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Optical properties of semi-insulating polycrystalline silicon (SIPOS) thin films containing 
30 at. oxygen atoms are investigated in the near ultraviolet, visible and infrared 
region to improve knowledge on the structure and chemical bonding of these mixtures. 
An effective medium approximation model is used for a microscopic investigation of 
the oxide species involved as a function of the annealing temperature (600-1200 °C). 
The results are compared with other optical spectroscopies (infrared and Raman) and 
with transmission electron microscopy to give a selected picture of the pure and oxide 
components.

I. INTRODUCTION
Semi-insulating polycrystalline silicon (SIPOS) is 

widely used as a passivation layer and as a resistive field 
shield in high voltage Si devices.Its inhomogeneous 
nature gave rise to a large variety of investigations to 
establish both the microstructure and the conduction 
mechanisms.^"^ Despite the large number of studies on 
SIPOS, there are still basic aspects with respect to 
structural and electric transport properties to be clarified. 
One reason for this is that the microstructure of CVD- 
deposited SIPOS depends sensitively on the preparation 
parameters, i.e., the deposition and annealing tempera­
ture. Transmission electron microscopy (TEM) of plan 
view samples showed that the as-deposited material at 
620 °C consists of an amorphous single phase, while 
material deposited at 660 °C shows a crystalline or 
amorphous structure, depending on composition.’

Further investigations showed a large variety of 
local Si-Si and Si-O bonds whose amounts depend on 
the composition and on the post-deposition annealing 
temperature.^ We would like to focus our investigation 
on some samples deposited in such a way as to obtain 
—30 at. % O. Two opposite pictures were drawn for the 
material annealed above 900 °C: one describes SIPOS 
as a continuous mixture of crystalline and amorphous 
silicon containing small clusters of SiO2, while the 
other picture describes it as small silicon grains com­
pletely surrounded by SiO^ shells. Recent electrical 
measurements suggested that 30 at. % O SIPOS sam­
ples annealed at 900 °C are characterized by a shell 
structure in which each Si grain is surrounded by a 
SiO;t shell approximately two monolayers thick.’ At high 
annealing temperature the SiO^ shell collapsed into small 
SiO2 clusters, and the material showed a mosaic micro-

J. Mater. Res., Vol. 10, No. 4, Apr 1995

Structure, characterized by large Si grains in direct con­
tact and SiO2 islands.

Scientific interest in SIPOS is growing rapidly since 
it has been shown that this material, doped with Er by 
ion implantation, shows strong luminescence at 1.5 ptm 
wavelength even at room temperature when it is pumped 
with an Ar* ion laser (0.514 /tm).'” For this reason it 
became interesting to investigate the optical properties of 
SIPOS samples in the visible region and relate them with 
a good microscopic picture. Other spectroscopic char­
acterizations can be used to obtain selected information 
on the structure of the Si grains and of the SiOj^ shell 
and help interpret absorption data.

II. EXPERIMENTAL
SIPOS layers 0.7 /r,m thick were deposited in a low 

pressure CVD reactor at 620 °C at a pressure of 
390 mTorr. The N2O to SiH4 gas flow ratio was main­
tained at 28% in order to get layers with 30 at. % oxygen.

The samples were deposited both on Si(lOO) ori­
ented and on fused silica substrates for optical measure­
ments. Rutherford backscattering spectrometry (RBS) 
of 2 MeV "‘He ions confirmed that the oxygen content 
coincides within a few percent with the nominal value, 
independently of the substrate used for the deposition.

A set of samples were annealed using rapid thermal 
annealing equipment (RTA), spanning a temperature 
range from 700 to 1200 °C. All these annealings were 
performed for 5 min in an N2 atmosphere, and RTA 
ensures very short heating and cooling steps (1 s) as 
compared to the total annealing time (5 min). Prelimi­
nary XPS measurements showed that a thin nitride over­
layer is formed only in the 1200 °C annealed sample.

© 1995 Materials Research Society 885
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However, this overlayer can be neglected in discussing 
the present measurements.

Optical measurements in the transmission mode 
were made with a Perkin-Elmer double beam spectrom­
eter in the range 400-1100 nm in order to investigate 
the fundamental absorption edge of the samples. Optical 
constants in the visible and near ultraviolet region were 
also obtained by means of spectroscopic ellipsometry in 
order to increase the confidence level of results given 
by absorption spectroscopy.

The inhomogeneous nature of the deposited films 
needs direct microscopic analysis that was made by 
transmission electron microscopy on plan view SIPOS 
samples, prepared by mechanical thinning and backside 
chemical etch. The observations were made using a 
JEOL 2010 transmission electron microscope operating 
at 200 kV accelerating voltage.

To improve the microscopic picture of the materials 
under study, we performed several Raman spectra using 
a SPEX triple monochromator and an Ar^ laser beam 
(514 nm) as probe. As it will be shown, the penetration 
depth of the probe beam was found to be lower than 
the film thickness in all the investigated range avoiding 
the substrate signal contribution.

Finally, infrared absorption measurements in the 
region of Si-0 vibrations (400-2000 cm”') were per­
formed using a Fourier transform infrared spectrometer 
(FTIR) with a resolution of about 4 cm”'.

III. RESULTS AND DISCUSSION

A. Optical measurements: The fundamental edge
In Fig. 1 two typical transmittance spectra are re­

ported, representing samples on fused silica as-deposited 
and annealed at 1200 °C. It clearly shows a fundamental 
absorption edge in the visible region due to band-to-band 
optical transitions, suggesting an energy gap of about 
2.5 eV, well above that of crystalline silicon (1.1 eV). 
This edge shifts toward lower wavelengths (higher ener­
gies) with increasing the annealing temperature at about 
600 nm for the as-deposited sample and about 520 nm 
for the 1200 °C annealed one. It should be remarked 
that, due to the small thickness of the SIPOS layers, the 
absorption caused by a hypothetical indirect gap is not 
observable in these spectra.

Below the absorption edge the film is opaque be­
cause of the strong absorption coefficient of the material 
(>10^ cm”'), while at a wavelength of 6(X)-1000 nm 
interference fringes appear, due to the multiple reflection 
on the numerous interfaces crossed by light before the 
beam detection (air-film, film-substrate). The magnitude 
of these fringes is directly related to the impedance 
adaptation among all these media and in particular to 
the difference between the refractive index of the films

FIG. 1. Transmission curves in the fundamental absorption region for 
as-deposited and 1200 °C samples.

and that of the fused silica substrate (~1.48 over the 
entire energy range) at this wavelength.

Using a least squares fit based on well-known dis­
persion relations," it is possible to extract the refractive 
index (n* = n — ik) of the material under study and the 
absorption coefficient (a = 47rk/A) which is reported in 
Fig. 2 in the region 400-800 nm. The optical functions 
obtained using standard transmission curves have been 
compared with ellipsometric measurements performed in 
the same spectral range with a mismatch below 10%.

Comparison between these two methods greatly im­
proves confidence of the final results about the ab-

Wavelength (nm)

FIG. 2. Absorption coefficients as calculated by the data presented in 
Fig. 1 compared with those of crystalline (lower dashed curve) and 
amorphous (higher dashed curve) silicon.
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sorption coefficient because the techniques adopted here 
provide the same physical information by using different 
physical phenomena.However, the limiting factor 
for the present measurements concerns the quantitative 
values of the optical constants in the region where the 
absorption coefficient is lower than ~5 X 10^ cm~' and 
higher than ~2 X 10^ cm"' with a sample thickness 
of the order of IO"** cm. For comparison, Fig. 2 reports 
the absorption coefficient of crystalline and amorphous 
silicon; silicon dioxide shows an absorption negligible 
in the entire investigated range.

The overall trend of these data for each sample 
shows a monotone decrease of the absorption coefficient 
with increasing wavelength. Moreover, all the samples 
annealed below 900 °C possess nearly the same ab­
sorption coefficient in the whole spectral range. With 
increasing the annealing temperature, the absorption 
coefficient decreases until a value of 1.6 X lO'* cm"' 
is reached for the 1200 °C annealed sample at A = 
520 nm. The data obtained from the calculation of the 
absorption coefficient are consistent with the case in 
which crystallization of the silicon phase thought to be 
present in the SIPOS mixture starts at 900 °C. Indeed the 
absorption coefficient below this critical temperature re­
mains unchanged, while for temperatures above 900 °C 
it starts to decrease dramatically, as shown in Fig. 3.

However, one must be careful in interpreting the 
absorption data. From a close inspection of Fig. 2, 
one could be tempted to say that SIPOS samples an­
nealed at 1200 °C possess the same optical properties as 
crystalline silicon. Moreover, if we report the separate 
contribution of the real and imaginary part of the refrac­
tive index we observe a difference in both n and k of 
more than a factor 3.

Annealing Temperature (°C)

FIG. 3. Absorption coefficients as a function of the annealing tem­
perature taken at 520 nm.

