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(57) ABSTRACT 

Improved methods and apparatus for forming thin film layers 
of chalcogenide on a Substrate web. According to the present 
teachings, a feedback control system may be employed to 
measure one or more properties of the web and/or the chal 
cogenide layer, and to adjust one or more parameters of the 
system or buffer layer deposition method in response to the 
measurement. 
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FEEDBACK FOR BUFFERLAYER 
DEPOSITION 

CROSS-REFERENCE TO RELATED 
APPLICATION 

0001. This application claims priority under 35 U.S.C. 
S119 and applicable foreign and international law of U.S. 
Provisional Patent Application Ser. No. 61/068,456, filed on 
Mar. 5, 2008, which is hereby incorporated by reference in its 
entirety. 

BACKGROUND 

0002 The field of photovoltaics generally relates to multi 
layer materials that convert sunlight directly into DC electri 
cal power. The basic mechanism for this conversion is the 
photovoltaic effect, first observed by Antoine-César Bec 
querel in 1839, and first correctly described by Einstein in a 
seminal 1905 scientific paper for which he was awarded a 
Nobel Prize for physics. In the United States, photovoltaic 
(PV) devices are popularly known as solar cells or PV cells. 
Solarcells are typically configured as a cooperating sandwich 
of p-type and n-type semiconductors, in which the n-type 
semiconductor material (on one “side' of the sandwich) 
exhibits an excess of electrons, and the p-type semiconductor 
material (on the other “side' of the sandwich) exhibits an 
excess of holes, each of which signifies the absence of an 
electron. Near the p-n junction between the two materials, 
valence electrons from the n-type layer move into neighbor 
ing holes in the p-type layer, creating a small electrical imbal 
ance inside the solar cell. This results in an electric field in the 
vicinity of the metallurgical junction that forms the electronic 
p-n junction. 
0003. When an incident photon excites an electron in the 
cell into the conduction band, the excited electron becomes 
unbound from the atoms of the semiconductor, creating a free 
electron/hole pair. Because, as described above, the p-n junc 
tion creates an electric field in the vicinity of the junction, 
electron/hole pairs created in this manner near the junction 
tend to separate and move away from junction, with the 
electron moving toward the electrode on the n-type side, and 
the hole moving toward the electrode on the p-type side of the 
junction. This creates an overall charge imbalance in the cell, 
so that if an external conductive path is provided between the 
two sides of the cell, electrons will move from the n-type side 
back to the p-type side along the external path, creating an 
electric current. In practice, electrons may be collected from 
at or near the Surface of the n-type side by a conducting grid 
that covers a portion of the surface, while still allowing suf 
ficient access into the cell by incident photons. 
0004 Such a photovoltaic structure, when appropriately 
located electrical contacts are included and the cell (or a series 
of cells) is incorporated into a closed electrical circuit, forms 
a working PV device. As a standalone device, a single con 
ventional Solar cell is not sufficient to power most applica 
tions. As a result, Solar cells are commonly arranged into PV 
modules, or 'strings.” by connecting the front of one cell to 
the back of another, thereby adding the voltages of the indi 
vidual cells together in electrical series. Typically, a signifi 
cant number of cells are connected in series to achieve a 
usable voltage. The resulting DC current then may be fed 
through an inverter, where it is transformed into AC current at 
an appropriate frequency, which is chosen to match the fre 
quency of AC current Supplied by a conventional power grid. 
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In the United States, this frequency is 60 Hertz (Hz), and most 
other countries provide AC power at either 50 Hz or 60 Hz. 
0005 One particular type of solar cell that has been devel 
oped for commercial use is a “thin-film PV cell. In compari 
son to other types of PV cells, such as crystalline silicon PV 
cells, thin-film PV cells require less light-absorbing semicon 
ductor material to create a working cell, and thus can reduce 
processing costs. Thin-film based PV cells also offer reduced 
cost by employing previously developed deposition tech 
niques for the electrode layers, where similar materials are 
widely used in the thin-film industries for protective, decora 
tive, and functional coatings. Common examples of low cost 
commercial thin-film products include water impermeable 
coatings on polymer-based food packaging, decorative coat 
ings on architectural glass, low emissivity thermal control 
coatings on residential and commercial glass, and Scratch and 
anti-reflective coatings on eyewear. Adopting or modifying 
techniques that have been developed in these other fields has 
allowed a reduction in development costs for PV cell thin-film 
deposition techniques. 
0006 Furthermore, thin-film cells have exhibited efficien 
cies approaching 20%, which rivals or exceeds the efficien 
cies of the most efficient crystalline cells. In particular, the 
semiconductor material copper indium gallium diselenide 
(CIGS) is stable, has low toxicity, and is truly a thin film, 
requiring a thickness of less than two microns in a working 
PV cell. As a result, to date CIGS appears to have demon 
strated the greatest potential for high performance, low cost 
thin-film PV products, and thus for penetrating bulk power 
generation markets. Other semiconductor variants for thin 
film PV technology include copper indium diselenide, copper 
indium disulfide, copper indium aluminum diselenide, and 
cadmium telluride. 

0007 Some thin-film PV materials may be deposited 
either on rigid glass Substrates, or on flexible Substrates. Glass 
Substrates are relatively inexpensive, generally have a coeffi 
cient of thermal expansion that is a relatively close match with 
the CIGS or other absorber layers, and allow for the use of 
vacuum deposition systems. However, when comparing tech 
nology options applicable during the deposition process, 
rigid Substrates Suffer from various shortcomings during pro 
cessing, such as a need for Substantial floor space for process 
ing equipment and material storage, expensive and special 
ized equipment for heating glass uniformly to elevated 
temperatures at or near the glass annealing temperature, a 
high potential for substrate fracture with resultant yield loss, 
and higher heat capacity with resultant higher electricity cost 
for heating the glass. Furthermore, rigid substrates require 
increased shipping costs due to the weight and fragile nature 
of the glass. As a result, the use of glass Substrates for the 
deposition of thin films may not be the best choice for low 
cost, large-volume, high-yield, commercial manufacturing of 
multi-layer functional thin-film materials such as photovol 
taics. Therefore, a need exists for improved methods and 
apparatus for depositing thin-film layers onto a non-rigid, 
continuous Substrate. 

