 shows the experimental 

apparatus for the measurement. 
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The G4000 samples were at the as-grown state before the experiment. The 

experiment for light-induced degradation was performed first for 96 hours. Then, 

the degraded samples were annealed at different temperatures. The percent degra-

dation in the short-circuit current, PDI.c , and the percent recovery in the short

circuit current, P RI .c, were expressed by the following equations in this study: 

(5.5) 

(5.6) 

where I.c,deg is the short-circuit current at the beginning of annealing. 

By annealing, the degraded samples were returned to a state which is close 

to the as-grown state, but not to the same state. Also, the samples never recovered 

to a state better than the as-grown state. From the experimental data and the 

simulation study using the numerical model in eq. (4.11), it was also found that the 

percent recovery in the short-circuit current, P RI .c, was virtually independent of 

the short-circuit current value at the initiation of the annealing process, I.c,deg' For 

example, if sample-A is more degraded than sample-B, the value I.c(O) - I.c,deg of 

sample-A is greater than that of srunple-B. However, the value I.c(t) - I.c,deg of 

sample-A is also greater than that of sample-B. From the experiment, the ratio, 

P RI .c, was found to be fairly constant. That means the percent recovery does not 

depend on the absolute value of initial degraded state prior to annealing. This is 

an important point regarding the determination of the fundamental rate controlling 

parameters in this study. 

Due to the point mentioned above, the recovery parameters, m, Ear. and 

kr , were calculated from the experimental data first. Then, possible sets of the 
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degradation parameters, Ead and kd, were detennined from degradation data ob

tained at two light intensities (lOOOW/m2 and 2000W/m2) and at the specified 

low temperature, where recovery processes are negligible. Finally, using data from 

experiments where degradation and recovery occur simultaneously and the best set 

of Ear, kr , and m detennined previously, the best coincident set of Ead and kd was 

chosen. 

The best sets of the fundamental rate controlling parameters for the samples 

were detennined by evaluating the root mean square errors (RMSE), which can be 

expressed as 

RAISE = JLLR~/ (5.7) 

where Ni is the number of measurement; RE is the relative error and is given by 

RE = experimental - simulated 
experimental 

(5.8) 

Even though degradation preceded recovery in the experimental procedure, 

the annealing process and the calculation of the recovery parameters, m, Ear. and 

kr will be discussed first. 

5.3 Determination of m. Earl and kr 

The experiment for the determination of m, Ear, and kr was carried out as 

follows: 

1. Maintain the degraded sample at high temperatures (1700 F, 2350 F, 2700 F, 

3000 F, and 3400 F) in the dark to prevent the light-induced degradation. 

The high temperat ures were maintained by using an electric heater. The 
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sample temperatures were monitored using an Omega Thermocouple Ther-

mometer (Model 660). 

2. Measure the initial value of I.e before annealing. 

3. Perform the experiment for several hours in the dark. 

4. Measure the values of I.e at 1 - 2 hour intervals, using the same light 

intensity as in step-2. 

5. Table 5.3 shows the experimental results of annealing as a function of tem

perature and graphically in Fig. 5.4 

Table 5.3 Recovery in Short-Circuit Currents 

Samples Annealing I.e % Recovery Elapsed time 
temperature, OF rnA of I~e hou.rs 

24.58 initial 
p 300 26.08 76.92% 2 

26.53 as-grown 
24.61 initial 

A 270 25.56 60.51% 2 
25.86 79.62% 4 
25.88 80.89% 6 
26.18 as-grown 
25.16 initial 

B 300 26.19 47.47% 1 
26.95 82.49% 2 
26.98 83.87% 3 
27.02 85.71% 6 
27.33 as-grown 
25.25 initial 

C 300 26.20 53.67% 1 
26.70 81.92% 2 
26.74 84.18% 3 
26.78 86.44% 6 
27.02 as-grown 
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24.75 initial 
D 340 26.33 83.60% 1 

26.54 94.71% 2 
26.57 96.30% 3 
26.64 as-grown 
15.39 initial 

E 170 15.47 25.81% 10 
15.53 45.16% 20 
15.59 64.52% 35 
15.70 as-grown 
15.50 initial 

F 235 15.85 38.89% 2 
16.09 65.56% 4 
16.20 77.78% 6 
16.40 as-grown 
15.70 initial 

G 170 16.03 32.04% 10 
16.15 43.69% 20 
16.23 51.46% 35 
16.73 as-grown 
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Fig. 5.4 Percent Recovery vs Temperature 
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The rates of recovery of the short-circuit currents of the samples appeared 

to follow a similar pattern, where the initial recovery rate is rapid, and then asymp

totically approaches the as-grown state. The three annealing tests at 3000 F are 

tabulated in Table 5.4 and graphically in Fig. 5.5. From Table 5.4, it can be seen 

that the percent recovery after a given time interval is approximately the same for 

the three cases even though their initial degraded states and as-grown states were 

different. 

Table 5.4 Average Values for Percent Recovery in I.e 
at 3000 F Annealing 

Elapsed time Sample Sample Sample Average 
hours P B C values 

1 47.47% 53.67% 50.57% 
2 76.92% 82.49% 81.92% 80.44% 
3 83.87% 84.18% 84.03% 
6 85.71% 86.44% 86.08% 
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Fig. 5.5 Percent Recovery at 3000 F 
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6. Solve eq. (4.11) with different values of Ear and kr for N.{t). Since the 

experiments were conducted in the dark, G = 0 and the degradation term 

is zero. Then calculate PRI.c using N.{t). Also calculate PRI.c from the 

experimental I.c{t) measurements. The two values of PRI.c are compared 

by evaluating their RM SE. Tables 5.5 and 5.6 show the best sets of Ear 

and kr for second-order (m=2) and first-order (m=l) reactions, where Ear 

vanes from 0.8 e V to 0.5 e V. The best set at each Ear was determined by 

evaluating the RlvlSE of each set. 

Table 5.5 RMSE of the Best Sets of Ear and kr 
2nd-order Reaction 

Ear, eV 0.8 0.7 0.6 
kr, crn3 sec-I 2 x 10- 10 1 X 10- 11 5 X 10- 13 

300°F 20.79% 14.72% 9.69% 
340°F 3.08% 2.68% 7.28% 
270°F 6.02% 3.76% 3.47% 
235°F 16.45% 14.72% 12.53% 
170°F 24.91% 7.92% 9.06% 

average 16.32% 11.16% 9.91 % 

Table 5.6 Rlvl S E of the Best Sets of Ear and kr 
1st-order Reaction 

Ear! eV 0.8 0.7 0.6 
k crn3 sec-I r, 1.5 x 106 8 X 104 3750 

300°F 30.16% 23.18% 12.26% 
340°F 11.34% 9.42% 3.80% 
270°F 16.31% 13.78% 9.10% 

0.5 
2.5 X 10- 14 

8.39% 
14.23% 
7.71% 

13.35% 
27.02% 
15.40% 

0.5 
175 

9.12% 
7.46% 

10.15% 
235°F 19.51 % 14.98% 17.67% 20.37% 
170°F 42.21% 21.28% 9.30% 29.10% 

average 26.58% 17.71 % 11.43% 18.03% 



81 

From Tables 5.5 and 5.6, it can be seen that the second-order reaction 

(m=2) is somewhat better than the first-order model (m=1) over a wide range of 

annealing temperatures (see Fig. 5.6). Since the minima in these two cases were 

not clearly dissimilar, the possibility of a combination of a first and a second order 

process was evaluated. The best combination, 35% of first-order and 65% of second-

order, resulted in a RM SE of 8.95%, which was not a significant improvement. 