In order to obtain quantitative information on the 
phases present in the samples, we have to use a micro­
scopic approach to the optical response of these inhomo­
geneous samples. As widely suggested in literature,''*''^ 
once the experimental optical properties of a nonhomo- 
geneous material are obtained, one can try to split them 
up into different optical functions of some hypotheti­
cal constituent phases using the so-called “Effective 
Medium Approximation” (EMA) where the composite 
dielectric function is calculated according to the volume 
fraction of each subunit obtained statistically from the 
stoichiometry. However, in each EMA treatments sev­
eral cautions must be employed because of the large 
number of parameters involved with which virtually any 
dielectric function behavior could be reproduced. The 
first attempt to apply the Bruggeman EMA'® method 
to a Si-0 nonhomogeneous material was made by 
Aspnes et ul.'' where they reproduced with good agree­
ment the available optical data for an Sii-x(SiO2)x 
mixture. They found that a simple two-phase mixture 
of a-Si and SiO2 to form such a sample is intrinsically 
inadequate either as a mixture of distinct “macroscopic” 
phases or as a mixture of point polarizable Si-Si and 
Si-0 bonds. The same conclusions were obtained by 
Bruesch et a/.'^ using a simple mixture model from the 
relative contents of SiO2 and of a suboxide close to 
SiO as determined by XPS measurements and from the 
known optical properties of bulk SiO2 and bulk SiO.

Thus, more complicated subunits are required and 
Aspnes et al. were successful in choosing Si-centered 
tetrahedra as fundamental ones. Calculating the polariz­
abilities to be associated with each of the tetrahedra, they 
added these polarizabilities according to the restrictions 
of composite media theory.

Specifically, the model to obtain the dielectric func­
tion of the mixture Sii-^(SiO2)x is as follows:

(i) Calculate the dielectric function of individual Si- 
Si4-„Ov tetrahedra for v =0, 1, 2, and 3 from that of 
c-Si (or a-Si).

(ii) Calculate the appropriate normalized volume 
fractions (u) by using a linear approximation for the 
value of a mixed tetrahedron, namely:

Vy ~ 1/4(4 — u)Vsi + l/4uVsio„ 

where Vsi is the volume of a silicon tetrahedra (—20 A’) 
and VsiOz is that for a SiO2 tetrahedra (—38 A’).

(iii) Combine the five individual spectra and volume 
fractions calculated above according to

v,(ez - <e»/(e,- + 2<e)) = 0; X = 1 ’ 

where u, is the volume fraction, e, is the dielectric 
function of the medium composed entirely of phase i, 
and (e) is the composite dielectric function.

We performed an EMA analysis using these sugges­
tions, and the results obtained for the refractive index of
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the sample annealed at 1200 °C are reported in Fig. 4. 
Two restrictions were imposed to avoid meaningless re­
sults: (i) the total concentration of oxygen atoms must be 
that found by using Rutherford backscattering spectro­
metry within 10% and (ii) the EMA results must be in 
agreement for both the real and imaginary part of the 
refractive index.

One major observation concerns the behavior of 
the as-deposited and annealed samples at temperatures 
below 900 °C. In these cases it is impossible to obtain 
any satisfactory agreement with the experimentally ob­
tained optical functions because of the sharp increase of 
the absorption coefficient with decreasing wavelength. 
The anomalous behavior of the low temperature anneal­
ing samples can be explained with the presence of small 
silicon nanoclusters even in the as-deposited sample. 
These nanoclusters are visible by TEM analysis only in 
the 900 °C annealed sample because they are crystalline, 
but the above-mentioned thesis is confirmed by the 
observation that if one of these samples is amorphized 
by using an heavy ion beam, the absorption coefficient 
decreases consistently in the near ultraviolet region.

The overall trend of the EMA results on the samples 
annealed at temperatures above 900 °C is shown in 
Fig. 5. A general conclusion is that by increasing the 
annealing temperature the concentration of the poorly 
oxygen-containing tetrahedra (Si—Si4 and Si-SisO) de­
creases, while there is a strong increase in the Si-Si2O2 
tetrahedra content. It should be noted that this behavior 
is in agreement with the Si-0 phase diagram in which, 
above 1000 °C, crystalline silicon, silicon dioxide, and 
silicon monoxide coexist, while below this temperature 
one can obtain only a phase separation between crys-

FIG. 4. The refractive index spectra as calculated by the transmittance 
in the 1200 °C annealed sample (□) compared with the results of the 
effective medium approximation calculations (—).

Annealing temperature (°C)

FIG. 5. Volume fraction of the involved tetrahedra as a function of 
the annealing temperature.

talline silicon and silicon dioxide. The latter, represented 
by the Si-Oa tetrahedra, maintains its volume fraction 
at about 30% with negligible variation.

EMA and absorption data near the fundamental ab­
sorption edge gave an overall picture of the microscopic 
structure of the investigated samples. In the following we 
will use some techniques devoted to a selected investi­
gation of the phases thought to be present in the matrix.

B. TEM and optical measurements: A selected 
investigation

The variation of the optical properties of SIPOS 
for annealing temperatures above 900 °C is related to 
structural changes and phase separation as revealed 
by TEM observations reported in Fig. 6. For anneal­
ing temperatures below 800 °C, the material retains its 
amorphous structure as evidenced by the diffraction 
pattern (not shown). By annealing for 5 min at 900 °C, 
small crystalline grains ~3 nm in radius are revealed as 
randomly distributed bright spots in the TEM micrograph 
shown in Fig. 6(a). The picture is taken in dark field by 
selecting a portion of the (111) diffraction ring of the 
silicon grains. Further annealing at temperatures larger 
than or equal to 1100 °C allows the rupture of the SiO^ 
shell, and evident grain growth occurs [Fig. 6(b)]. The 
drastic topojogical rearrangement of the SiO^ phase is 
therefore related to the large rearrangement of Si-0 
bonds which assumes an IR evident SiO2 character 
(see below).

Like TEM measurements, Raman spectra are able 
to give a selected analysis of the silicon grains giving 
information on the degree of order inside each grain. 
The usefulness of the method comes from the ability 
to simultaneously see both the sharp crystalline peak
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FIG. 6. Transmission electron microscopy of 900 and 1200 °C an­
nealed samples showing the increase in the crystalline dimensions.

with a frequency shift of about 520 cm“’ as well as 
the broad features of the amorphous silicon spectrum 
with its broad peak near 480 cm . As reported in 
Fig. 7, the first sample giving an evident presence of 
a 520 cm”’ peak is the sample annealed at 900 °C in 
agreement with TEM results. Moreover, by increasing 
the annealing temperature the transversal optical (TO) 
feature of crystalline silicon progressively replaces the 
amorphous structure. We have two arguments to explain 
such a behavior: first, an increase in the grain dimensions 
causes a progressive restoration of the k selection rules 
responsible for the appearance of only one sharp peak 
in crystalline silicon; second, a real decrease of the 
disordered volume can induce the same effect. Moreover, 
since there is no observable amount of amorphous phase 
in the high temperature treated samples, as evidenced 
by TEM diffraction measurements, one can attribute 
the “amorphous” feature to scattering from the grain 
boundaries, which is probably associated with surface­
like modes similar to those observed in a-Si.’’

While Raman spectra can give interesting informa­
tion about the Si-containing part of the investigated 
mixture, it is useful to investigate further the other 
portion of the composed material, that is, the Si-O 
bonding behavior.

Raman shift (cm ’)

FIG. 7. Raman scattering results for the annealed samples in the 
region of the Si-Si allowed vibrations.

A useful Raman complementary technique is the 
infrared spectroscopy that can be used to investigate 
the absorption region around 1000 cm”' where Si-0 
bonding vibrations are allowed.^” In a pure SiO2 sample 
three major transverse optical (TO) absorption bands can 
be detected and characterized in terms of the particular 
vibrational mode of the oxygen atoms with respect to 
the silicon pairs that they bridge. Rocking (7?) of the O 
atoms around an axis through the Si atoms characterizes 
the vibrational behavior of the lowest frequency TO band 
centered at 475 cm”'. Symmetrical stretching (SS) of the 
O atom along the line bisecting the axis formed by the 
two silicon atoms characterizes the vibrational mode of 
the middle TO band centered at 810 cm”', while the 
remaining TO band and its high frequency shoulder are 
due to the asymmetric stretch (AS) motion in which the 
O atoms move back and forth along a line parallel to the 
axis through the two Si atoms. The AS motion actually 
gives rise to two vibrational modes: (i) an ASi mode 
in which the adjacent O atoms execute the AS motion 
in phase with each other (1076 cm”'), and (ii) an AS2 
mode in which adjacent O atoms execute the AS motion 
180° out of phase with each other (1200 cm”').