0008. A particular type of n-type semiconductor material 
that may be used in thin-film PV cells is known in the field of 
chemistry as a chalcogenide. A chalcogenide is a chemical 
compound consisting of at least one chalcogenion and at least 
one more electropositive element such as a metal. Forming a 
thin film of chalcogenide is described in the prior art, for 
example, in U.S. Pat. No. 6,537.845 to McCandless et al., 
which is hereby incorporated into the present disclosure by 
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reference for all purposes. However, forming chalcogenide 
films having a desired thickness and uniformity remains tech 
nically challenging. For example, Some methods of chalco 
genide formation involve depositing reactant solutions on 
stationary Substrates, and methods of this type may have 
efficiency and speed limitations. Other methods may deposit 
reactants on a moving Substrate, while dragging the Substrate 
over a conductive heater. This may lead to non-uniform 
motion of the substrate (e.g., due to friction with the heater), 
non-uniform heating of the Substrate, and/or other issues 
resulting in undesirable non-uniformities in the chalcogenide 
buffer layer. Furthermore, holding portions of the web down 
onto a conductive heater (e.g., to maintain flatness while 
lifting the web edges for Solution containment purposes) may 
result in localized hot spots on the web, resulting in additional 
non-uniformities in the Substrate temperature and chalco 
genide layer thickness. 
0009. It is known in the art to evaluate the color of a 
deposited chalcogenide layer, and to adjust parameters of the 
deposition system, such as temperature or Solution flow rate, 
in response. However, the evaluation of color is generally 
performed manually by an operator inspecting the deposited 
chalcogenide layer, either directly or in an image transmitted 
to a viewable monitor by a camera. This type of manual 
feedback is limited by the time required to performan inspec 
tion and respond appropriately, by inherent inaccuracies in an 
operator's evaluation of color, and by the ability of the opera 
tor to correctly adjust the necessary parameters of the depo 
sition system in response. It is therefore desirable to develop 
improved methods to measure properties of a deposited chal 
cogenide layer and to provide feedback that may be used to 
more accurately and efficiently adjust parameters of the depo 
sition system. 

SUMMARY 

0010. The present teachings disclose improved methods 
and apparatus for forming thin film buffer layers of chalco 
genide on a substrate web. According to the present teachings, 
a feedback control system may be employed to measure one 
or more properties of the web and/or the chalcogenide layer, 
and to adjust one or more parameters of the system or depo 
sition method in response. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0011 FIG. 1 is a top view of a thin film photovoltaic cell, 
according to aspects of the present disclosure. 
0012 FIG. 2 is a schematic side view of an apparatus for 
forming a thin-film layer on a Substrate web, showing an 
exemplary feedback mechanism configured to evaluate a 
property of the web. 
0013 FIG. 3 is a partial sectional view of lateral support 
Surfaces lifting transverse edge portions of a Substrate web. 
0014 FIG. 4 is a partial side elevational view of transverse 
edgeportions of a substrate web being lifted by lateral support 
surfaces, while the web is transported by transport rollers. 
0015 FIG. 5 is a schematic plan view of portions of an 
apparatus for transporting a substrate web through a deposi 
tion region, showing the relative arrangement of transport 
rollers, lateral Support portions, and hold-down mechanisms. 
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0016 FIG. 6 is a flow chart depicting a method of forming 
a thin-film layer on a substrate web. 