Since the second-order process was the better single process and the complexity of 

a combined process was not justified by a significant improvement, a second-order 

process was used to determine Ear and kr in this study. 
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Fig. 5.6 Percent Recovery vs Annealing Reaction Order 

From the RJ\/ SE analysis using the experimental data and the simulation 

study, the best set of the recovery parameters for the samples is 
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7. The parameters obtained above will be used for the determination of the 

degradation parameters. 

5.4 Determination of Eqd and k4 

The determination of EG4 and kd was carried out as follows: 

1. Maintain the test sample temperature at a constant 50° F to make the ther

mal recovery effect negligible. 50°F was maintained by using a bismuth

telluride Peltier-effect cooling device. The sample temperatures were mon

itored using an Omega Thermocouple Thermometer (Model 660). 

2. Adjust the light intensity to 1000 W/m 2 and measure the initial values 

of I~e, Voe , and F F immediately after the sample is exposed to the light 

source. The value of G for this artificial light intensity was determined by 

the procedure described previously. 

3. From the initial measurement, find the maximum power point. Adjust 

the load resistor to the maximum power point. This is the optimal load 

condition for the sample. 

4. Measure the values of I.e, Voe , and F F for every 24 hour period. 

5. Adjust the light intensity to 2000 W/m2 and repeat the above procedures. 

The value of G for this light intensity was determined by the previously 

described procedure. 

6. Tables 5.7 and 5.8 show the experimental results of the degradation of 

short-circuit current. The data in Table 5.7 is shown graphically in Fig. 5.7. 

The average degradation rates for 1000 and 2000 W/m2 light intensities are 

compared in Fig. 5.8. 



Table 5.7 Degradation in Short-Circuit Currents 
1000 WJrn2 & 50° F 

Samples I.e % Degradation Elapsed time 
rnA of I.e hours 

26.18 initial 
A 25.21 3.71% 24 

24.91 4.85% 48 
24.64 5.88% 72 
24.45 6.61% 96 
26.64 initial 

B 25.64 3.75% 24 
25.26 5.18% 48 
24.98 6.23% 72 
24.78 6.98% 96 
27.02 initial 

C 26.13 3.29% 24 
25.43 5.88% 48 
25.25 6.55% 72 

Table 5.8 Degradation in Short-Circuit Currents 
2000 ~V/rn2 & 50° F 

Samples I.e % Degradation Elapsed time 
rnA of I.e hours 

54.52 initial 
D 50.23 7.87% 24 

49.05 10.03% 48 
E 54.32 initial 

50.83 6.42% 24 
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The rates of degradation of the short-circuit currents of all samples were 

sirnilar. The degradation rates of the samples exposed to 2000 W/m2 were approx

irnately double those of samples exposed to 1000 W/m2. All samples had an initial 

rapid degradation rate, which decreased with increasing exposure tirne. The aver

age value of the percent degradation of I.e after the same elapsed tirne was used for 

predicting Ed and kd. 

6. Solve eq. (4.11) for N.(t) with different values of EtJd and kd, using the 

recovery parameters (m, EtJr. kr ) obtained in the annealing process. At 

50° F, the recovery process is virtually negligible. Then calculate P DI.e 

using N.(t). Also calculate PDI.e frorn I.e(t) data, and the resultant 

PDI.e values were evaluated. Table 5.9 shows the best coincident sets of 

EtJd and kd for EtJd frorn 1.0 e V to 0.03 e V. The best coincident set at each 

EtJd was determined by evaluating the RAf SE of each set. 

Table 5.9 RMSE of the Best Coincident Sets of EtJd and kd 

EtJd kd 10001V/m<= 2000 ~V/m<= average 
eV crn-J sec 50°F 50°F 

0.10 102 2.78% 2.89% 2.82% 
0.09 68 2.84% 2.77% 2.82% 
0.08 45 2.76% 2.84% 2.79% 
0.07 30 2.89% 2.73% 2.83% 
0.06 20 2.96% 2.65% 2.86% 
0.05 13 2.64% 3.06% 2.79% 
0.04 8 3.63% 2.51% 3.30% 
0.03 6 3.86% 2.47% 3.46% 

From Table 5.9, it is difficult to determine which coincident set of EtJd and 

kd is the best one for the samples. Thus, the best coincident sets in Table 5.9 

were evaluated by sirnilarly calculating PDI.c frorn N.(t) for the best coincident 
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sets and comparing these to P D I.e values calculated from I.e( t) data from the re

sults of the degradation experiment at an elevated temperature. Table 5.10 shows 

the experimental results at 1000 W/m 2 without temperature control. The sample 

temperature was increased to 1200 F due to incident light intensity and was main

tained within ±5° F during the experiment by heat transfer with the environment. 

Table 5.11 shows the RMSE analysis. Figure 5.9 shows the reduction in degrada

tion at elevated temperature. Note that degradation is slightly less at the higher 

temperature. 

Table 5.10 Degradation in Short-Circuit Currents 
1000 l-V/m2 & 1200 F 

Samples I.e % Degradation Elapsed time 
mA of life hours 

27.12 initial 
F 26.08 3.83% 24 

25.83 4.76% 48 
25.57 5.72% 72 
25.48 6.05% 96 
27.32 initial 

G 26.43 3.26% 24 
25.92 5.12% 48 
25.78 5.64% 72 

Table 5.11 RA/ S E of the Best Coincident Sets of Ead and kd 
10001V/m2 & 1200 F 

Ead kd R.\/SE Ead kd RJ/SE 
0.10 102 20.12% 0.06 20 11.21 % 
0.09 68 17.92% 0.05 13 7.94% 
0.08 45 15.44% 0.04 8 2.59% 
0.07 30 13.29% 0.03 6 5.55% 
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Fig. 5.9 Degradation Effect vs TemI)erature 

From the observation of Table 5.11, the best set of Ead and kd for the 

samples is 

Ead = 0.04eV kd = 8em-J qee 

All the fundamental rate controlling parameters in eqn (4.11) have now 

been detennined and have the following values in this study: 

Degradation activation energy, Ead: 0.04 elf 

Recovery activation energy, Ear: 0.6 e V 

Coefficient for degradation, kd: 8 em- J .sec 

Coefficient for recovery, kr : 5 X 10- 13 em3.s:ec- 1 

Recovery reaction order, 711: 2 

Equation (4.11) now can be solved in the predictive model with the pa-

rameters obtained. The change in the dangling bond density can be predicted and 
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and correlated to the change in carrier lifetime. The degradation in the fill factor 

then can be correlated to the change in carrier lifetime by eq. (4.26). This will be 

discussed in the next section. 