All these features are present in Fig. 8 for the sam­
ples annealed above 900 °C, suggesting the formation 
of SiO2 structures below this temperature. In the other 
samples only a broad peak centered at 1050 cm”' is 
present and the whole infrared spectrum results very 
close to that of a random (Si, O) mixture. Recently, 
Bruesch et al.'^ obtained nearly the same results by in­
creasing the oxygen content in the as-deposited samples. 
We can thus say that the SiO2 precipitation can be 
induced either by increasing the annealing temperature 
(—900 °C) or by increasing the oxygen content in the 
as-deposited sample.
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Wave number (cm *)

FIG. 8. Infrared absorption data in the region of the Si-0 allowed 
vibrations.

IV. FURTHER DISCUSSIONS AND CONCLUSIONS
The investigation performed on both the electronic 

and phononic structure of as-deposited and annealed 
SIPOS samples together with the direct observation of 
the atomic microstructure leads to a unified picture of the 
behavior of such mixtures before and after thermal treat­
ments. Two main temperature regions can be recognized 
in all the characterizations performed. Assuming that the 
as-deposited sample consists of an amorphous covalent 
network, by increasing the annealing temperature up to 
900 °C some small crystalline grains are formed and a 
consistent SiO2 fraction of about 30% in volume appears 
as detected by IR and visible spectra. These crystalline 
grains (~5 nm in radius) are probably responsible for 
the anomalous absorption of the annealed samples not 
explained with a classical decomposition into differ­
ent constituent microscopic media. Further experiments 
showed that ion beam amorphization causes a sharp 
decrease of the absorption coefficient even in the as- 
deposited sample. The general trend of the results is in 
agreement with the data obtained by Catalano et al.^' for 
similar samples annealed up to 900 °C for 30 min.

Above ~900-1000 °C a new situation arises. As 
suggested by infrared spectra, SiO2 growth stops in 

agreement with both the EMA calculations and the 
phase diagram of a (Si, O) mixture. The samples suffer 
other structural changes as the growth in dimensions 
of crystalline silicon grains is revealed by both TEM 
(5-30 nm in radius) and Raman spectra and the growth 
of intermediate oxide species is revealed as an increase 
of the Si-Si2O2 tetrahedra contribution to the refractive 
index. This growth is still consistent with the phase 
diagram at the oxygen concentration known to be present 
in the samples.

REFERENCES
1. T. Matsushita, T. Aoki, T. Ohtsu, H. Yamoto, H. Hayashi, 

M. Okayama, and Y. Kawana, Jpn. J. Appl. Phys. Suppl. 15, 
35 (1976).

2. T. Yamaguchi, K. L. Seaward, J.L. Sachitano, D. Ritchie, and 
S. Seto, IEEE J. Solid State Circuits SC-13, 472 (1978).

3. J. Wong, D. A. Jefferson, T. G. Sparrow, J. M. Thomas, R. H. 
Milne, A. Howie, and E. F. Koch, Appl. Phys. Lett. 48, 65 (1986).

4. D. J. Olego and H. Baumgart, J. Appl. Phys. 63, 2669 (1989).
5. W. G. Andra, G. Gotz, H. Hobert, V. Misyuchenko, V. A. 

Samnilov, and V. Stelmakh, Phys. Status Solid! A 110, 181 
(1988).

6. J.T. McGinn and A.M. Goodman, Appl. Phys. Lett. 34, 601 
(1979).

7. P. Bruesch, Th. Stockmeier, F. Stucki, and P. A. Buffat, J. Appl. 
Phys. 73, 7677 (1993).

8. S. Lombardo, S. U. Campisano, and F. Baroetto, Appl. Phys. Lett. 
63, 470 (1993).

9. S. Lombardo, S.U. Campisano, and F. Baroetto, Phys. Rev. B 
47, 13561 (1993).

10. S. Lombardo, S. U. Campisano, G. N. van der Hoven, A. Cacciato, 
and A. Polman, Appl. Phys. Lett. 63, 1942 (1993).

11. G. Compagnini, G. Foti, R. Reitano, and G. Mondio, J. Non-Cryst. 
Solids 162, 237 (1993).

12. K. F. Palmer and M.Z. Williams, Appl. Opt. 24, 1788 (1985).
13. J. H. Ho, C. L. Lee, T. F. Lei, and T. S. Chao, J. Opt. Soc. Am. 

A7, 196 (1990).
14. D. E. Aspnes, Thin Solid Films 89, 249 (1982).
15. R.W. Collins and J. M. Cavese, J. Vac. Sci. Technol. A 5, 2797 

(1987).
16. D. A. Bruggeman, Ann. Phys. (Leipzig) 24, 636 (1935).
17. D. E. Aspnes and J.B. Theeten, J. Appl. Phys. 50, 4928 (1979).
18. P. Bruesch, Th. Stockmeier, F. Stucki, P. A. Buffat, and J. K. N. 

Lindner, J. Appl. Phys. 73, 7690 (1993).
19. S. Veprek, F. A. Sarott, and Z. Iqbal, Phys. Rev. B 36, 3344 

(1987).
20. C.K. Kirk, Phys. Rev. 38, 1255 (1988).
21. M. Catalano, M.J. Kim, R.W. Carpenter, K. Das Chowdhury, 

and J. Wong, J. Mater. Res. 8, 2893 (1993).

890 J. Mater. Res., Vol. 10, No. 4, Apr 1995Petitioner Canadian Solar (USA) Inc., Ex. 1043, p. 521



 

 

 

 

 

ATTACHMENT H-3 

Petitioner Canadian Solar (USA) Inc., Ex. 1043, p. 522



ht
tp
s:
//
do

i.o
rg
/1
0.
15
57
/JM

R.
19
95
.0
88
5
Pu

bl
is
he
d
on

lin
e
by

Ca
m
br
id
ge

U
ni
ve
rs
ity

Pr
es
s

optical-and-structural-properties-of-semi-insulating-polycrystalline-... https://www.cambridge.org/core/services/aop-cambridge-core/conte...

1 of 6 8/3/2025, 12:59 PM
Petitioner Canadian Solar (USA) Inc., Ex. 1043, p. 523



ht
tp
s:
//
do

i.o
rg
/1
0.
15
57
/JM

R.
19
95
.0
88
5
Pu

bl
is
he
d
on

lin
e
by

Ca
m
br
id
ge

U
ni
ve
rs
ity

Pr
es
s

optical-and-structural-properties-of-semi-insulating-polycrystalline-... https://www.cambridge.org/core/services/aop-cambridge-core/conte...

2 of 6 8/3/2025, 12:59 PM
Petitioner Canadian Solar (USA) Inc., Ex. 1043, p. 524



ht
tp
s:
//
do

i.o
rg
/1
0.
15
57
/JM

R.
19
95
.0
88
5
Pu

bl
is
he
d
on

lin
e
by

Ca
m
br
id
ge

U
ni
ve
rs
ity

Pr
es
s

optical-and-structural-properties-of-semi-insulating-polycrystalline-... https://www.cambridge.org/core/services/aop-cambridge-core/conte...

3 of 6 8/3/2025, 12:59 PM
Petitioner Canadian Solar (USA) Inc., Ex. 1043, p. 525



ht
tp
s:
//
do

i.o
rg
/1
0.
15
57
/JM

R.
19
95
.0
88
5
Pu

bl
is
he
d
on

lin
e
by

Ca
m
br
id
ge

U
ni
ve
rs
ity

Pr
es
s

optical-and-structural-properties-of-semi-insulating-polycrystalline-... https://www.cambridge.org/core/services/aop-cambridge-core/conte...

4 of 6 8/3/2025, 12:59 PM
Petitioner Canadian Solar (USA) Inc., Ex. 1043, p. 526



ht
tp
s:
//
do

i.o
rg
/1
0.
15
57
/JM

R.
19
95
.0
88
5
Pu

bl
is
he
d
on

lin
e
by

Ca
m
br
id
ge

U
ni
ve
rs
ity

Pr
es
s

optical-and-structural-properties-of-semi-insulating-polycrystalline-... https://www.cambridge.org/core/services/aop-cambridge-core/conte...

5 of 6 8/3/2025, 12:59 PM
Petitioner Canadian Solar (USA) Inc., Ex. 1043, p. 527



ht
tp
s:
//
do

i.o
rg
/1
0.
15
57
/JM

R.
19
95
.0
88
5
Pu

bl
is
he
d
on

lin
e
by

Ca
m
br
id
ge

U
ni
ve
rs
ity

Pr
es
s

optical-and-structural-properties-of-semi-insulating-polycrystalline-... https://www.cambridge.org/core/services/aop-cambridge-core/conte...