DETAILED DESCRIPTION 

I. Introduction 

(0017 Manufacture of flexible thin-film PV cells may pro 
ceed by a roll-to-roll process. As compared to rigid substrates, 
roll-to-roll processing of thin flexible substrates allows for the 
use of relatively compact, less expensive vacuum systems, 
and of some non-specialized equipment that already has been 
developed for other thin-film industries. Flexible substrate 
materials inherently have lower heat capacity than glass, so 
that the amount of energy required to elevate the temperature 
is minimized. They also exhibit a relatively high tolerance to 
rapid heating and cooling and to large thermal gradients, 
resulting in a low likelihood of fracture or failure during 
processing. Additionally, once active PV materials are depos 
ited onto flexible substrate materials, the resulting unlami 
nated cells or strings of cells may be shipped to another 
facility for lamination and/or assembly into flexible or rigid 
Solar modules. This strategic option both reduces the cost of 
shipping (lightweight flexible Substrates vs. glass), and 
enables the creation of partner-businesses for finishing and 
marketing PV modules throughout the world. Additional 
details relating to the composition and manufacture of thin 
film PV cells of a type suitable for use with the presently 
disclosed methods and apparatus may be found, for example, 
in U.S. Pat. Nos. 6,310,281, 6,372,538, and 7,194,197, all to 
Wendt et al., and in Provisional Patent Application Ser. No. 
61/063.257 filed Jan. 31, 2008. These references are hereby 
incorporated into the present disclosure by reference for all 
purposes. 
0018. One or more of the layers deposited in a thin-film PV 
cell typically is a “window layer(s) that allows usable light to 
penetrate to the interior of the cell, and which in some cases 
also may serve as the n-type semiconductor material in the 
cell. Such a layer also may be referred to in the PV cell field 
as a “buffer layer.” When used both as a window layer and a 
semiconductor, the buffer layer ideally should be both sub 
stantially transparent to light in a desired wavelength range, 
and also exhibit the appropriate electronic properties. The 
buffer layer also could consist of multiple window layers 
acting also as semiconductors, such as a layer of cadmium 
sulfide followed by a layer of cadmium-zinc sulfide. A thin 
film buffer layer with desired properties may be formed 
through chemical reaction between one or more metals such 
as Zinc, cadmium, lead, mercury, or any metal or combination 
of metals selected from groups 1b, 2b, or 3a of the Periodic 
Table of the Elements, and a chalcogen Such as oxygen, 
Sulfur, selenium, or tellurium. The resulting compounds are 
often termed chalcogenides. Suitable window or buffer layer 
compounds for Solar devices may include, for example, cad 
mium sulfide, Zinc sulfide, Zinc selenide, cadmium Zinc 
Selenide, Zinc oxide, and cadmium Zinc oxide. 
0019. Historically, the formation of a thin-film buffer layer 
or layers often proceeds by a relatively inefficient cyclical 
process that includes heating the Substrates in a water-con 
taining vessel to an elevated temperature, adding and mixing 
in a metallic salt, and then adding and mixing in a chalcogen 
containing component. After a proscribedtime at a proscribed 
temperature, the reaction is complete, the Substrates are 
removed, the used solution is sent to waste treatment, reac 
tant-containing solution is applied to the web, and the vessel 
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is cleaned for the next reaction. In addition, existing methods 
of applying the reactant-containing solution to the web typi 
cally result in deposition of chalcogenide over both the 
desired (“front” or “top”) surface of the web, and also over at 
least a portion of the other (“back’ or “bottom') surface of the 
web, requiring at least one cleaning step to remove the mate 
rial from the back surface. This is typically accomplished 
with an acidic solution that must be carefully controlled and 
completely removed to avoid damage to the desired thin-film 
layers and to avoid long-term corrosion issues activated by 
the presence of residual acidity. A sacrificial coating or cov 
ering for the back or bottom surface of the substrate web may 
also potentially be used to protect the back side from unde 
sirable chalcogenide coverage, but Such a coating requires 
additional cleanup and may result in excessive cost. 
0020 FIG. 1 shows a top view of a thin-film photovoltaic 
cell 10, in accordance with aspects of the present disclosure. 
Cell 10 is Substantially planar, and typically rectangular as 
depicted in FIG. 1, although shapes other than rectangular 
may be more Suitable for specific applications, such as for an 
odd-shaped rooftop or other surface. The cell has a top surface 
12, a bottom Surface 14 opposite the top surface, and dimen 
sions including a length L., a width W. and a thickness. The 
length and width may be chosen for convenient application of 
the cells and/or for convenience during processing, and typi 
cally are in the range of a few centimeters (cm) to tens of cm. 
For example, the length may be approximately 100 millime 
ters (mm), and the width may be approximately 210 mm. 
although any other Suitable dimensions may be chosen. The 
edges spanning the width of the cell may be characterized 
respectively as a leading edge 16 and a trailing edge 18. The 
total thickness of cell 10 depends on the particular layers 
chosen for the cell, and is typically dominated by the thick 
ness of the underlying substrate of the cell. For example, a 
stainless steel substrate may have thickness on the order of 
0.025 mm (25 microns), whereas all of the other layers of the 
cell (not including an upper collection grid) may have a 
combined thickness on the order of approximately 0.0025 
mm (2.5 microns) or less. 
0021 Cell 10 is created by starting with a flexible sub 
strate, and then sequentially depositing multiple thin layers of 
different materials onto the substrate. This assembly may be 
accomplished through a roll-to-roll process whereby the sub 
strate travels from a pay-out roll to a take-up roll, traveling 
through a series of deposition regions between the two rolls. 
The PV material then may be cut to cells of any desired size. 
The Substrate material in a roll-to-roll process is generally 
thin, flexible, and can tolerate a relatively high-temperature 
environment. Suitable materials include, for example, a high 
temperature polymer Such as polyimide, or a thin metal Such 
as stainless steel or titanium, among others. Sequential layers 
typically are deposited onto the Substrate in individual pro 
cessing chambers by various processes such as sputtering, 
evaporation, vacuum deposition, chemical deposition, and/or 
printing. These layers may include a molybdenum (Mo) or 
chromium/molybdenum (Cr/Mo) back contact layer; an 
absorber layer of material Such as copper indium diselenide, 
copper indium disulfide, copper indium aluminum dis 
elenide, or copper indium gallium diselenide (CIGS); a buffer 
layer or layers such as a layer of cadmium Sulfide (CdS); and 
a transparent conducting oxide (TCO) layer acting as the top 
electrode of the PV cell. In addition, a conductive current 
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collection grid, usually constructed primarily from silver 
(Ag) or some other conductive metal, is typically applied over 
the TCO layer. 
0022. Although the precise thickness of each layer of a 
thin-film PV cell depends on the exact choice of materials and 
on the particular application process chosen for forming each 
layer, exemplary materials, thicknesses and methods of appli 
cation of each layer described above areas follows, proceed 
ing in typical order of application of each layer onto the 
substrate: 

Layer Exemplary Exemplary Exemplary Method 
Description Material Thickness of Application 

Substrate Stainless steel 25 Im N/A (stock material) 
Back contact Mo 320 nm. Sputtering 
Absorber CIGS 1700 mm Evaporation 
Buffer CS 80 mm Chemical deposition 
Front electrode TCO 250 mm Sputtering 
Collection grid Ag 40 Lim Printing 

The remainder of this disclosure focuses on various methods 
and apparatus for forming the buffer layer(s). 