5.5 Correlation between Fill Factor and TiT 

During the degradation experiment, the degradation in the fill factor was 

also measured. However, it is not a directly measurable quantity, and is determined 

by calculating the maximum value of the product of various measured combinations 

of the load currents and voltages. Table 5.12 shows the ratio of the fill factor after 

light exposure, FF(t), to the initial fill factor, FF(O). The degradation ratio in 

the fill factor followed the same pattern as that of the short-circuit current. Also, 

since there was no significant difference in the degradation pattern in the fill factor 

between samples used, the average values of the degradation ratio will be presented. 

Table 5.12 Degradation Ratio in Fill Factor 

Elapsed time 1000 IV/m2 2000 lV/m:l 1000 IV/m:l 
hours 50°F 50°F 120°F 

0 100.00% 100.00% 100.00% 
24 91.93% 88.28% 92.19% 
48 88.69% 85.!W% 91.10% 
72 86.51 % 89.75% 
96 86.04% 

The change in J.lT was calculated by solving eq. (4.11) with the experimen

tally detennined parameters. The ratio of J.l T, to J.l TO then was calculated and 

tabulated in Table 5.13. 
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Table 5.13 Degradation Ratio in jJT 

Elapsed time 1000W/m'l 2000W/m'l 1000W/m"l 
hOtl.r~ 50°F 50°F 120°F 

0 100.00% 100.00% 100.00% 
24 50.11% 32.67% 48.07% 
48 40.72% 26.21% 40.44% 
72 35.95% 37.32% 
96 32.90% 

The degradation in the fill factor now can be correlated with the degrada

tion in carrier lifetime using the data in Table 5.12 and Table 5.13. For correlating 

the two parameters, the Programming Language for the Analysis of Economic Time 

Series (PLANETS 1984) was used. The PLANETS is a software for the analysis and 

management of data. As the name implies, the PLANETS was designed primarily 

for applications involving economic time series data. However, the PLANETS can 

also be used to analyze and manipulate data, which yields correlation coefficients. 

The empirical correlation can be used to predict the degradation ratio in 

the fill factor for any calculated degradation ratio in carrier lifetime. The value 

of this prediction is judged by how well the correlation fits the original data. The 

correlation factor is a measure of the variation of the dependent variable that can 

be accounted for by the model. The correlation factor varies from 0 to 1 with the 

values near 1 indicating that the equation can be used as a predictor with little risk 

of error. By rwming the PLANETS with the experimental data, the correlation 

factor was very satisfactory, having a value of 0.989. The obtained correlation was 

FF(t) _ ') 
F F(O) - 1.00_82 x (

_ )O.13781t 
jJT, 

jJT 0 

(5.9) 
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The correlation was evaluated with the experimental data and was compared against 

the Smith model. The results are summarized in Table 5.14 and graphically in 

Fig.5.lD. 

Table 5.14 Evaluation of Correlation Model 

Time Fill Factor Correlation Error Smith Error 
hours ratio model % model % 

0 100.00% 100.28% 0.28% 100.00% 0.00% 
10001V/m2 24 91.93% 91.17% -0.83% 87.73% -4.57% 

50°F 48 88.69% 88.60% -0.10% 84.05% -5.23% 
72 86.51% 87.09% 0.67% 81.83% -5.41% 
96 86.04% 86.03% -0.02% 80.26% -6.72% 
0 100.00% 100.28% 0.28% 100.00% 0.00% 

20001V/m2 24 88.28% 85.95% -2.64% 80.14% -10.15% 
50°F 48 85.99% 83.38% -3.04% 76.25% -12.77% 

0 100.00% 100.28% 0.28% 100.00% 0.00% 
10001V/m2 24 92.19% 90.65% -1.67% 86.99% -5.64% 

120° F 48 91.10% 88.51% -2.84% 83.92% -7.89% 
72 89.75% 87.54% -2.47% 82.50% -8.08% 

RlIJSE 1.70% 6.76% 
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The observation of the comparison reveals that the correlation model mode 

by the PLANETS is superior to the Smith model. The major reason may be due 

to the different characteristics of the samples used for the development of the two 

models. 

The experimental data showed that the change in the open-circuit voltage 

was minor compared to the variation of I.e and the fill factor. This is consistent with 

prior work. Therefore, eq. (4.27) is still valid for the samples used. By combining 

eq.(4.18), (4.27), and (5.9), the relation between the photovoltaic cell efficiency 

with and without degradation can solely be expressed in terms of the J.1T product 

by the following equation: 

(

_ )0.13789 
.!!..- = 1.00282 X J.1T t X 

TJo J.1T o 

J.1T t [1 - exp (4)] IAT I oc 

(5.10) 

:$.6 Discussion 

The general features of our results for degradation and recovery processes 

agree with the results obtained from prior works. The activation energies are also in 

reasonable agreement with previously published values. As mentioned earlier, the 

SWE is self-limiting. Therefore, the dangling bond density approaches an equilib

rium value after extended time periods. If the light intensity and the temperature 

are constant, the equilibrium point of the dangling bond density, N.,oo, can be found 

for the steady-state condition (where dN./dt = 0 and N.,oo > N.{O) in eq. (4.10» 

as follows: 

N '" [kd [-{Ead-Ear)]C2]1/4 
.,00"'" kr exp kT (5.11 ) 



92 

From eq.{5.1l), which was developed in this study, it can be seen that the equilib

rium value of the dangling bond density is determined by the cell parameters and 

the ambient conditions. It was also noted that N.,oo is independent of the initial 

dangling bond density before light exposure. 

In operating arrays of photovoltaic modules, both the insolation and the 

module temperature are continually varying. Thus, the N. value is continually 

varying. The objective of the performance model program developed in this study 

is tracking this continually varying N. value. This will be discussed in the next 

chapter. 
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CHAPTER 6 

SIMULATION AND VALIDATION OF THE MODEL 

The goal of a simulation study is to develop a model and to validate the' 

model generated results with experimental data. In prior chapters, the mathemat

ical relationships necessary for the prediction of the performance of a-Si:H photo

voltaic arrays were developed. In this chapter, these equations will be combined in 

a predictive computer model, which will be validated. 

The experimental data from the Solar Energy Research Facility (SERF) at 

the University of Arizona will be used for the validation. The SERF installation 

was designed to monitor the performance of amorphous silicon photovoltaic panels 

(Osborn 1988). The photovoltaic panels at the SERF were made by AReO Inc. 

and have characteristics identical to the samples used in the experimental parts of 

this study. 

The entire model consists of four predictive submodels, which are solar 

radiation, cell temperature, J-V curve based performance analysis, as well as an 

analysis of degradat.ion and recovery. Figure 6.1 shows the schematic of the entire 

model. 

6.1 Simulation of Insolation Incident on Panel 

As discussed previously, direct and diffuse insolation are simulated. Ground 

reflection is ignored, since the location of the modules relative to each other and 
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the ground makes this term insignificant. Direct radiation is calculated from eqn 

(2.12), which is universally accepted. Diffuse radiation is calculated from the Perez 

model in eqn (2.9), which account,s for the anisotropic nature of diffuse radiation, 

and is the best best radiation model available at this time. 