6 of 6 8/3/2025, 12:59 PM
Petitioner Canadian Solar (USA) Inc., Ex. 1043, p. 528



 

 

 

 

 

ATTACHMENT H-4 

Petitioner Canadian Solar (USA) Inc., Ex. 1043, p. 529



Screen capture created by J L Mullins from WorldCat on August 9, 2025 at URL: 
https://search.worldcat.org/title/12358170 
 
 
 
                       

 

Petitioner Canadian Solar (USA) Inc., Ex. 1043, p. 530



Screen capture created by J L Mullins from WorldCat on August 9, 2025 at URL: 
https://search.worldcat.org/title/12358170 
 
 
 

 

Petitioner Canadian Solar (USA) Inc., Ex. 1043, p. 531



 

 

 

 

 

ATTACHMENT H-5 

Petitioner Canadian Solar (USA) Inc., Ex. 1043, p. 532



Screen capture created by J L Mullins from the University of Wisconsin Libraries OPAC on 
August 9, 2025 at URL: https://search.library.wisc.edu/catalog/999568733602121 
 
 
 

 

 

 

 

 

Petitioner Canadian Solar (USA) Inc., Ex. 1043, p. 533



Screen capture created by J L Mullins from the University of Wisconsin Libraries OPAC on 
August 9, 2025 at URL: https://search.library.wisc.edu/catalog/999568733602121 
 
 

 

 

Petitioner Canadian Solar (USA) Inc., Ex. 1043, p. 534



 

 

 

 

 

ATTACHMENT I-1 

Petitioner Canadian Solar (USA) Inc., Ex. 1043, p. 535



Petitioner Canadian Solar (USA) Inc., Ex. 1043, p. 536



Petitioner Canadian Solar (USA) Inc., Ex. 1043, p. 537



Petitioner Canadian Solar (USA) Inc., Ex. 1043, p. 538



Petitioner Canadian Solar (USA) Inc., Ex. 1043, p. 539



 

 

 

 

 

ATTACHMENT I-2 

Petitioner Canadian Solar (USA) Inc., Ex. 1043, p. 540



Petitioner Canadian Solar (USA) Inc., Ex. 1043, p. 541



Petitioner Canadian Solar (USA) Inc., Ex. 1043, p. 542



Petitioner Canadian Solar (USA) Inc., Ex. 1043, p. 543



Petitioner Canadian Solar (USA) Inc., Ex. 1043, p. 544



Petitioner Canadian Solar (USA) Inc., Ex. 1043, p. 545



Petitioner Canadian Solar (USA) Inc., Ex. 1043, p. 546



Petitioner Canadian Solar (USA) Inc., Ex. 1043, p. 547



Petitioner Canadian Solar (USA) Inc., Ex. 1043, p. 548



 

 

 

 

 

ATTACHMENT I-3 

Petitioner Canadian Solar (USA) Inc., Ex. 1043, p. 549



Downloaded from SPIE Digital Library on 15 Oct 2010 to 66.165.46.178. Terms of Use:  http://spiedl.org/termsPetitioner Canadian Solar (USA) Inc., Ex. 1043, p. 550



Downloaded from SPIE Digital Library on 15 Oct 2010 to 66.165.46.178. Terms of Use:  http://spiedl.org/termsPetitioner Canadian Solar (USA) Inc., Ex. 1043, p. 551



Downloaded from SPIE Digital Library on 15 Oct 2010 to 66.165.46.178. Terms of Use:  http://spiedl.org/termsPetitioner Canadian Solar (USA) Inc., Ex. 1043, p. 552



Downloaded from SPIE Digital Library on 15 Oct 2010 to 66.165.46.178. Terms of Use:  http://spiedl.org/termsPetitioner Canadian Solar (USA) Inc., Ex. 1043, p. 553



 

 

 

 

 

ATTACHMENT I-4 

Petitioner Canadian Solar (USA) Inc., Ex. 1043, p. 554



Screen capture created by J L Mullins from WorldCat on August 10, 2025 at URL: 
https://search.worldcat.org/title/1785642 
 
 

 

 

 

 

  

Petitioner Canadian Solar (USA) Inc., Ex. 1043, p. 555



Screen capture created by J L Mullins from WorldCat on August 10, 2025 at URL: 
https://search.worldcat.org/title/1785642 
 

 

Petitioner Canadian Solar (USA) Inc., Ex. 1043, p. 556



 

 

 

 

 

ATTACHMENT I-5 

Petitioner Canadian Solar (USA) Inc., Ex. 1043, p. 557



Screen capture created by J L Mullins from the Linda Hall Library OPAC on August 10, 2025 
at URL: 
https://catalog.lindahall.org/discovery/fulldisplay?docid=alma992177953405961&context
=L&vid=01LINDAHALL_INST:LHL&lang=en&search_scope=MyInstitution&adaptor=Local%
20Search%20Engine&tab=LibraryCatalog&query=any,contains,optical%20engineering&so
rtby=date_d&facet=frbrgroupid,include,9022950737884609901&mode=simple&o set=0 
 
 

 

 

 

 

 

 

Petitioner Canadian Solar (USA) Inc., Ex. 1043, p. 558



Screen capture created by J L Mullins from the Linda Hall Library OPAC on August 10, 2025 
at URL: 
https://catalog.lindahall.org/discovery/fulldisplay?docid=alma992177953405961&context
=L&vid=01LINDAHALL_INST:LHL&lang=en&search_scope=MyInstitution&adaptor=Local%
20Search%20Engine&tab=LibraryCatalog&query=any,contains,optical%20engineering&so
rtby=date_d&facet=frbrgroupid,include,9022950737884609901&mode=simple&o set=0 
 
 

 

Petitioner Canadian Solar (USA) Inc., Ex. 1043, p. 559



 

 

 

 

 

ATTACHMENT J-1 

Petitioner Canadian Solar (USA) Inc., Ex. 1043, p. 560



Authorized licensed use limited to: Sidley Austin LLP. Downloaded on March 28,2024 at 22:44:30 UTC from IEEE Xplore.  Restrictions apply. 

Petitioner Canadian Solar (USA) Inc., Ex. 1043, p. 561



Authorized licensed use limited to: Sidley Austin LLP. Downloaded on March 28,2024 at 22:44:30 UTC from IEEE Xplore.  Restrictions apply. 
Petitioner Canadian Solar (USA) Inc., Ex. 1043, p. 562



Authorized licensed use limited to: Sidley Austin LLP. Downloaded on March 28,2024 at 22:44:30 UTC from IEEE Xplore.  Restrictions apply. 

Petitioner Canadian Solar (USA) Inc., Ex. 1043, p. 563



Authorized licensed use limited to: Sidley Austin LLP. Downloaded on March 28,2024 at 22:44:30 UTC from IEEE Xplore.  Restrictions apply. 

Petitioner Canadian Solar (USA) Inc., Ex. 1043, p. 564



Authorized licensed use limited to: Sidley Austin LLP. Downloaded on March 28,2024 at 22:44:30 UTC from IEEE Xplore.  Restrictions apply. 

Petitioner Canadian Solar (USA) Inc., Ex. 1043, p. 565



Authorized licensed use limited to: Sidley Austin LLP. Downloaded on March 28,2024 at 22:44:30 UTC from IEEE Xplore.  Restrictions apply. 

Petitioner Canadian Solar (USA) Inc., Ex. 1043, p. 566



Authorized licensed use limited to: Sidley Austin LLP. Downloaded on March 28,2024 at 22:44:30 UTC from IEEE Xplore.  Restrictions apply. 
Petitioner Canadian Solar (USA) Inc., Ex. 1043, p. 567



Authorized licensed use limited to: Sidley Austin LLP. Downloaded on March 28,2024 at 22:44:30 UTC from IEEE Xplore.  Restrictions apply. 

Petitioner Canadian Solar (USA) Inc., Ex. 1043, p. 568



Authorized licensed use limited to: Sidley Austin LLP. Downloaded on March 28,2024 at 22:44:30 UTC from IEEE Xplore.  Restrictions apply. 

Petitioner Canadian Solar (USA) Inc., Ex. 1043, p. 569



Authorized licensed use limited to: Sidley Austin LLP. Downloaded on March 28,2024 at 22:44:30 UTC from IEEE Xplore.  Restrictions apply. 

Petitioner Canadian Solar (USA) Inc., Ex. 1043, p. 570



Authorized licensed use limited to: Sidley Austin LLP. Downloaded on March 28,2024 at 22:44:30 UTC from IEEE Xplore.  Restrictions apply. 

Petitioner Canadian Solar (USA) Inc., Ex. 1043, p. 571



Authorized licensed use limited to: Sidley Austin LLP. Downloaded on March 28,2024 at 22:44:30 UTC from IEEE Xplore.  Restrictions apply. 

Petitioner Canadian Solar (USA) Inc., Ex. 1043, p. 572



Authorized licensed use limited to: Sidley Austin LLP. Downloaded on March 28,2024 at 22:44:30 UTC from IEEE Xplore.  Restrictions apply. 

Petitioner Canadian Solar (USA) Inc., Ex. 1043, p. 573



Authorized licensed use limited to: Sidley Austin LLP. Downloaded on March 28,2024 at 22:44:30 UTC from IEEE Xplore.  Restrictions apply. 

Petitioner Canadian Solar (USA) Inc., Ex. 1043, p. 574



Authorized licensed use limited to: Sidley Austin LLP. Downloaded on March 28,2024 at 22:44:30 UTC from IEEE Xplore.  Restrictions apply. 