II. Feedback Mechanism 

0023 This section describes methods and apparatus for 
dispensing reactant solutions onto a PV cell web to form a 
chalcogenide buffer layer on the web, measuring one or more 
properties of the buffer layer and/or the PV cell including the 
deposited buffer layer, and adjusting one or more parameters 
of the buffer layer formation apparatus or method in response 
to the measurement(s). 
0024. According to aspects of the present disclosure, a 
buffer layer may be applied to the underlying PV cell layers 
(typically a bottom Substrate layer, a back contact layer, and 
an absorber layer) via a chemical deposition process. As 
shown in FIG. 2, the process involves an apparatus 30 for 
transporting a web 32 of thin film substrate material through 
a deposition region 34, and dispensing one or more reactant 
solutions 36 onto the top surface of the web within the depo 
sition region. To react and form a suitable chalcogenide, the 
reactant solution(s) should contain, at a minimum, at least one 
metal and at least one chalcogen. In addition, the Solution 
typically will contain a chemical complexant Such as ammo 
nia, and deionized water (DI). 
0025. Although the system depicted in FIG. 2 transports 
the web linearly and in a direction corresponding to the lon 
gitudinal dimension of the web, the present teachings also 
contemplate alternative methods of depositing a thin film 
buffer layer. These alternatives include, for example, solution 
application onto a concave or convex web disposed on the 
inside or outside of a drum-like structure, and horizontal web 
transport using one or a plurality of weirs (such as containers, 
plates, or rollers) held to a “controlled-drainage' distance 
from the web to hold the chalcogenide solution against the 
web for a suitable reaction period. 
0026 Suitable metal-containing solutions may contain, 
for example, copper, silver, gold, Zinc, cadmium, mercury, 
lead, boron, aluminum, gallium, indium, and thallium. Typi 
cal metals zinc, cadmium, lead, or mercury, are usually pre 
pared as a salt Such as a Sulfate, a chloride, a nitrate, or a 
bicarbonate. For example, cadmium sulfate may be an appro 
priate metallic salt. The salt typically is combined with a 
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complexant Such as ammonia or ammonium hydroxide, and 
deionized water. Suitable chalcogen-containing solutions 
may contain a chalcogen such as oxygen, Sulfur, selenium, or 
tellurium, typically prepared as a reagent compound Solution 
Such as urea (an example of an oxygen-containing reagent) or 
thiourea (an example of a Sulfur-containing reagent). 
0027. In many existing systems for chemically synthesiz 
ing a thin-film chalcogenide buffer layer, the properties of the 
deposited buffer layer, or of the cell including the newly 
deposited layer, are measured only after a relatively large 
quantity of PV cell material has been either partially or com 
pletely formed. Thus, in cases where the buffer layer or cell is 
found to have one or more properties that could be improved 
through adjustment of the apparatus or method of buffer layer 
formation, a large quantity of material may have been created 
with less than optimal characteristics. Even if the materials 
produced under Such conditions perform well enough to be 
commercially usable, they may reduce the average perfor 
mance of the PV module into which they are incorporated. 
The result is a loss of manufacturing efficiency. 
0028. In contrast, according to the present teachings, a 
feedback mechanism may be provided that is configured to 
evaluate at least one property of a thin-film chalcogenide 
buffer layer formed through chemical combination of the 
dispensed metal and chalcogen, and/or at least one property 
of the cell including the newly formed layer, and to adjust 
parameter(s) of the formation system or method based on 
evaluation of the measurement(s). The evaluation and the 
response both may be performed in real time, or “on the fly.” 
resulting in faster attainment of improved qualities of the 
buffer layer, and a commensurate improvement in manufac 
turing efficiency and average product quality. 
0029. As described in more detail below, the measured 
properties of the chalcogenide buffer layer may include, for 
example, thickness, uniformity, growth rate, or color of the 
layer (the latter of which may provide an indirect measure of 
thickness, uniformity, and/or growth rate). Furthermore, 
measured properties of the PV cell may include, for example, 
overall thickness or uniformity, as well as various electronic 
properties of the cell after deposition of the buffer layer, such 
as photon absorption in various wavelength ranges, or current 
production as a function of incident wavelength, among oth 
ers. In response to any such measurements, the adjusted 
parameters of the buffer layer deposition method or apparatus 
may include, for example, speed of the web through the buffer 
layer deposition region, average temperature and/or longitu 
dinal temperature profile of the underlying web, temperature 
of one or more preheated reactant Solutions, angular disposi 
tion of the web, or concavity of the web. 
0030. An exemplary feedback mechanism configured to 
measure one or more properties of the chalcogenide buffer 
layer is generally indicated at 40 in FIG. 2. As depicted in 
FIG. 2, exemplary feedback mechanism 40 includes a pair of 
cameras 42, 44 for digitally capturing images of the PV cell 
before and after chemical formation of the chalcogenide 
buffer layer. In the depicted embodiment of FIG.2, camera 42 
is configured for digitally capturing images of the web prior to 
formation of the chalcogenide buffer layer, and camera 44 is 
configured for digitally capturing images of the web after 
formation of the chalcogenide buffer layer, whether before or 
after rinsing or drying of the web. As a result, measuring one 
or more properties of the buffer layer may be performed by 
comparing an image captured by the second camera with an 
image captured by the first camera. These cameras or other 
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measuring devices are not limited to the positions depicted in 
FIG. 2, but may be located at any desired locations in the 
proximity of the substrate web. For example, a camera or 
other measuring instrument may be disposed to capture 
images of the web after the web has been collected by a 
take-up reel. It should also be appreciated that a property of 
the buffer layer may be measured and evaluated with only a 
single measuring instrument, such as a single camera 44 
located at any position within or beyond the deposition 
region. In this case, the single instrument may measure prop 
erties such as a ratio of colors (for example, the ratio of red 
light intensity to green+blue light intensity), a reflectivity, or 
any other Suitable property that may indicate the thickness 
and/or uniformity of a deposited chalcogenide layer. 
0031 Cameras 42, 44 each may supply images to a digital 
processor 65, which evaluates the images based on properties 
of the images such as color, ratios of selected colors, reflec 
tivity (i.e. intensity of reflected light), interference effects 
and/or uniformity, and determines one or more properties of 
the web or buffer layer based on the image properties. For 
example, image color recorded by camera 44, or the differ 
ence in image color between image color recorded by camera 
44 and camera 42, may provide a measure of the thickness of 
the deposited chalcogenide layer. Similarly, uniformity of 
any aspect of the images captured by camera 44 (including 
color and intensity), or the difference in uniformity between 
Some aspect of the images captured by camera 44 and that 
same aspect of the images captured by camera 42, may pro 
vide a measure of the uniformity of the deposited chalco 
genide layer. In general, any aspect of the images captured by 
cameras 42, 44 may be evaluated or compared, to infer or 
deduce one or more properties of the buffer layer. The sensi 
tivity of the system may be enhanced by using a Suitable 
wavelength filter in front of the camera lens, or a specialty 
camera with higher response in the wavelength range of most 
interest. As noted above, the evaluation may be performed by 
a computer processor to which image data from the cameras 
is transmitted. 