Unfortunately, a complete set of data is not available from the test panel at 

the SERF for the initial exposure period. Thus, TMY data had to be used instead 

of actual experimental data for the ambient conditions and insolation. However, 

since the final data was totalled over monthly time periods, the results were quite 

reasonable. 

Initial 

Incident Solar Photovoltaic -
Radiation Performan-.:e 

~ 

TMY Ambient Air Photovoltaic Cell ~ Degradation and 
~ ---J 

Temperature Recovery Data Temperature , 

, 
Wind 

a-Si:H 

Speed 
Performance 

~ 

Fig. 6.1 Schematic of the Entire Model 

6.2 Simulation of Panel Temperature 

The temperature of the photovoltaic panel significantly affects the cell per

formance. Thus, the cell temperature must be calculated for each time period used 
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in the model, using ambient conditions (insolation, wind speed, ambient temp£'r

ature) as input data. The cell temperature prediction procedure was discusS('d in 

Chapter 3, which is based on the Fuentes model. 

However, the dimensionless correlations used in the Fuentes model to d£'ter

mine convective heat transfer coefficients were replaced with a simplified ASHRAE 

correlation, since the complex array geometry and the resulting local variations in 

wind speed and direction on the actual structure reduce the significance of spe

cific dimensionless number correlation. The following values were used for the cell 

performance simulation study (Incropera and De\Vitt 1985; Fuentes 1987; AReO 

G4000 1988): 

Absorptivity, 0: 0.83 

Cell emissivity, fc: 0.84 

Ground emissivity, f g : 0.90 

Cell density, p: 446 kg/m3 

Cell specific heat, e: 750 J / kg - /{ 

Cell thermal mass, me: 6,150 J / /{ 

The model simulation procedures are: 

1. Input G4000 photovoltaic panel specifications, such as thermal mass, den

sity, absorptivity, and emissivity. 

2. Compute the actual sky temperature from eq. (3.10). 

3. Assume the ground temperature. Since the radiation terms in eq. (3.1) are 

not significant in comparison with the convective term, the ground temper

ature, Tg , was simply assumed to be the same as the dry bulb temperature. 

4. Assume the panel temperature, Tp. As an initial guess, T, was assumed to 

be 10°F higher than the dry bulb temperature. 
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5. Solve eq. (3.1) for finding Tp. 

6. Compare the calculated Tp in step-5 with the assumed Tp in step-4. 

7. If the difference between them is greater than the tolerance (2 0 F in this 

study), go to step-5 with the calculated Tp as a second guess. 

8. Repeat step-7 until the difference is within the tolerance. 

To validate the model, the simulation of panel temperature was performed 

using actual insolation, dry bulb temperature, and wind speed data recorded at 

the SERF. The actual panel temperatures monitored at the SERF for the period of 

July 22-25 and August 25-29 were randomly sampled and compared to the simulated 

results. The root mean square error (R.HSE) betwf'Cn them was 4.42%. In worst 

case, the relative error was about 10%, however, mostly within 5%. The comparison 

is attached in Appendix-B. 

The effect of wind on Tp is important for the prediction of the panel temper

ature. Figure 6.2 shows the effect. In this study, the empirical ASHRAE correlation 

was used to predict the convective heat transfer coefficient and the result was very 

satisfactory. 

In contrast, the effect of thermal mass on panel temperature is negligible. 

For hourly simulation intervals, the panel temperature is solely determined by the 

average ambient conditions during the time period. Figure 6.3 shows the time 

required for the panel to come to equilibrium with the ambient conditions, which 

is far less than the time period of the simulation. 



IIO,---~--~--~--~--~~~~--~--~--~ 

::flit:: 
. . . 

I!' 100 

3 

: --~----.----.-.--.---.... --.----.----~----. "'~"'.'r.'~"'" ~ ......... ~ ..... ' ... ~ ... 0 ••••• ~ •• , •••••• ~ ••••••••• ~ ••••••••• ~ ••••••••• ~ ••••••••• 

,-: : : : : : : : : · . . . . . . . . · . . . . . . . . 
: : : : : : : : : · . . . . . . . . 

! 
l 
E 
.! 

'-r--'-;-'~'~'~'~'7-'-;-'-;-' · . . . . . . . . · . . . . . . . . 
: : : : : : : : : · . . . . . . . . · . . . . . . . . · ., .... . 10 ........ : ......... : ......... : ......... : ......... : ......... : ......... : ......... : ......... : ........ . 

· . . . . . . . · . . . . . . . 

• 04---~--~--~--~~~~~~--~---T--~ 
0.0 0.1 0.1 o.a 0.4 Dol 0.' 0.7 0.' 0.' 1.0 

e).pled Ume. hou ... 

Fig. 6.2 Effect of \Vind Speed on Panel Temperature 

I.O,---~--~--~--~--~--~--~--~-------

· ..... 
· . . . . - . · . . . . - . 

I!' 110 

3 

"" 'i*' ~ ~ ~ ~ ~ '=' . ~ ., ······1·········,·········,·········1·········,· ---~ ~- ·····1········· · . . . . - . · . .. . . - . · . . . . . · . . . . . · . . . . . · . . . . . · . . . . · " . · .. . 
! 

t 
oS 

· ... . · .. . · " . · .. . · .. . · . . · . . · . . · . . . . . . . · . . . . . . . 

• 0 ·/·· .. 1· .. ······, .. ··· .. ··,··· .. ····,·· .. ··· .. 1· .. ·· .. ··1 .. ······'1'·· .. ·· .. 1······ .. ·,····· .. ·· 

i ' , , : : ' i i 
40' ... . 

0.0 0.1 0.1 o.a 0.4 • .1 0.' 0.7 0.' 0.' 1.0 
e).pled Ume. hou ... 

Fig. 6.3 Effect of Initial Panel Temperature 

97 



98 

6.3 Simulation of the 1-Y characteristics 

The 1-Y characteristics analysis model of the G4000 was written and vali

dated with the manufacturer's 1-Y characteristics data, as was discussed in Chap

ter 3. The model simulation procedure was also explained in Chapter 3. To avoid the 

SWE for validation of the undegraded panel performance, the initial performance of 

the SERF photovoltaic array immediately after light exposure was compared with 

the model generated 1-Y characteristics using the SERF solar radiation and panel 

temperature data on June 13, 1988. The detailed comparison result is attached 

in Appendix-C. The RM SE analysis of the difference between the calculated and 

actual results are: 

Open-circuit voltage, Yoc: 0.60% 

Short-circuit current, I.e: 3.18% 

Voltage at the maximum power, Ym : 1.74% 

Current at the maximum power, 1m: 1.88% 

Fill factor, FF: 3.85% 

Thus, the 1-Y characteristics model made in this study satisfactorily pre

dicts the actual performance of the SERF photovoltaic array. After the initial 

exposure, the photovoltaic performance at the SERF decreased due to the SWE. 

The degradation data of the SERF and the degradation predicted by the model will 

be compared in the next section. 