Petitioner Canadian Solar (USA) Inc., Ex. 1043, p. 575


	Attachment G-2 Cover
	Attachment G-2
	Attachment G-3 Cover
	Attachment G-3
	Attachment G-4 Cover
	Attachment G-4
	Attachment G-5 Cover
	Attachment G-5
	Attachment H-1 Cover
	Attachment H-1
	Attachment H-2 Cover
	Attachment H-2
	Attachment H-3 Cover
	Attachment H-3
	Attachment H-4 Cover
	Attachment H-4
	Attachment H-5 Cover
	Attachment H-5
	Attachment I-1 Cover
	Attachment I-1
	Attachment I-2 Cover
	Attachment I-2
	Attachment I-3 Cover
	Attachment I-3
	Attachment I-4 Cover
	Attachment I-4
	Attachment I-5 Cover
	Attachment I-5
	Attachment J-1 Cover
	Attachment J-1
	Attachment J-2 Cover
	Attachment J-2
	Attachment J-3 Cover
	Attachment J-3
	Attachment J-4 Cover
	Attachment J-4
	Attachment J-5 Cover
	Attachment J-5
	Attachment K-1 Cover
	Attachment K-1
	Attachment K-2 Cover
	Attachment K-2
	Attachment K-3 Cover
	Attachment K-3
	Attachment K-4 Cover
	Attachment K-4
	Attachment K-5 Cover
	Attachment K-5
	Attachment L-1 Cover
	Attachment L-1
	Attachment L-2 Cover
	Attachment L-2
	Attachment L-3 Cover
	Attachment L-3
	Attachment L-4 Cover
	Attachment L-4
	Attachment L-5 Cover
	Attachment L-5
	Attachment M-1 Cover
	Attachment M-1
	pr1.pdf
	pr1.pdf
	pr1.pdf
	pr1.pdf
	pr1.pdf
	pr1.pdf
	pr1.pdf
	1.pdf
	Front Matter
	List of Contributors

	Table of Contents
	Index

	2.pdf
	Front Matter
	Table of Contents
	1. Status, Trends, Challenges and the Bright Future of Solar Electricity from Photovoltaics
	1.1 The Big Picture
	1.2 What Is Photovoltaics
	1.3 Six Myths of Photovoltaics
	1.4 History of Photovoltaics
	1.5 PV Costs, Markets and Forecasts
	1.6 What Are the Goals of Today's PV Research and Manufacturing?
	1.7 Global Trends in Performance and Applications
	1.8 Crystalline Silicon Progress and Challenges
	1.9 Thin Film Progress and Challenges
	1.10 Concentration PV Systems
	1.11 Balance of Systems
	1.12 Future of Emerging PV Technologies
	1.13 Conclusions
	References

	2. Motivation for Photovoltaic Application and Development
	2.1 Characteristics of Photovoltaic Energy Conversion
	2.2 A Long-term Substitute for Today's Conventional Electricity Production - The Ecological Dimension of Photovoltaics
	2.2.1 In Summary

	2.3 A Technological Basis for Off-grid Electricity Supply  The Development Dimension of Photovoltaics
	2.3.1 In Summary

	2.4 Power Supply for Industrial Systems and Products  The Professional Low Power Dimension
	References

	3. The Physics of the Solar Cell
	3.1 Introduction
	3.2 Fundamental Properties of Semiconductors
	3.2.1 Crystal Structure
	3.2.2 Energy Band Structure
	3.2.3 Conduction-band and Valence-band Densities of State
	3.2.4 Equilibrium Carrier Concentrations
	3.2.5 Light Absorption
	3.2.6 Recombination
	3.2.7 Carrier Transport
	3.2.8 Semiconductor Equations
	3.2.9 Minority-carrier Diffusion Equation

	3.3 PN -Junction Diode Electrostatics
	3.4 Solar Cell Fundamentals
	3.4.1 Solar Cell Boundary Conditions
	3.4.2 Generation Rate
	3.4.3 Solution of the Minority-carrier Diffusion Equation
	3.4.4 Terminal Characteristics
	3.4.5 Solar Cell I V Characteristics
	3.4.6 Properties of Efficient Solar Cells
	3.4.7 Lifetime and Surface Recombination Effects
	3.4.8 An Analogy for Understanding Solar Cell Operation: A Partial Summary

	3.5 Additional Topics
	3.5.1 Efficiency and Band Gap
	3.5.2 Spectral Response
	3.5.3 Parasitic Resistance Effects
	3.5.4 Temperature Effects
	3.5.5 Concentrator Solar Cells
	3.5.6 High-level Injection
	3.5.7 p-i-n Solar Cells
	3.5.8 Detailed Numerical Modeling

	3.6 Summary
	References

	4. Theoretical Limits of Photovoltaic Conversion
	4.1 Introduction
	4.2 Thermodynamic Background
	4.2.1 Basic Relationships
	4.2.2 The Two Laws of Thermodynamics
	4.2.3 Local Entropy Production
	4.2.4 An Integral View
	4.2.5 Thermodynamic Functions of Radiation
	4.2.6 Thermodynamic Functions of Electrons

	4.3 Photovoltaic Converters
	4.3.1 The Balance Equation of a PV Converter
	4.3.2 The Monochromatic Cell
	4.3.3 Thermodynamic Consistence of the ShockleyQueisser Photovoltaic Cell
	4.3.4 Entropy Production in the Whole Shockley-Queisser Solar Cell

	4.4 The Technical Efficiency Limit for Solar Converters
	4.5 Very High Efficiency Concepts
	4.5.1 Multijunction Solar Cells
	4.5.2 Thermophotovoltaic Converters
	4.5.3 Thermophotonic Converters
	4.5.4 Higher-than-one Quantum Efficiency Solar Cells
	4.5.5 Hot Electron Solar Cells
	4.5.6 Intermediate Band Solar Cell

	4.6 Conclusions
	References

	5. Solar Grade Silicon Feedstock
	5.1 Introduction
	5.2 Silicon
	5.2.1 Physical Properties of Silicon Relevant to Photovoltaics
	5.2.2 Chemical Properties Relevant to Photovoltaics
	5.2.3 Health Factors
	5.2.4 History and Applications of Silicon

	5.3 Production of Metallurgical Grade Silicon
	5.3.1 The Carbothermic Reduction of Silica
	5.3.2 Refining
	5.3.3 Casting and Crushing
	5.3.4 Economics

	5.4 Production of Semiconductor Grade Silicon (Polysilicon)
	5.4.1 The Siemens Process
	5.4.2 The Union Carbide Process
	5.4.3 The Ethyl Corporation Process
	5.4.4 Economics and Business

	5.5 Current Silicon Feedstock to Solar Cells
	5.6 Requirements of Silicon for Crystalline Solar Cells
	5.6.1 Solidification
	5.6.2 Effect of Crystal Imperfections
	5.6.3 Effect of Various Impurities

	5.7 Routes to Solar Grade Silicon
	5.7.1 Crystallisation
	5.7.2 Upgrading Purity of the Metallurgical Silicon Route
	5.7.3 Simplification of the Polysilicon Process
	5.7.4 Other Methods

	5.8 Conclusions
	References

	6. Bulk Crystal Growth and Wafering for PV
	6.1 Introduction
	6.2 Bulk Monocrystalline Material
	6.2.1 Cz Growth of Single-crystal Silicon
	6.2.2 Tri-crystalline Silicon

	6.3 Bulk Multicrystalline Silicon
	6.3.1 Ingot Fabrication
	6.3.2 Doping
	6.3.3 Crystal Defects
	6.3.4 Impurities

	6.4 Wafering
	6.4.1 Multi-wire Wafering Technique
	6.4.2 Microscopic Process of Wafering
	6.4.3 Wafer Quality and Saw Damage
	6.4.4 Cost and Size Considerations

	6.5 Silicon Ribbon and Foil Production
	6.5.1 Process Description
	6.5.2 Productivity Comparisons
	6.5.3 Manufacturing Technology
	6.5.4 Ribbon Material Properties and Solar Cells
	6.5.5 Ribbon/Foil Technology  Future Directions

	6.6 Numerical Simulations of Crystal Growth Techniques
	6.6.1 Simulation Tools
	6.6.2 Thermal Modelling of Silicon Crystallisation Techniques
	6.6.3 Simulation of Bulk Silicon Crystallisation
	6.6.4 Simulation of Silicon Ribbon Growth

	6.7 Conclusions
	6.8 Acknowledgement
	References

	7. Crystalline Silicon Solar Cells and Modules
	7.1 Introduction
	7.2 Crystalline Silicon as a Photovoltaic Material
	7.2.1 Bulk Properties
	7.2.2 Surfaces

	7.3 Crystalline Silicon Solar Cells
	7.3.1 Cell Structure
	7.3.2 Substrate
	7.3.3 The Front Surface
	7.3.4 The Back Surface
	7.3.5 Size Effects
	7.3.6 Cell Optics
	7.3.7 Performance Comparison