0032 Aside from cameras 42, 44 depicted in FIG. 2, other 
instruments or devices may be used to evaluate properties of 
the buffer layer, or the PV cell including the buffer layer, as 
part of a feedback mechanism that may or may not include 
cameras. For example, one or more light sources may be used 
to illuminate the web, before and/or after application of the 
buffer layer, either to provide a measure of reflectivity in 
specific wavelength bands, or simply to allow better capture 
of digital images. Such light Sources also may be provided as 
part of one or more interferometers, which may be configured 
to measure the thickness and/or uniformity of the buffer layer 
in accordance with well-known physical principles. Interfer 
ometers may be used either alternatively or in addition to 
cameras. Light sources also may be used in conjunction with 
dedicated reflectometers, which may be configured to mea 
sure the amount of light reflected from the chalcogenide film 
over a range of wavelengths with the incident light approxi 
mately normal to the web surface, to determine the thickness 
of the chalcogenide layer in accordance with the principles of 
thin-film interference. 

0033. In addition, temperature sensors (such as infrared 
detectors) may be provided as part of the feedback mecha 
nism, to measure the temperature of the web at various posi 
tions both before and after one or more reactant solutions are 
dispensed. For example, temperature sensors may be used to 
ensure that each dispensed solution has a temperature greater 
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than the temperature of the web prior to application of the 
solution. Temperature may be detected alternatively or in 
addition to other properties of the web. An X-ray fluoroscope, 
including both an X-ray Source and a detector for detecting 
secondary (fluorescent) X-rays, also may be provided and 
used to determine properties of the chalcogenide film. 
0034. In addition to instruments designed to measure tan 
gible physical properties of the buffer layer such as its thick 
ness or uniformity, a feedback mechanism according to the 
present disclosure also may include instruments configured to 
measure one or more electronic properties of the PV cell, 
before and/or after deposition of the buffer layer. For 
example, a photon absorption rate or fraction by the web may 
be measured, either directly or through a measurement of 
current amplitude induced in the PV cell by incident photons. 
Such measurements may be made over broad wavelength 
bandwidths, may be taken for certain specific wavelength 
regimes, corresponding to typical Solar wavelengths or to 
regimes in which PV cell performance is particularly desir 
able. For instance, the current induced by absorption of near 
ultraviolet photons may be of particular interest in the con 
struction of an efficient PV cell, because such absorption is 
particularly sensitive to the thickness of the chalcogenide 
buffer layer of the cell. 
0035 Any properties measured by the feedback mecha 
nism, which as described above may include any Suitable 
light Sources and/or measuring sensors or instruments, may 
be characterized as functions of the width of the PV web (i.e., 
across its transverse dimension), as functions of the length of 
the PV web (i.e., in the longitudinal dimension), or both. A 
measurement may indicate Substantial uniformity of the mea 
sured property in either or both dimensions to a desired 
degree, while still indicating an overall deficiency in some 
regard. Such as an excess of thickness of the buffer layer. 
Alternatively or in addition, a measurement may indicate 
undesirable variations from a desired degree of uniformity of 
the measured property. Variations in properties across the 
width of the web may indicate, for example, a lack of sym 
metry and/or an excess of concavity or convexity in the trans 
verse dimension, whereas variations in properties along the 
length of the web may indicate that various aspects of the 
buffer layer deposition method or apparatus are changing, or 
have changed, over time or as functions of longitudinal posi 
tion within the chalcogenide deposition region. As described 
below, detection of overall deficiencies, as well as detection 
of variations from uniformity in either dimension, may allow 
for corrections that can improve the quality of the final PV 
cell. Furthermore, these deficiencies can be mapped or oth 
erwise recorded to enable later process steps to utilize this 
information to speed up the deposition process (that is, skip 
ping over, rejecting, or modifying the later process to offset 
the deficiency). 
0036 Various parameters of the buffer layer deposition 
methods and apparatus may be adjusted in response to the 
measurements described above, to attain a chalcogenide 
buffer layer with a desired degree of thickness, uniformity, 
photon absorption, and/or any other desired properties of the 
buffer layer. These adjustable parameters include at least the 
following: 

0037 (i) speed of the web through the deposition 
region; 

0038 (ii) concentration of the metal-containing and/or 
chalcogen-containing solutions; 
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0.039 (iii) average temperature of the web in the depo 
sition region; 

0040 (iv) height of one or more lateral edge portions of 
the web (i.e., lateral slope of the web); 

0041 (v) temperature of the metal-containing and/or 
chalcogen-containing Solutions prior to dispensing the 
solutions onto the web: 

0042 (vi) dispensing rate of the metal-containing and/ 
or chalcogen-containing Solutions onto the web: 

0.043 (vii) height of one or more longitudinal ends of 
the web in the deposition region (i.e., longitudinal slope 
of the web); 

0044 (viii) concavity of the web in the deposition 
region; and 

0.045 (ix) degree of spreading of the reactant solutions 
on the web. 