6.4 Simulation of the SWE 

Validation of this part of the model is not straightforward. The collection 

of data regarding the SWE in a.n operating photovoltaic array is a major goal of the 
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photovoltaic installation at the SERF. Unfortunately, the data for the ambient con

ditions and array output were recorded sporadically during the first two months of 

operation. Due to this unavailability of hourly ambient conditions and perfonnance 

data, TMY data for Tucson was used to run the computer model for comparison 

with the photovoltaic array output data available from the SERF. 

The model simulation procedures are: 

1. Input the experimentally detennined degradation and recovery parameters 

in eq. (4.11). 

2. Input the panel temperature predicted by the Fuentes model modified with 

the ASHRAE convective correlation in eq. (4.11). 

3. Compute the carrier generation rate, G, by using hourly solar radiation 

data generated by the Perez model and eq. (5.1). 

4. Compute the dangling bond density from eq. (4.11). 

5. Compute the #JT product from eq. (4.3). 

6. Compute the degradation in efficiency from eq. (5.1O). 

Since the values of voltage and current at the maximwn power point were 

available from the SERF, the fill factor and the efficiency can be calculated. The 

degradation in efficiency, Dell, then can be expressed as 

'1t 
Dell = 1 - -

'10 
(6.1 ) 

The available SERF data from June 13 (month #6) to November 8 (month 

#11) in 1988 were analyzed and compared with the model prediction. The com

parison for that period is swnmarized in Table 6.1 and graphically in Fig. 6.4. 
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Table 6.1 Degradation in Efficiency 
SERF vs Model 

Month SERF Model Error 
6 0.00% 0.00% 0.00% 
7 13.16% 15.99% 21.52% 
8 15.96% 17.22% 7.86% 
9 17.08% 17.64% 3.30% 

10 19.30% 18.43% -4.50% 
11 19.65% 19.50% 0.76% 

RMSE 10.55% 
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According to the comparison, the model predicted degradation has turned 

out to be more rapid than the actual by 20% for the initial month. Since September, 

however, the model and the actual match very well. The initial discrepancy may 

involve many things, such as the use of TMY insolation and ambient conditions 
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data, the experimental error in the determination of the degradation and recovery 

parameters, and meter reading errors. The comparison on daily basis is attached 

in Appendix-D. Since the prediction of the long-term array perfonnance is the goal 

of the program, the excellent match of the model and the SERF data after the first 

month is encouraging. 

The entire model made 10 this study has been validated against actual 

SERF performance data for both the initial performance and the subsequent degra

dation. A close look at the schematic diagram in Fig. 6.1 reveals that the photo

voltaic performance with and without the degradation effect can simply be repre

sented in terms of the incident solar radiation and the temperature of the panel. The 

long-term performance model developed in this study is based on tIus observation. 

6.5 LODi-Term Performance Model 

As explained in Chapter 4, the two key variables which control the mag

nitude of the SWE are the intensity of the incident solar radiation and the panel 

temperature. Therefore, it can be expected that the performance of a-Si:H pho-

tovoltaic panels can be described as a function of incident radiation and panel 

temperature. Since the degradation due to incident solar radiation is cumulative 

in panels exposed to the elements (as they must be), an additional parameter will 

be required to track the history of panel operation. This parameter is the total 

radiation incident on the panel over its lifetime. 

Thus, the degradation in efficiency can be modeled at the ambient condi

tions by the following functional relationship: 

(6.2) 
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where E Inn is the total radiation to which the panel was exposed. The PLANETS 

program was used to correlate the functional relationship in eq. (6.2). By running 

PLANETS with the experimental data, the correlation factor was satisfactory, hav

ing a value of 0.880. The obtained correlation was 

( )

-0.02072 
!L = 0 9281 x I -0.00746 T 0.03471 " I . ..an p L...J •• n 
'10 

(6.3) 

It was noted from eq. (6.3) that the negative power coefficients on solar radi-

ation terms represent degradation, while the positive coefficient on the temperature 

term reflects the recovery process. This is consistent with the theoretical analysis 

in Chapter 4. Even though the inclusion of radiation and temperature terms is 

necessary for an accurate prediction model, the degradation in efficiency was also 

correlated in terms of the total radiation exposed only by the following equation: 

(6.4) 

By running PLANETS, the following correlation was obtained with the correlation 

factor of 0.861: 

'1 () -0.02233 
- = 1.0644 x LInn 
'10 

(6.5) 

Equation (5.10) is for the analysis of degradation and recovery processes in 

terms of carrier lifetime, while eq. (6.5) is designed for the long-term performance 

prediction model in terms of the solar radiation available. The two correlations 

were evaluated with the model generated results. The comparison is summarized 

in Table 6.2. 



Month 

6 
7 
8 
9 

10 
11 
12 
1 
2 
3 
4 
5 

RMSE 

Table 6.2 Degradation in Efficiency 
Model vs Correlations 

Model Correlation Error Correlation 
eq. (6.31 eq. (6.5) 

15.99% 15.09% -5.73% 15.13% 
17.22% 17.33% 0.68% 17.67% 
17.64% 18.25% 3.48% 18.59% 
18.43% 18.95% 2.75% 19.21% 
19.50% 19.59% 0.42% 19.65% 
20.26% 20.21% -0.19% 19.98% 
20.96% 20.65% -1.42% 20.21% 
21.60% 20.87% -3.42% 20.42% 
21.50% 20.94% -2.61% 20.60% 
21.37% 20.88% -2.26% 20.79% 
20.87% 20.90% 0.14% 21.00% 
19.66% 20.92% 6.41% 21.19% 

3.16% 
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Error 

-5.44% 
2.64% 
5.41% 
4.17% 
0.75% 

-1.36% 
-3.55% 
-5.51% 
-4.23% 
-2.69% 
0.63% 
7.78% 
4.23% 

From Table 6.2, the two correlations fit the model generated results satis

factorily. From the two correlations, it was also found that the recovery effect is 

very minor compared to degradation because degradation a.nd recovery processes 

ca.n solely be characterized by the solar radiation exposure. However, recovery does 

have a small effect, since the correlation including temperature in eq. (6.3) does have 

a slightly better fit during hot a.nd cold seasons. 

Among the four installation/tracking modes used at the SERF, a stationary 

fixed tilt a.ngle array was used for this simulation study. As mentioned in Chapter 4, 

the actual electric power generated by a-Si:H photovoltaic arrays ca.n be calculated 

by multiplying eq. (6.5) by the power generated from undegraded solar arrays. For 

10 year operation of the SERF photovoltaic array, the predicted amount of electric-

ity generation per square meter of pa.nel area calculated by eq. (6.5) is summarized 



104 

in Table 6.3, and compared with the initial energy production at the initial unde

graded rate, as well as the energy production with degradation predicted by the 

principle model based on the fundamental rate parameters developed in this study. 