	7.4 Manufacturing Process
	7.4.1 Process Flow
	7.4.2 Screen-printing Technology
	7.4.3 Throughput and Yield

	7.5 Variations to the Basic Process
	7.5.1 Thin Wafers
	7.5.2 Back Surface Passivation
	7.5.3 Improvements to the Front Emitter
	7.5.4 Rapid Thermal Processes

	7.6 Multicrystalline Cells
	7.6.1 Gettering in mc Solar Cells
	7.6.2 Passivation with Hydrogen
	7.6.3 Optical Confinement

	7.7 Other Industrial Approaches
	7.7.1 Silicon Ribbons
	7.7.2 Heterojunction with Intrinsic Thin Layer
	7.7.3 Buried Contact Technology

	7.8 Crystalline Silicon Photovoltaic Modules
	7.8.1 Cell Matrix
	7.8.2 The Layers of the Module
	7.8.3 Lamination and Curing
	7.8.4 Postlamination Steps
	7.8.5 Special Modules

	7.9 Electrical and Optical Performance of Modules
	7.9.1 Electrical and Thermal Characteristics
	7.9.2 Fabrication Spread and Mismatch Losses
	7.9.3 Local Shading and Hot Spot Formation
	7.9.4 Optical Properties

	7.10 Field Performance of Modules
	7.10.1 Lifetime
	7.10.2 Qualification

	7.11 Conclusions
	References

	8. Thin-film Silicon Solar Cells
	8.1 Introduction
	8.2 A Review of Current Thin-film Si Cells
	8.2.1 Single-crystal Films Using Single-crystal Si Substrates
	8.2.2 Multicrystalline-Si Substrates
	8.2.3 Non-Si Substrates

	8.3 Design Concepts of TF-Si Solar Cells
	8.3.1 Light-trapping in Thin Si Solar Cells
	8.3.2 Description of PV Optics
	8.3.3 Electronic Modeling
	8.3.4 Methods of Making Thin-Si Films for Solar Cells
	8.3.5 Methods of Grain Enhancement of a-Si/c-Si Thin Films
	8.3.6 Processing Considerations for TF-Si Solar Cell Fabrication

	8.4 Conclusion
	References

	9. High-Efficiency III-V Multijunction Solar Cells
	9.1 Introduction
	9.2 Applications
	9.2.1 Space Solar Cells
	9.2.2 Terrestrial Energy Production

	9.3 Physics of III-V Multijunction and Single-junction Solar Cells
	9.3.1 Wavelength Dependence of Photon Conversion Efficiency
	9.3.2 Theoretical Limits to Multijunction Efficiencies
	9.3.3 Spectrum Splitting

	9.4 Cell Configuration
	9.4.1 Four-terminal
	9.4.2 Three-terminal Voltage-matched Interconnections
	9.4.3 Two-terminal Series-connected (Current Matched)

	9.5 Computation of Series-Connected Device Performance
	9.5.1 Overview
	9.5.2 Top and Bottom Subcell QE and JSC
	9.5.3 Multijunction J V Curves
	9.5.4 Efficiency versus Band Gap
	9.5.5 Top-cell Thinning
	9.5.6 Current-matching Effect on Fill Factor and VOC
	9.5.7 Spectral Effects
	9.5.8 AR Coating Effects
	9.5.9 Concentration
	9.5.10 Temperature Dependence

	9.6 Materials Issues Related to GaInP/GaAs/Ge Solar Cells
	9.6.1 Overview
	9.6.2 MOCVD
	9.6.3 GaInP Solar Cells
	9.6.4 GaAs Cells
	9.6.5 Ge Cells
	9.6.6 Tunnel-junction Interconnects
	9.6.7 Chemical Etchants
	9.6.8 Materials Availability

	9.7 Troubleshooting
	9.7.1 Characterization of Epilayers
	9.7.2 Transmission Line Measurements
	9.7.3 I -V Measurements of Multijunction Cells
	9.7.4 Evaluation of Morphological Defects
	9.7.5 Device Diagnosis

	9.8 Future-generation Solar Cells
	9.8.1 Refinements to the GaInP/GaAs/Ge Cell
	9.8.2 Mechanical Stacks
	9.8.3 Growth on Other Substrates
	9.8.4 Spectrum Splitting

	9.9 Implementation into Terrestrial Systems
	9.9.1 Economic Issues
	9.9.2 Concentrator Systems
	9.9.3 Terrestrial Spectrum

	References

	10. Space Solar Cells and Arrays
	10.1 The History of Space Solar Cells
	10.1.1 Vanguard I to Deep Space I

	10.2 The Challenge for Space Solar Cells
	10.2.1 The Space Environment
	10.2.2 Thermal Environment
	10.2.3 Solar Cell Calibration and Measurement

	10.3 Silicon Solar Cells
	10.4 III-V Solar Cells
	10.4.1 Thin-Film Solar Cells

	10.5 Space Solar Arrays
	10.5.1 Body-Mounted Arrays
	10.5.2 Rigid Panel Planar Arrays
	10.5.3 Flexible Fold-Out Arrays
	10.5.4 Thin-Film or Flexible Roll-Out Arrays
	10.5.5 Concentrating Arrays
	10.5.6 High-Temperature/Intensity Arrays
	10.5.7 Electrostatically Clean Arrays
	10.5.8 Mars Solar Arrays
	10.5.9 Power Management And Distribution ( PMAD)

	10.6 Future Cell and Array Possibilities
	10.6.1 Low Intensity Low Temperature ( LILT) Cells
	10.6.2 Quantum Dot Solar Cells
	10.6.3 Integrated Power Systems
	10.6.4 High Specific Power Arrays
	10.6.5 High-Radiation Environment Solar Arrays

	10.7 Power System Figures of Merit
	References

	11. Photovoltaic Concentrators
	11.1 Introduction
	11.1.1 The Concentrator Dilemma

	11.2 Basic Types of Concentrators
	11.2.1 Types of Optics
	11.2.2 Concentration Ratio
	11.2.3 Types of Tracking
	11.2.4 Static Concentrators

	11.3 Historical Overview
	11.3.1 The Sandia National Laboratories Concentrator Program (1976 to 1993)
	11.3.2 The Martin Marietta Point-focus Fresnel System
	11.3.3 The Entech Linear-focus Fresnel System
	11.3.4 Other Sandia Projects
	11.3.5 The Concentrator Initiative
	11.3.6 Early Demonstration Projects
	11.3.7 The EPRI High-concentration Program
	11.3.8 Other Concentrator Programs
	11.3.9 History of Performance Improvements

	11.4 Optics of Concentrators
	11.4.1 Basics
	11.4.2 Reflection and Refraction
	11.4.3 The Parabolic Concentrator
	11.4.4 The Compound Parabolic Concentrator
	11.4.5 The V-trough Concentrator
	11.4.6 Refractive Lenses
	11.4.7 Secondary Optics
	11.4.8 Static Concentrators
	11.4.9 Innovative Concentrators
	11.4.10 Issues in Concentrator Optics

	11.5 Current Concentrator Activities
	11.5.1 Amonix
	11.5.2 Australian National University
	11.5.3 BP Solar and the Polytechnical University of Madrid
	11.5.4 Entech
	11.5.5 Fraunhofer-Institut fur Solare Energiesysteme
	11.5.6 Ioffe Physical-Technical Institute
	11.5.7 National Renewable Energy Laboratory
	11.5.8 Polytechnical University of Madrid
	11.5.9 Solar Research Corporation
	11.5.10 Spectrolab
	11.5.11 SunPower Corporation
	11.5.12 University of Reading
	11.5.13 Tokyo A&T University
	11.5.14 Zentrum fur Sonnenenergie und Wasserstoff Forschung Baden Wurttenberg (ZSW)
	References


	12. Amorphous Siliconbased Solar Cells
	12.1 Overview
	12.1.1 Amorphous Silicon: The First Bipolar Amorphous Semiconductor
	12.1.2 Designs for Amorphous Silicon Solar Cells: A Guided Tour
	12.1.3 StaeblerWronski Effect
	12.1.4 Synopsis of this Chapter

	12.2 Atomic and Electronic Structure of Hydrogenated Amorphous Silicon
	12.2.1 Atomic Structure
	12.2.2 Defects and Metastability
	12.2.3 Electronic Density-of-states
	12.2.4 Bandtails, Bandedges, and Band Gaps
	12.2.5 Defects and Gap States
	12.2.6 Doping
	12.2.7 Alloying and Optical Properties

	12.3 Depositing Amorphous Silicon
	12.3.1 Survey of Deposition Techniques
	12.3.2 RF Glow Discharge Deposition
	12.3.3 Glow Discharge Deposition at Different Frequencies
	12.3.4 Hot-wire Chemical Vapor Deposition
	12.3.5 Other Deposition Methods
	12.3.6 Hydrogen Dilution
	12.3.7 Alloys and Doping