0046 For example, in response to a director indirect mea 
surement indicating that the buffer layer is either undesirably 
thick or undesirably thin, the thickness of the layer may be 
altered through adjustment of the speed of transport of the 
web through the deposition region, the concentrations of the 
reactants in the reactant solution(s), the flow rates of reactants 
to the deposition area, the longitudinal temperature profile of 
the web, the temperature of the various solutions dispensed 
onto the web, and/or the longitudinal slope of the web. Simi 
larly, for example, in response to a measurement indicating 
that the buffer layer is asymmetric across the transverse 
dimension of the web, the transverse temperature profile of 
the web and/or the height of one or both lateral edge portions 
of the web may be adjusted until a desired level of symmetry 
is attained. In response to a measurement indicating that the 
buffer layer is undesirably non-uniform in some other man 
ner, such as too thick only in the central region of the web or 
periodically changing thickness across the transverse dimen 
sion of the web, measures may be taken such as adjusting the 
concavity of the web and/or more effectively spreading the 
reactant Solutions on the web surface. Similarly, any mea 
Sured property indicating a possible improvement in the char 
acteristics of the PV cell may result in a responsive adjust 
ment of one or more parameters of the system. 
0047 Apparatus 30 includes a transport mechanism, gen 
erally indicated at 50, for conveying a continuous flexible 
web of substrate material through the deposition region in the 
longitudinal region. Transport mechanism 50 may take Vari 
ous forms, such as one or more continuous belts that may 
convey the web while supporting it either from above or 
below, or a series of rollers, such as 16 or more, upon which 
the web rests and is conveyed. FIG. 2 depicts a transport 
mechanism that includes a plurality of synchronized transport 
rollers 52. Rollers 52 may be substantially evenly spaced, as 
shown in FIG. 2, or they may be unevenly spaced to accom 
modate other desired elements of the apparatus. To ensure 
that the web is transported through the deposition region at a 
uniform speed along its length, rollers 52 may be synchro 
nized by any suitable method. For example, the rollers all may 
be driven by a single rotating shaft, with each roller linked to 
the common shaft. The rollers may be linked to the shaft by a 
standard gear/screw linking mechanism (not shown) or by 
any other linking mechanism. In an alternative embodiment, 
the support rollers may not rotate at all, but rather may be 
stationary, precision leveled cross pieces. 
0048. Apparatus 30 also may include various supplies of 
the reactant Solutions, which can include Supply vessels for 
mixing, storing, and/or providing the various solutions. For 
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example, FIG. 2 depicts a first Supply vessel 54 containing a 
supply of reactant solution36, which could include a metallic 
salt solution Such as a cadmium salt solution, and/or a chal 
cogen solution Such as a thiourea Solution. If only one of the 
metal-containing solution and the chalcogen-containing 
Solution is Supplied from a single source, another source (not 
shown) would be provided for the other solution. Further 
more, a plurality of additional Solution sources such as Supply 
vessels also may be provided, including a vessel containing a 
Supply of an alternative metallic Solution, a vessel containing 
a Supply of ammonium hydroxide or another Suitable com 
plexant solution, and a vessel containing a Supply of deion 
ized water. Alternative, two or more of these solutions may be 
combined within a single Supply vessel, and any or all of the 
Solution may be provided from a source external to apparatus 
30. Each of the supply vessels may be constructed in any 
Suitable manner and from any suitable materials, provided the 
vessels are resistant to corrosion by the chemical compound 
or mixture of compounds they are intended to contain. 
0049. The various solutions described above may be 
applied (or dispensed) onto the web by Solution dispensers. 
For example, as depicted in FIG. 2, a solution dispenser 56 
may be configured to dispense solution 36 onto the web. One 
or more additional Solution dispensers, not shown, may be 
configured to dispense additional Solutions. The solution dis 
pensers typically will be disposed above the web, at longitu 
dinal positions corresponding to the desired locations for 
applying the associated solutions. The dispensers may have 
any suitable construction allowing application of solution in a 
Sufficiently uniform manner across the transverse dimension 
of the web and at a desired flow rate. For instance, a pressur 
ized manifold having a plurality of apertures extending above 
and across the transverse dimension of the web may be Suit 
able. 