Table 6.3 Electricity Generation, kWhr/m2 

Year Without With Correlation Error 
Degradation Degradation eq. (6.5) 

1 150.39 121.07 121.05 -0.02% 
2 150.39 120.75 117.37 -2.80% 
3 150.39 120.75 116.00 -3.94% 
4 150.39 120.75 115.11 -4.67% 
5 150.39 120.73 114.47 -5.18% 
6 150.39 120.75 113.97 -5.62% 
7 150.39 120.75 113.54 -5.97% 
8 150.39 120.75 113.16 -6.29% 
9 150.39 120.73 112.85 -6.53% 

10 150.39 120.75 112.59 -6.67% 
Total 1504 1208 1150 

RMSE 4.78% 

From Table 6.3, it can be seen that electricity generation with degradation 

causes 20% losses compared to that without degradation. Since photovoltaic arrays 

are mostly degraded in the initial month upon light exposure, electricity generation 

is reasonably stable over a ten year period of operation. According to the correla

tion in eq. (6.5), electricity generation is slightly decreasing, which results deviating 

about 5% from the original model. 

It is possible that the model based on eq. (6.5) will prove to be more ac

curate in the long-term. Alternating degradation and recovery processes result in 

a gradually increasing non-recoverable degradation of performance, which is not 
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accounted for in the complex principle model developed in this study. In prior dis

cussion, the experimental fact that the recovery process never returns a sample to 

its initial state is noted, which is the basis of the above postulate. 
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CHAPTER T 

SUMMARY AND CONCLUSIONS 

The goal of this study was to develop an analytical model for the prediction 

of the long-term performance and degradation of amorphous silicon photovoltaic ar

rays using TMY data for Thcson. By utilizing, synthesizing, and integrating infor

mation from widely disparate sources, a predictive model which generates realistic 

prediction results was written. 

This work showed that a model using physically realistic fundamental rate 

controlling parameters can accurately model the long-term performance of phot<r 

voltaic cells where two competing processes vary with temperature and time. Fur

thermore, it showed the possibility of modeling by separating the calculations into 

those without degradation, and then modifying them with terms that account for 

degradation and recovery. This novel approach greatly simplified the mathematical 

relationships, since the resultant ratios canceled out many of the difficult variables. 

This approach also led to the development of a simple method of the experi

mental determination of the fundamental rate controlling parameters of degradation 

and recovery. The ratio based relationships developed in this work permit the eval

uation of changes in the carrier lifetime and dangling bond density from simple 

measurements of I.e, which in turn allow the calculation of the above parameters. 

The values of these parameters which were calculated in this work are in reasonable 

agreement with previously published values by other researchers. 
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Annealing a-Si:H silicon samples showed that the percent recovery from 

the degraded state to the as-grown state by annealing is virtually independent of 

the initial state at the start of the annealing process. This permits the independent 

determination of the recovery rate parameters. When the rec()very rate parameters 

are determined, the degradation rate parameters can be determined from experi

mental data taken at room temperature. This work showed that the experimental 

determination of degradation activation energies at very low temperatures is not 

necessary. 

A major result of this work was the development of an extremely simple 

and fast running algorithm for the long-term performance in terms of the incident 

solar radiation, the panel temperature, and the total radiation exposed. This cor

relation was developed by manipulating the results obtained by the analytical and 

experimental study with the PLANETS software. More importantly, this work 

showed that the entire pmcess of the SWE could adequately be represented by a 

correlation in which degradation is solely a function of the total radiation to which 

the panel is exposed. That implies that the recovery effect is very minor compared 

to the light-induced degradation. The above two correlations are very satisfactory 

and have short running times. 

From the long-term performance model, it is possible to extend the above 

results to obtain economic performance indicators for the optimization of a-Si:H 

photovoltaic systems under various operating conditions and design parameters. 
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APPENDIX A 

ASHRAE METHOD 
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At the earth's surface on a clear day, the instantaneous direct normal solar 

radiation per unit area, I DN , is represented by 

I D N = A exp (s~n~) = A exp [( - B) x (air mass)] (1) 

where A is the apparent solar radiation at air mass = 0 in Btu/ hr- ft 2
; B is the 

dimensionless atmospheric extinction coefficient. 

The direct radiation component on a tilted surface, I bt , can be expressed 

by 

I bt = IDN cos8 (2) 

The diffuse solar radiation that falls on any surface is approximated by 

I C I ( 
1 + cos f3 ) 

lit = DN 2 (3) 

where C is the ratio of diffuse to direct normal radiation on a horizontal surface. 

On a clear day, the attenuation of solar radiation is clearly dependent on 

the length of the path of the rays through the atmosphere where the absorption and 

the scattering occur. The air mass term in eqn (1) reflects this effect. The values of 

A and B are generated for the twenty-first day of each month and are representative 

values for average cloudiness days for latitudes 0 to 64° North. The parameter C 

does not account for the actual directional variation of the diffuse component nor 

its value on cloudy days. The ASHRAE coefficients are given in Table 1. 
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Table 1 ASHRAE Coefficients 

Month A B C 
Jan 390 .142 .058 
Feb 385 .144 .060 
Mar 376 .156 .071 
Apr 360 .180 .097 
May 350 .196 .121 
Jun 345 .205 .134 
Jul 344 .207 .136 
Aug 351 .201 .122 
Sep 365 .177 .092 
Oct 378 .160 .073 
Nov 387 .149 .063 
Dec 391 .142 .057 
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Array-A Temperature Comparison 

SERF Calculated Relative Squared 
Date Time temperature temperature error relative 

of of error 
7-22 16:00 131 132 0.84% 0.01% 
7-22 17:00 126 126 0.40% 0.00% 
7-22 18:00 116 114 -1.47% 0.02% 
7-22 19:00 96 99 2.91% 0.08% 
7-23 7:00 79 78 -1.02% 0.01% 
7-23 8:00 96 94 -2.49% 0.06% 
7-23 11 :00 137 134 -2.33% 0.05% 
7-23 12:00 137 134 -1.83% 0.03% 
7-23 13:00 136 136 -0.07% 0.00% 
7-23 16:00 101 106 5.16% 0.27% 
7-23 17:00 95 102 7.03% 0.49% 
7-23 18:00 98 105 6.82% 0.46% 
7-23 19:00 101 106 5.16% 0.27% 
7-24 7:00 81 82 1.74% 0.03% 
7-24 8:00 98 102 4.29% 0.18% 
7-24 9:00 117 118 0.51% 0.00% 
7-24 11:00 130 137 5.79% 0.34% 
7-24 12:00 133 132 -0.60% 0.00% 
7-24 13:00 137 133 -2.71% 0.07% 
7-24 14:00 134 133 -0.82% 0.01% 
7-24 15:00 134 127 -5.01% 0.25% 
7-24 16:00 128 125 -2.04% 0.04% 
7-24 17:00 125 125 0.24% 0.00% 
7-24 18:00 108 109 1.40% 0.02% 
7-24 19:00 74 81 9.31% 0.87% 
7-25 7:00 78 76 -1.94% 0.04% 
7-25 8:00 88 89 1.14% 0.01% 
7-25 9:00 115 111 -3.39% 0.12% 
7-25 10:00 135 128 -5.40% 0.29% 
7-25 11:00 134 132 -1.79% 0.03% 
7-25 12:00 135 134 -0.74% 0.01% 
7-25 13:00 133 136 2.18% 0.05% 
7-25 14:00 140 136 -2.72% 0.07% 
7-25 15:00 139 136 -1.88% 0.04% 
7-25 16:00 134 132 -1.20% 0.01% 
7-25 17:00 124 125 0.64% 0.00% 
7-25 18:00 114 116 2.02% 0.04% 
7-25 19:00 100 105 5.11% 0.26% 
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Array-A Temperature Comparison 