	12.4 Understanding a-Si pin Cells
	12.4.1 Electronic Structure of a pin Device
	12.4.2 Photocarrier Drift in Absorber Layers
	12.4.3 Absorber Layer Design of a pin Solar Cell
	12.4.4 The Open-circuit Voltage
	12.4.5 Optical Design of a-Si:H Solar Cells
	12.4.6 Cells under Solar Illumination
	12.4.7 Light-soaking Effects

	12.5 Multiple-Junction Solar Cells
	12.5.1 Advantages of Multiple-junction Solar Cells
	12.5.2 Using Alloys for Cells with Different Band Gaps
	12.5.3 a-Si/a-SiGe Tandem and a-Si/a-SiGe/a-SiGe Triple-junction Solar Cells
	12.5.4 Microcrystalline Silicon Solar Cells
	12.5.5 Micromorph and Other c-Si-based Multijunction Cells

	12.6 Module Manufacturing
	12.6.1 Continuous Roll-to-roll Manufacturing on Stainless Steel Substrates
	12.6.2 a-Si Module Production on Glass Superstrate
	12.6.3 Manufacturing Cost, Safety, and Other Issues
	12.6.4 Module Performance

	12.7 Conclusions and Future Projections
	12.7.1 Status and Competitiveness of a-Si Photovoltaics
	12.7.2 Critical Issues for Further Enhancement and Future Potential

	12.8 Acknowledgments
	References

	13. Cu(InGa)Se2 Solar Cells
	13.1 Introduction
	13.2 Material Properties
	13.2.1 Structure and Composition
	13.2.2 Optical Properties
	13.2.3 Electrical Properties
	13.2.4 The Surface and Grain Boundaries
	13.2.5 Substrate Effects

	13.3 Deposition Methods
	13.3.1 Substrates
	13.3.2 Back Contact
	13.3.3 Coevaporation of Cu( InGa)Se2
	13.3.4 Two- Step Processes
	13.3.5 Other Deposition Approaches

	13.4 Junction and Device Formation
	13.4.1 Chemical Bath Deposition
	13.4.2 Interface Effects
	13.4.3 Other Deposition Methods
	13.4.4 Alternative Buffer Layers
	13.4.5 Transparent Contacts
	13.4.6 Buffer Layers
	13.4.7 Device Completion

	13.5 Device Operation
	13.5.1 Light- Generated Current
	13.5.2 Recombination
	13.5.3 The Cu(InGa)Se2/ Cds Interface
	13.5.4 Wide and Graded Band Gap Devices

	13.6 Manufacturing Issues
	13.6.1 Processes and Equipment
	13.6.2 Module Fabrication
	13.6.3 Module Performance
	13.6.4 Production Costs
	13.6.5 Environmental Concerns

	13.7 The Cu(InGa) Se2 Outlook
	References

	14. Cadmium Telluride Solar Cells
	14.1 Introduction
	14.2 CdTe Properties and Thin-Film Fabrication Methods
	14.2.1 Condensation/Reaction Of Cd And Te2 Vapors on a Surface
	14.2.2 Galvanic Reduction of Cd and Te Ions at a Surface
	14.2.3 Precursor Reaction at a Surface

	14.3 CdTe Thin-Film Solar Cells
	14.3.1 Window Layers
	14.3.2 Cdte Absorber Layer and CdCl2 Treatment
	14.3.3 Cds/CdTe Intermixing
	14.3.4 Back Contact
	14.3.5 Solar Cell Characterization
	14.3.6 Summary Of CdTe-Cell Status

	14.4 CdTe Modules
	14.5 The Future Of CdTe-Based Solar Cells
	14.6 Acknowledgments
	References

	15. Dye-sensitized Solar Cells
	15.1 Introduction To Dye-Sensitized Solar Cells (DSSC)
	15.1.1 Background
	15.1.2 Structure and Materials
	15.1.3 Mechanism
	15.1.4 Charge- Transfer Kinetics
	15.1.5 Characteristics

	15.2 DSSC Fabrication (eta = 8%)
	15.2.1 Preparation of TiO2 Colloid
	15.2.2 Preparation of the TiO2 Electrode
	15.2.3 Dye Fixation onto the TiO2 Film
	15.2.4 Redox Electrolyte
	15.2.5 Counter Electrode
	15.2.6 Assembling the Cell and Cell Performance

	15.3 New Developments
	15.3.1 New Oxide Semiconductor Film Photoelectrodes
	15.3.2 New Dye Photosensitizers
	15.3.3 New Electrolytes
	15.3.4 Quasi-Solid-State And Solid-State DSSCs

	15.4 Approach to Commercialization
	15.4.1 Stability of the DSSC
	15.4.2 Module Fabrication and Other Subjects for Commercialization

	15.5 Summary and Prospects
	References

	16. Measurement And Characterization Of Solar Cells And Modules
	16.1 Introduction
	16.2 Rating PV Performance
	16.2.1 Standard Reporting Conditions
	16.2.2 Alternative Peak Power Ratings
	16.2.3 Energy-Based Performance Rating Methods
	16.2.4 Translation Equations to Reference Conditions

	16.3 Current Versus Voltage Measurements
	16.3.1 Measurement of Irradiance
	16.3.2 Simulator-Based I-V Measurements: Theory
	16.3.3 Primary Reference Cell Calibration Methods
	16.3.4 Uncertainty Estimates in Reference Cell Calibration Procedures
	16.3.5 Intercomparison of Reference Cell Calibration Procedures
	16.3.6 Multijunction Cell Measurement Procedures
	16.3.7 Cell and Module I - V Systems
	16.3.8 Solar Simulators

	16.4 Spectral Responsivity Measurements
	16.4.1 Filter-Based Systems
	16.4.2 Grating-Based Systems
	16.4.3 Spectral Responsivity Measurement Uncertainty

	16.5 Module Qualification And Certification
	Acknowledgements
	References

	17. Photovoltaic Systems
	17.1 Introduction to Pv Systems and Various Forms of Application
	17.2 Principles of Photovoltaic Power System Configuration and their Application
	17.2.1 Grid-Independent Photovoltaic Systems for Small Devices and Appliances
	17.2.2 Photovoltaic Systems for Remote Consumers of Medium And Large Size
	17.2.3 Decentralised Grid-Connected Photovoltaic Systems
	17.2.4 Central Grid-Connected Photovoltaic Systems
	17.2.5 Space Application

	17.3 Components for Pv Systems
	17.3.1 Battery Storage
	17.3.2 Charge Controller
	17.3.3 Inverters
	17.3.4 Auxiliary Generators
	17.3.5 System Sizing
	17.3.6 Energy-Saving Domestic Appliances

	17.4 Future Developments in Photovoltaic System Technology
	17.4.1 Future Developments in Off-Grid Power Supply with Photovoltaics
	17.4.2 Future Developments in Grid-Connected Photovoltaic Systems

	References

	18. Electrochemical Storage for Photovoltaics
	18.1 Introduction
	18.2 General Concept of Electrochemical Batteries
	18.2.1 Fundamentals of Electrochemical Cells^1
	18.2.2 Batteries with Internal and External Storage
	18.2.3 Commonly Used Technical Terms and Definitions
	18.2.4 Definitions of Capacity and State of Charge

	18.3 Typical Operation Conditions of Batteries in PV Applications
	18.3.1 An Example of an Energy Flow Analysis
	18.3.2 Classification of Battery-Operating Conditions in PV Systems

	18.4 Secondary Electrochemical Accumulators with Internal Storage
	18.4.1 Overview
	18.4.2 NiCd Batteries
	18.4.3 Nickel-Metal Hydride ( NiMH) Batteries
	18.4.4 Rechargeable Alkali Mangan ( RAM) Batteries
	18.4.5 Lithium-Ion and Lithium-Polymer Batteries
	18.4.6 Double-Layer Capacitors
	18.4.7 The Lead Acid Battery

	18.5 Secondary Electrochemical Battery Systems with External Storage
	18.5.1 Redox-Flow Batteries
	18.5.2 Hydrogen/Oxygen Storage Systems

	18.6 Investment and Lifetime Cost Considerations
	18.7 Conclusion
	References

	19. Power Conditioning For Photovoltaic Power Systems
	19.1 Charge Controllers and Monitoring Systemsfor Batteries in PV Power Systems
	19.1.1 Charge Controllers
	19.1.2 Charge Equaliser for Long Battery Strings

	19.2 Inverters
	19.2.1 General Characteristics of PV Inverters
	19.2.2 Inverters for Grid-Connected Systems
	19.2.3 Inverters for Stand-Alone Operation
	19.2.4 Inverter Principles
	19.2.5 Power Quality of Inverters
	19.2.6 Active Quality Control in the Grid
	19.2.7 Safety Aspects with Grid-Connected Inverters

	19.3 Acknowledgement
	References

	20. Energy Collected and Delivered by PV Modules
	20.1 Introduction
	20.2 Movement Between Sun and Earth
	20.3 Solar Radiation Components
	20.4 Solar Radiation Data and Uncertainty
	20.4.1 Clearness Index