0050. Because the chalcogenide-forming chemical reac 
tion between a metal-containing solution and a chalcogen 
containing solution typically requires a minimum tempera 
ture for a suitable reaction rate, one or more heaters may be 
provided to supply heat to the substrate web and/or to the 
Solutions. For example, a heating mechanism, generally indi 
cated at 60 in FIG. 2, may be configured to heat the web 
substantially uniformly in the deposition region. Web heating 
mechanism 60 may, for example, include a plurality of dis 
crete heaters 62 for heating the web. The heaters may be 
disposed in any convenient location in proximity to the web. 
For example, they may be disposed below the web and 
between adjacent pairs of rollers 52. Heaters 62 may extend 
substantially across the transverse dimension of the web, to 
heat the web substantially uniformly. In addition, as depicted 
in FIG. 2, the heaters may be positioned out of physical 
contact with the web, to provide heat to the web substantially 
nonconductively. 
0051. In some embodiments, solution application may be 
configured such that little or no heating of the web is required, 
aside from heating the web with the applied reactant solution 
(s). That is, if the metal-containing solution and/or the chal 
cogen-containing Solution are sufficiently hot, then the mere 
combination of the solutions can be sufficient to start the 
chalcogenide reaction. If heat losses are sufficiently con 
trolled, the reaction can continue to Substantial completion 
without any additional heating of the solutions or the web. 
This may be accomplished if one or both of metal-containing 
Solution and the chalcogen-containing Solution are preheated, 
for example by one or more heaters such as solution preheater 
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64 depicted in FIG. 2. In some cases, all of the applied 
Solutions may be preheated to a temperature in excess of the 
web temperature, and their temperatures upon application to 
the web may be monitored by one or more infrared sensors 
(not shown). In such embodiments, the temperature of the 
web may be monitored at any or all locations both prior and 
Subsequent to application of each solution. In some cases, the 
Solutions may be preheated enough to Substantially provide 
the heat of chalcogenide reaction, and web heaters such as 
heaters 62 may be used merely to maintain and/or make minor 
adjustments to the temperature in the deposition region. 
0.052 To adjust the lateral slope of the web, the height of 
one or more lateral edge portions 68 of the web may be 
adjusted. As described previously, Such an adjustment may be 
appropriate if it is determined that the chalcogenide buffer 
layer is being formed asymmetrically across the later dimen 
sion of the substrate. One way to adjust the height of a lateral 
edge portion of the web is to perform what can be termed a 
global adjustment, whereby the entire web is laterally tilted. 
This may be accomplished, for example, by adjusting level 
ing “feet of the buffer layer deposition apparatus (in much 
the same way that a desk or table is leveled), or by adjusting 
the lateral slope of the deposition region within the apparatus 
in a similar manner, but without tilting the entire external 
frame of the apparatus. Alternatively, a local adjustment of 
the lateral slope may be made, whereby the lateral slope in 
only a particular portion of the deposition Zone is adjusted. 
This may be accomplished, for example, by individually 
adjusting the vertical height of one or more lateral support 
structures 66 that support lateral edges 68 of the web (see 
FIGS. 3-4). These lateral support structures may take the form 
of frustoconical or alternately shaped rotatable bearings, or 
they may be non-rotatable structures of any suitable shape for 
Supporting the edgeportions of the web in a desirable manner. 
0053 Similarly, an adjustment of the longitudinal slope of 
the web may be made either globally or locally. A global 
adjustment of longitudinal slope involves tilting the entire 
web longitudinally, either by adjusting the leveling “feet” or 
other similar leveling mechanism at one longitudinal end of 
the apparatus, or by making a similar adjustment within the 
interior of the apparatus, e.g. by adjusting the vertical height 
of one of support rollers 52. A local adjustment of longitudi 
nal slope of the web may by accomplished, for example, by 
making several different adjustments to the vertical heights of 
support rollers 52 and/or pairs of the lateral support struc 
tures, to change the longitudinal slope of the web by different 
amounts in different portions of the deposition region. 
0054) To adjust concavity of the web, the lateral edge 
portions of the web may be raised as described above, and/or 
the tension in one or more hold-down structures 68 (see FIG. 
5) may be adjusted. Hold-down structures 68 are configured 
to hold the web in contact with support rollers 52 and thus, a 
lesser tension in the hold-down structures will typically lead 
to a greater concavity (or lesser convexity) of the web, and a 
greater tension in the hold-down structures will typically lead 
to a lesser concavity (or greater convexity) of the web. The 
hold-down structures may take the form of rotatable rollers, 
wheels or any other structures configured to hold the web in 
contact with the transport mechanism, where eachhold-down 
structure is configured to hold the web in contact with a 
portion of an associated one of the transport rollers. The 
hold-down structures, such as wheels or rollers, may be dis 
posed near each edge portion of each transport roller or, as 
FIG. 5 depicts, the hold-down structures may be disposed in 
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an alternating arrangement, with one hold-down structure 
disposed near a single edge portion of each transport roller. In 
general, any arrangement of the hold-down structures may be 
suitable, provided that the structures are sufficient to hold the 
web under Sufficient tension so that its central portion main 
tains a desired transverse profile. 
0055 Aside from exerting downward forces to hold the 
web in contact with the transport rollers, the hold-down struc 
tures may have various other useful features. For instance, the 
hold-down structures may be angled slightly outwardly from 
top to bottom (not shown), to exert forces against the web that 
have an outward component relative to the central portion of 
the web. This outward component of force, when exerted at 
opposing edge portions of the web, helps to hold the central 
portion of the web flat, which in turn facilitates a relatively 
even distribution of the buffer layer reactants (and thus, of the 
buffer layer itself) across the transverse dimension of the web. 
Furthermore, the hold-down structures may be angled 
slightly inwardly or outwardly relative to the longitudinal 
dimension of the web, either of which also may provide 
helpful outward forces to the web. Both of the aforemen 
tioned angles may be adjustable to some extent, to allow for 
variation of the side-to-side tension in the web and/or the 
transverse profile of the web. 
0056 FIG. 6 is a flow chart depicting a method, generally 
indicated at 100, of depositing a thin-film chalcogenide buffer 
layer onto a flexible Substrate according to aspects of the 
present teachings. At step 102, a web of thin-film substrate 
material is transported through a deposition region in a lon 
gitudinal direction. As described above, the substrate material 
may include a base Substrate, such as a thin sheet of stainless 
steel, upon which one or more thin-film layers have already 
been deposited. For example, a back contact layer constructed 
from a material Such as molybdenum, and a p-type absorber 
layer constructed from a material Such as CIGS, may already 
have been deposited on the base substrate. It should be under 
stood that the substrate web may include these layers when it 
is transported through the deposition region. The web will 
generally be transported in a roll-to-roll or other similar pro 
cess, in which case the longitudinal direction will be the 
direction of travel between the pay-out roll and the take-up 
roll. 