SERF Calculated Relative Squared 
Date Time temperature temperature error relative 

of of error 
8-25 8:00 85 88 3.41% 0.12% 
8-25 9:00 108 104 -3.61% 0.13% 
8-25 10:00 128 ll8 -7.67% 0.59% 
8-25 11:00 142 128 -9.54% 0.91% 
8-25 12:00 139 130 -6.47% 0.42% 
8-25 13:00 142 134 -5.90% 0.35% 
8-25 14:00 139 131 -5.42% 0.29% 
8-25 15:00 141 135 -3.98% 0.16% 
8-25 16:00 131 124 -5.34% 0.29% 
8-25 17:00 125 ll8 -5.45% 0.30% 
8-25 18:00 107 106 -1.12% 0.01% 
8-25 19:00 90 92 1.77% 0.03% 
8-26 8:00 89 87 -1.92% 0.04% 
8-26 9:00 112 106 -5.02% 0.25% 
8-26 10:00 132 121 -8.19% 0.67% 
8-26 11:00 138 128 -7.51% 0.56% 
8-26 12:00 142 132 -6.85% 0.47% 
8-26 13:00 139 135 -2.67% 0.07% 
8-26 14:00 130 119 -8.25% 0.68% 
8-26 15:00 104 99 -4.53% 0.21% 
8-26 16:00 96 94 -2.19% 0.05% 
8-26 17:00 95 94 -1.16% 0.01% 
8-26 18:00 91 91 -0.44% 0.00% 
8-27 7:00 77 77 -0.52% 0.00% 
8-27 8:00 88 86 -2.27% 0.05% 
8-27 9:00 102 98 -3.73% 0.14% 
8-27 10:00 86 84 -2.44% 0.06% 
8-27 11:00 81 78 -4.18% 0.17% 
8-27 12:00 91 88 -2.76% 0.08% 
8-27 13:00 118 106 -9.79% 0.96% 
8-27 14:00 136 128 -5.88% 0.35% 
8-27 15:00 137 128 -6.36% 0.41% 
8-27 16:00 120 119 -1.16% 0.01% 
8-27 17:00 88 89 1.48% 0.02% 
8-28 7:00 73 73 -0.14% 0.00% 
8-28 8:00 87 86 -1.49% 0.02% 
8-28 9:00 104 99 -4.99% 0.25% 
8-28 10:00 116 108 -7.14% 0.51% 
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Array-A Temperature Compari8on 

SERF Calculated Relative Squared 
Date Time temperature temperature error relative 

of of error 
8-28 12:00 130 120 -7.98% 0.64% 
8-28 13:00 141 132 -6.18% 0.38% 
8-28 14:00 144 133 -7.83% 0.61% 
8-28 15:00 140 129 -7.66% 0.59% 
8-28 16:00 133 128 -4.05% 0.16% 
8-28 17:00 109 108 -0.46% 0.00% 
8-28 18:00 94 98 3.92% 0.15% 
8-28 19:00 87 90 3.45% 0.12% 
8-29 8:00 85 85 -0.23% 0.00% 
8-29 9:00 94 94 -0.42% 0.00% 
8-29 10:00 106 103 -3.01% 0.09% 
8-29 13:00 127 121 -4.42% 0.20% 
8-29 15:00 131 125 -4.29% 0.18% 

RAISE 4.42% 
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Array-A I-V Charaderiatic8 ComparillOD 

(SERF Data) 

"# Date Time Voe I.e Vm 1m FF 
volt. amp. volt. amp. 

Al 6-13 12.5 61.5 2.24 45.0 1.87 0.611 
A2 6-13 14.2 61.4 2.19 45.0 1.81 0.606 
A3 6-13 12.0 60.4 2.27 45.0 1.90 0.624 
A4 6-13 11.9 61.1 2.25 45.0 1.92 0.628 
A5 6-13 12.7 61.3 2.24 45.0 1.90 0.623 
A6 6-13 12.8 61.6 2.24 45.0 1.87 0.610 
A7 6-13 13.0 61.0 2.24 45.0 1.87 0.616 
A8 6-13 13.2 60.7 2.24 45.0 1.87 0.619 

(Calculated) 

"# Date Time Voe I.e Vm 1m FF 
volt. amp. volt. amp. 

Al 6-13 12.5 61.7 2.31 46.0 1.85 0.596 
A2 6-13 14.2 61.8 2.27 46.2 1.81 0.598 
A3 6-13 12.0 60.8 2.32 45.2 1.86 0.594 
A4 6-13 11.9 61.6 2.31 45.9 1.85 0.596 
A5 6-13 12.7 61.6 2.31 45.9 1.85 0.596 
A6 6-13 12.8 61.6 2.32 45.8 1.86 0.595 
A7 6-13 13.0 60.8 2.32 45.2 1.86 0.594 
A8 6-13 13.2 61.3 2.33 45.6 1.86 0.595 

(Error Analysis) 

# Date Time V.e I.e Vm 1m FF 
volt. amp. volt. amp. 

Al 6-13 12.5 0.32% 3.03% 2.17% -1.08% -2.49% 
A2 6-13 14.2 0.65% 3.52% 2.60% 0.00% -1.29% 
A3 6-13 12.0 0.66% 2.16% 0.44% -2.15% -4.98% 
A4 6-13 11.9 0.81% 2.60% 1.96% -3.78% -5.45% 
AS 6-13 12.7 0.49% 3.03% 1.96% -2.70% -4.47% 
A6 6-13 12.8 0.00% 3.45% 1.75% -0.54% -2.50% 
A7 6-13 13.0 -0.33% 3.45% 0.44% -0.54% -3.68% 
AS 6-13 13.2 0.98% 3.86% 1.32% -0.54% -4.02% 

RMSE 0.6~% 3.1~ 1.74% I.SS% 3.S~~ 
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SERF June-July-August Data 

panel area: 113,527 cm 2 

Rad Vm 1m SERF SERF Calc Calc 
Date Time " " " " W/m' volta amp' d~aded ratio degraded 