	20.5 Radiation on Inclined Surfaces
	20.5.1 Estimation of the Direct and Diffuse Components of Horizontal Radiation, Given the Global Radiation
	20.5.2 Estimation of the Hourly Irradiation from the Daily Irradiation
	20.5.3 Estimation of the Radiation on Surfaces on Arbitrary Orientation, Given the Components Falling on a Horizontal Surface

	20.6 Diurnal Variations of the Ambient Temperature
	20.7 Effects of the Angle of Incidence and of the Dirt
	20.8 Some Calculation Tools
	20.8.1 Generation of Daily Radiation Sequences
	20.8.2 The Reference Year
	20.8.3 Shadows and Trajectory Maps

	20.9 Irradiation on Most Widely Studied Surfaces
	20.9.1 Fixed Surfaces
	20.9.2 Sun-Tracking Surfaces
	20.9.3 Concentrators

	20.10 PV Generator Behaviour Under Real Operation Conditions
	20.10.1 The Selected Methodology
	20.10.2 Second-Order Effects

	20.11 Reliability and Sizing of Stand-Alone PV Systems
	20.12 The Case of Solar Home Systems
	20.13 Energy Yield of Grid-Connected PV Systems
	20.14 Conclusions
	Acknowledgements
	References

	21. Economic Analysis and Environmental Aspects of Photovoltaic Systems
	21.1 Background
	21.2 Economic Analysis
	21.2.1 Key Concepts
	21.2.2 General Methodology
	21.2.3 Case Studies

	21.3 Energy Payback and Air Pollution Reduction
	21.4 Prospects for the Future
	References

	22. PV in Architecture
	22.1 Introduction
	22.1.1 Photovoltaics (PV) as a Challenge for Architects and Engineers
	22.1.2 Definition of Building Integration

	22.2 PV in Architecture
	22.2.1 Architectural Functions of PV Modules
	22.2.2 PV as Part of "Green Design"
	22.2.3 PV Integrated as Roofing Louvres, Facades and Shading
	22.2.4 Well-Integrated Systems
	22.2.5 Integration of PV Modules in Architecture
	22.2.6 Brundtland Centre, Toftlund (Dk) - A Case Study

	22.3 BIPV Basics
	22.3.1 Categories and Type of Buildings
	22.3.2 Cells and Modules

	22.4 Steps in the Design Process with PV
	22.4.1 Urban Aspects
	22.4.2 Practical Rules for Integration
	22.4.3 Step-by-Step Design
	22.4.4 Design Process: Strategic Planning

	22.5 Conclusions
	References
	Further Reading

	23. Photovoltaics And Development
	23.1 Electricity and Development
	23.1.1 Energy and the Early Man
	23.1.2 Let There Be Electricity
	23.1.3 One Third of Humanity Still in Darkness
	23.1.4 The Centralized Electrical System
	23.1.5 Rural Electrification
	23.1.6 The Rural Energy Scene

	23.2 Breaking the Chains of Underdevelopment
	23.2.1 Electricity Applications in the Rural Setting
	23.2.2 Basic Sources of Electricity

	23.3 The PV Alternative
	23.3.1 PV Systems for Rural Applications
	23.3.2 Barriers to PV Implementation
	23.3.3 Technical Barriers
	23.3.4 Nontechnical Issues
	23.3.5 Trained Human Resources

	23.4 Four Examples of PV Rural Electrification
	23.4.1 Argentina
	23.4.2 Bolivia
	23.4.3 Brazil
	23.4.4 Mexico
	23.4.5 Sri Lanka
	23.4.6 Water Pumping in the Sahel

	23.5 Toward a New Paradigm for Rural Electrification
	References

	24. Financing PV Growth
	24.1 Historical Development of PV Financing
	24.2 Capital Requirements
	24.2.1 Market Drivers
	24.2.2 Growth Outlook
	24.2.3 Capital Requirements

	24.3 Financial Characteristics of PV
	24.4 Financing PV for Grid-Connected Residences
	24.4.1 Impact of Loan Terms on End-User Cost
	24.4.2 Types of Residential Financing
	24.4.3 Lender's Issues
	24.4.4 Borrowers' Experience
	24.4.5 Example Calculation
	24.4.6 Improving the Financing of Residential PV

	24.5 Financing PV In Rural Areas of Developing Countries
	24.5.1 Rural Applications
	24.5.2 Impact of Financing on Market Demand
	24.5.3 Examples of PV Financing in Rural Areas

	24.6 Sources of International Financing
	24.6.1 International Aid and Donor Funding
	24.6.2 United Nations
	24.6.3 World Bank Solar Home System Projects
	24.6.4 International Finance Corporation (IFC)
	24.6.5 Global Environment Facility

	24.7 Financing the PV Industry
	24.7.1 Financing Working Capital in the Distribution Channels

	24.8 Government Incentives and Programs
	24.8.1 Potential Impact of Financing as a Government Policy Option
	24.8.2 Direct Subsidies ("Buy-Downs")
	24.8.3 Soft Loans (Interest Subsidies)
	24.8.4 Income Tax Deductions and Credits

	24.9 Funding Government Research and Development
	24.9.1 PV Programs in the United States
	24.9.2 PV Programs in Japan
	24.9.3 PV Programs in Europe
	24.9.4 Future PV R&D Programs
	24.9.5 Sources of R&D Funding

	Annex Contacts in PV Financing
	International/Global
	Environmental Enterprises Assistance Fund (EEAF)
	Global Environment Facility (GEF)
	International Finance Corporation (IFC)
	Photovoltaics/Market Transformation Initiative (PV/MTI)
	Renewable Energy and Energy Efficiency Fund (REEF)
	Solar Development Capital
	Solar Development Foundation (SDF)
	Solar Electric Light Fund (SELF)
	Solar International Management, Inc. (Solarbank Program)
	UNDP Sustainable Energy & Environment Division (SEED)
	UNEP Collaborating Centre on Energy and Environment
	Winrock International

	Europe
	ASN Bank
	Clean Energy Fund
	D&B Capital
	Ernst & Young Renewable Energy Unit
	European Bank for Reconstruction and Development
	European Commission DG XVII
	European Investment Bank (EIB)
	Impax Capital Corporation Ltd
	IFU
	ING Bank Nederland
	New Century Finance Limited
	New Energies Invest Ltd.
	Rabobank Nederland/Groen Management BV
	Triodos Bank NV
	VTZ Green Money for the Blue Planet Ltd
	The Wind Fund Plc

	United States
	Commons Capital LP
	E&Co
	Fac/Equities a Division of First Albany Corporation
	GE Capital Corporation
	Heller Financial Incorporated
	New Alternatives Fund Inc
	Nth Power Technologies
	Sam Equity Partners Ltd
	US Agency for International Development (USAID)

	Asia
	Asian Development Bank (ADB)
	Canara Bank ( ndia)
	DFCC Bank (Sri Lanka)
	Ireda (India)
	Grameen Shakti (Bangladesh)
	IT Power India Pvt. Ltd.
	Malaprabha Grameena Bank (India)
	Manipal Finance Corp. Ltd. (India)
	Nagarjuna Finance Ltd. (India)
	Syndicate Bank (India)
	Winrock International India

	Latin America
	Inter-American Development Bank (IADB)

	Africa
	African Development Bank

	References

	Index


	3.pdf
	Front Matter
	Table of Contents
	Index


	4.pdf
	Front Matter
	Table of Contents
	Index


	5.pdf
	Front Matter
	Table of Contents
	Index


	6.pdf
	Front Matter
	Table of Contents
	Index


	7.pdf
	Front Matter
	Table of Contents
	Index

	8.pdf
	Front Matter
	Table of Contents
	Index

	9.pdf
	Front Matter
	Table of Contents
	Index


	10.pdf
	Front Matter
	Table of Contents
	Index

	11.pdf
	Front Matter
	Table of Contents
	Index

	12.pdf
	Front Matter
	Table Of Contents
	Index

	13.pdf
	Front Matter
	Table of Contents
	Index

	14.pdf
	Front Matter
	Table of Contents
	Index

	15.pdf
	Front Matter
	Table Of Contents
	Index

	16.pdf
	Front Matter
	Table of Contents
	Index


	17.pdf
	Front Matter
	Table Of Contents
	Index

	18.pdf
	Front Matter
	Table Of Contents
	Index

	19.pdf
	Front Matter
	Table of Contents
	Index

	20.pdf
	Front Matter
	Table of Contents
	Index

	21.pdf
	Front Matter
	Table Of Contents
	Index

	22.pdf
	Front Matter
	Table Of Contents
	Index

	23.pdf
	Front Matter
	Table Of Contents
	Index

	24.pdf
	Front Matter
	Table Of Contents
	Index

	25.pdf
	Front Matter
	Table Of Contents
	Index

	26.pdf
	Front Matter
	Table Of Contents
	Index

	27.pdf
	Front Matter
	Table of Contents