initial 5.70% 
6-13 14 1031 45.0 13.76 5.29% 7.19% 0.911 8.90% 
6-16 10 958 45.0 13.29 5.50% 3.53% 0.879 12.10% 
6-21 12 991 45.0 13.15 5.26% 7.72% 0.963 13.70% 
6-25 11 1040 42.0 14.37 5.11% 10.32% 0.856 14.40% 
6-26 11 967 42.0 13.43 5.14% 9.86% 0.855 14.50% 
6-27 12 980 42.0 13.60 5.13% 9.93% 0.853 14.70% 
6-30 11 974 45.0 12.65 5.15% 9.68% 0.850 15.00% 
7- 2 12 986 42.0 13.59 5.10% 10.54% 0.848 15.20% 
7- 6 9 954 42.0 13.14 5.10% 10.60% 0.845 15.50% 
7- 9 13 969 42.0 13.47 5.14% 9.78% 0.843 15.70% 
7-14 13 975 42.1) 13.05 4.95% 13.16% 0.840 15.99% 
7-22 16 742 33.0 12.52 4.90% 13.95% 0.836 16.40% 
7-23 12 928 33.0 15.56 4.87% 14.51% 0.835 16.50% 
7-24 12 935 34.5 15.38 5.00% 12.33% 0.835 16.50% 
7-25 12 933 34.5 14.87 4.85% 14.99% 0.835 16.50% 
8-17 14 925 34.9 14.40 4.79% 15.96% 0.828 17.22% 
8-18 12 605 33.9 9.72 4.79% 15.96% 0.828 17.22% 
8-19 12 1047 35.7 16.16 4.86% 14.74% 0.826 17.40% 
8-20 11 311 33.2 5.23 4.91% 13.86% 0.826 17.40% 
8-22 15 755 33.4 11.96 4.66% 18.25% 0.825 17.50% 
8-23 11 887 33.5 14.21 4.73% 17.02% 0.825 17.50% 
8-24 13 960 35.2 14.17 4.57% 19.82% 0.825 17.50% 
8-25 12 943 35.5 13.63 4.52% 20.70% 0.825 17.50% 
8-26 12 934 35.7 13.03 4.39% 22.98% 0.824 17.60% 
8-27 12 319 34.5 4.88 4.64% 18.60% 0.824 17.60% 
8-28 12 909 35.6 12.46 4.30% 24.56% 0.824 17.60% 
8-29 13 963 36.3 13.39 4.45% 21.93% 0.824 17.60% 
8-30 12 892 36.6 12.55 4.53% 20.53% 0.823 17.70% 
8-31 14 878 36.7 12.60 4.64% 18.60% 0.823 17.70% 
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SERF September Data 

panel area: 113,527 cm2 

Rad Vm 1m SERF SERF Calc Calc 
Date Time " " " " W/m2 volts amps degraded ratio degraded 
9- 1 10 778 35.7 11.23 4.54% 20.40% 0.822 17.80% 
9-2 12 971 35.1 14.58 4.64% 18.51% 0.822 17.80% 
9-3 10 332 40.1 4.31 4.58% 19.65% 0.822 17.80% 
9- 5 12 798 41.1 10.38 4.71% 17.37% 0.823 17.70% 
9- 6 12 977 43.4 11.71 4.58% 19.65% 0.823 17.70% 
9- 7 12 970 42.9 11.96 466% 18.25% 0.823 17.70% 
9-8 13 962 41.2 12.56 4.74% 16.84% 0.823 17.70% 
9-9 11 860 38.7 11.86 4.70% 17.54% 0.823 17.70% 
9-10 12 954 39.4 12.40 4.5]% 20.88% 0.823 17.70% 
9-11 12 372 38.8 5.17 4.75% 16.67% 0.823 17.70% 
9-12 13 974 39.4 13.16 4.69% 17.72% 0.823 17.70% 
9-13 12 968 40.1 13.09 4.78% 16.14% 0.823 17.70% 
9-14 11 948 39.6 12.80 4.71% 17.37% 0.824 17.64% 
9-15 12 1000 39.6 13.44 4.69% 17.72% 0.823 17.70% 
9-16 12 991 39.2 13.54 4.72% 17.19% 0.823 17.70% 
9-17 12 982 39.8 12.77 4.56% 20.00% 0.822 17.80% 
9-18 12 1000 41.0 12.52 4.52% 20.70% 0.822 17.80% 
9-19 12 971 41.6 12.27 4.63% 18.77% 0.821 17.90% 
9-20 12 347 40.6 4.69 4.84% 15.09% 0.821 17.90% 
9-21 12 856 41.0 11.11 4.69% 17.72% 0.820 18.00% 
9-22 12 945 41.8 11.91 4.64% 18.60% 0.820 18.00% 
9-23 12 990 42.1 12.92 4.84% 15.09% 0.819 18.10% 
9-24 12 965 44.3 11.67 4.72% 17.19% 0.819 18.10% 
9-25 12 952 44.2 11.74 4.81% 15.61% 0.818 18.20% 
9-26 12 952 40.5 12.66 4.74% 16.84% 0.818 18.20% 
9-27 12 952 43.2 11.53 4.61% 19.12% 0.818 18.20% 
9-28 12 963 43.4 12.61 5.00% 12.28% 0.817 18.30% 
9-29 12 922 33.9 14.25 4.62% 18.95% 0.817 18.30% 
9-30 12 959 32.6 15.55 4.65% 18.42% 0.816 18.40% 
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SERF October-November Data 

panel area: 113,527 cm2 

Rad Vm 1m SERF SERF Calc Calc 
Date Time " " " " W/m 2 volts amps degraded ratio degraded 
1~ 1 12 975 40.2 12.81 4.65% 18.42% 0.816 18.40% 
1~ 2 12 968 39.9 12.81 4.65% 18.42% 0.816 18.40% 
1~ 3 12 945 39.3 12.86 4.71% 17.37% 0.816 18.40% 
1~ 4 12 818 39.3 11.48 4.86% 14.74% 0.816 18.40% 
1~ 5 12 930 39.2 12.74 4.73% 17.02% 0.816 18.40% 
1~ 6 12 941 36.4 13.47 4.59% 19.47% 0.816 18.40% 
1~ 7 12 950 37.2 12.87 4.44% 22.11% 0.816 18.40% 
1~ 8 12 590 37.0 8.35 4.61% 19.12% 0.816 18.40% 
1~ 9 12 921 37.0 13.71 4.85% 14.91% 0.816 18.40% 
1~11 15 725 36.6 9.82 4.37% 23.33% 0.816 18.40% 
1~12 12 918 37.1 13.00 4.63% 18.77% 0.816 18.40% 
1~13 12 871 36.9 12.25 4.57% 19.82% 0.816 18.43% 
1~27 12 899 40.8 11.50 4.60% 19.30% 0.808 19.20% 
1~28 12 888 40.5 11.34 4.56% 20.00% 0.808 19.20% 
1~29 12 895 40.3 11.39 4.52% 20.70% 0.807 19.30% 
1~30 12 295 38.4 4.00 4.58% 19.65% 0.807 19.30% 
1~31 12 911 39.7 12.03 4.62% 18.95% 0.806 19.40% 
11- 1 12 918 39.6 12.06 4.58% 19.58% 0.806 19.40% 
11-2 12 901 39.5 11.87 4.58% 19.60% 0.806 19.40% 
11-3 12 899 40.0 11.72 4.59% 19.45% 0.806 19.40% 
11-4 12 893 40.9 11.53 4.65% 18.42% 0.806 19.40% 
11-5 12 893 39.9 11.76 4.63% 18.77% 0.805 19.50% 
11-6 12 894 41.4 11.53 4.70% 17.54% 0.805 19.50% 
11-7 12 762 64.4 6.18 4.60% 19.30% 0.805 19.50% 
11-8 12 896 41.6 11.19 4.58% 19.65% 0.805 19.50% 
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