0057 The substrate web may be rinsed with deionized 
water or some other Suitable solution. This rinsing step may 
be referred to as “pre-rinsing because it is generally per 
formed prior to application of the chalcogenide-forming Solu 
tions to the web. The pre-rinsing step may remove Surface 
irregularities or other artifacts left over from a prior deposi 
tion process (such as CIGS deposition), and thus provide a 
relatively more consistent Surface for chalcogenide deposi 
tion. One or more chalcogenide-forming solutions may be 
heated, in Some cases to a temperature Sufficient to Substan 
tially provide the heat for chalcogenide reaction, prior to 
being dispensed onto the web. One such chalcogenide-form 
ing solution is a metal-containing solution. This solution con 
tains a metal known to react with a chalcogen to form chal 
cogenide, and thus will generally be selected from the group 
consisting of copper, silver, gold, Zinc, cadmium, mercury, 
lead, boron, aluminum, gallium, indium, and thallium. The 
metal-containing Solution may, for example, be heated to a 
temperature in the range of 55-80 degrees Celsius, whereas 
prior to application of the Solution, the web may have a 
temperature in the range of 25-60 degrees Celsius. 
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0.058 At step 104, the metal-containing solution and a 
chalcogen-containing Solution are dispensed onto the web 
within the deposition region. The chalcogen-containing solu 
tion contains a chalcogen selected from the group consisting 
of oxygen, Sulfur, selenium and tellurium, and which is 
known to react with the metal in the metal-containing Solution 
to form a chalcogenide with desired optical and/or electronic 
properties. One exemplary combination is for cadmium to 
combine with sulfur to produce a cadmium sulfide buffer 
layer, but other chalcogenides may be suitable as buffer layers 
and/or n-type semiconductor layers. It should be appreciated 
that dispensing the chalcogen-containing Solution may be 
performed before, after, or simultaneously with dispensing 
the metal-containing solution. 
0059. It should also be appreciated that the metal-contain 
ing solution and the chalcogen-containing Solution may be 
dispensed at any two desired positions within the deposition 
region. For example, the chalcogen-containing solution may 
be dispensed beyond the position at which the metal-contain 
ing Solution is dispensed by a sufficient distance in the lon 
gitudinal direction, such as one inch or more, to allow appre 
ciable Surface ion exchange between the metal in the metal 
containing Solution and an underlying layer of photovoltaic 
material. This may have beneficial effects upon the electronic 
properties of the underlying semiconductor layer (such as a 
CIGS layer) of the PV cell. Alternatively, the first and second 
positions may be substantially coincidental, i.e. the metal 
containing solution and the chalcogen-containing Solution 
may be dispensed at substantially the same longitudinal posi 
tion on the substrate web, as depicted in FIG. 2. The metal 
containing and chalcogen-containing Solutions may be dis 
pensed by one or more dispensers similar to one of dispensers 
56 described previously with respect to FIG. 2, but it should 
be appreciated that any Suitable means of dispensing a solu 
tion falls within the scope of the present teachings. 
0060. In some cases, the metal-containing solution and/or 
the chalcogen-containing Solution may be distributed across 
the transverse dimension of the web by passing the solution 
under a solution spreader such as spreader 57 depicted in FIG. 
2, which can take the form of a flexible polymer sheet extend 
ing laterally across the deposition region. Distributing one or 
more of the reactant solutions in this manner can lead to 
formation of a more uniform chalcogenide layer. However, it 
should be appreciated that distributing the solutions may be 
accomplished through other means and may be omitted 
entirely, in cases where a sufficiently uniform solution distri 
bution is achieved simply through dispensing the Solutions 
appropriately. 
0061. At step 106, at least one property of a chalcogenide 
buffer layer formed on the web through chemical combina 
tion of the metal-containing solution and the chalcogen-con 
taining solution is measured. The measured properties may 
include, for example, thickness of the chalcogenide buffer 
layer, uniformity of the buffer layer in the lateral and/or 
longitudinal direction, color of the layer, photon absorption 
by the layer, reflectivity of the layer, thin-film interference by 
the layer, or any other measurable optical, physical or elec 
tronic property. The measurement may be accomplished 
through the use of one or more sensing instruments such as 
cameras, interferometers, temperature sensors, or the like, 
positioned in proximity to the web. The measurement may be 
assisted through a comparison of the web properties before 
and after chalcogenide deposition (in which case two or more 
sensors will typically be used), and through the use of a digital 
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processor configured to receive and process data collected by 
the measuring instrument(s) and to convert the data into a 
useful measurement. 
0062. At step 108, one or more parameters of the chalco 
genide deposition process are adjusted in response to the 
measurement made in step 106. These parameters include all 
of those discussed previously, such as speed of the web 
through the deposition region; concentration of the metal 
containing and/or chalcogen-containing solutions; average 
temperature of the web in the deposition region; height of one 
or more lateral edge portions of the web (i.e., lateral slope of 
the web); temperature of the metal-containing and/or chalco 
gen-containing Solutions prior to dispensing the Solutions 
onto the web; dispensing rate of the metal-containing and/or 
chalcogen-containing solutions onto the web; height of one or 
more longitudinal ends of the web in the deposition region 
(i.e., longitudinal slope of the web); concavity of the web in 
the deposition region; and degree of spreading of the reactant 
Solutions on the web. These adjustments may be made manu 
ally by an operator, or may be controlled by a processor 
configured to respond when one or more properties of the 
chalcogenide layer fall outside predetermined limits. It 
should also be understood that various semi-automatic meth 
ods are possible. Such as an alarm controlled by a processor 
and triggered when an undesirable property of the buffer layer 
is sensed, which signals an operator to make a manual adjust 
ment to the deposition method or apparatus. 
0063. The disclosure set forth above may encompass mul 

tiple distinct inventions with independent utility. Although 
each of these inventions has been disclosed in its preferred 
form(s), the specific embodiments thereof as disclosed and 
illustrated herein are not to be considered in a limiting sense, 
because numerous variations are possible. The Subject matter 
of the inventions includes all novel and nonobvious combi 
nations and Subcombinations of the various elements, fea 
tures, functions, and/or properties disclosed herein. The fol 
lowing numbered claims particularly point out certain 
combinations and Subcombinations regarded as novel and 
nonobvious. Inventions embodied in other combinations and 
Subcombinations of features, functions, elements, and/or 
properties may be claimed in applications claiming priority 
from this or a related application. Such claims, whether 
directed to a different invention or to the same invention, and 
whether broader, narrower, equal, or different in scope to the 
original numbered claims that follow, also are regarded as 
included within the subject matter of the inventions of the 
present disclosure. 

We claim: 
1. A system for depositing a chalcogenide buffer layer onto 

a flexible Substrate, comprising: 
a transport mechanism configured to transport a web of 

thin film photovoltaic Substrate material through a depo 
sition region in a longitudinal direction; 

a dispensing mechanism configured to dispense a metal 
containing solution and a chalcogen-containing Solution 
onto the web in the deposition region; and 

a feedback mechanism including first and second sensors 
configured to measure at least one property of a chalco 
genide buffer layer formed on the web through chemical 
combination of the dispensed solutions; 

wherein the feedback mechanism is configured to adjust at 
least one parameter of the system in response to the at 
least one measured property. 
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2. The system of claim 1, wherein the at least one property 
is selected from the group consisting of thickness; unifor 
mity across a transverse dimension of the web; color, a ratio 
of red light intensity to green+blue light intensity; photon 
absorption; and intensity of reflected light. 

3. The system of claim 1, wherein the first sensor is a first 
camera for digitally capturing images of the web prior to 
formation of the chalcogenide buffer layer, the second sensor 
is a second camera for digitally capturing images of the web 
after formation of the chalcogenide buffer layer, and evaluat 
ing the at least one property of the chalcogenide buffer layer 
includes comparing an image captured by the second camera 
with an image captured by the first camera. 

4. The system of claim 1, wherein the at least one parameter 
is selected from the group consisting of speed of the web 
through the deposition region; concentration of at least one of 
the group consisting of the metal-containing solution, the 
chalcogen-containing solution, and a chemical complexant 
dispensed onto the web; average temperature of the web in the 
deposition region; height of at least one edge portion of the 
web; temperature of the metal-containing solution; a dispens 
ing rate of at least one of the group consisting of the metal 
containing Solution, the chalcogen-containing Solution, and a 
chemical complexant dispensed onto the web; and longitudi 
nal slope of the web. 

5. The system of claim 1, wherein the at least one property 
is a ratio of a color of light captured by the first sensor to a 
color of light captured by the second sensor. 

6. A system for depositing a chalcogenide buffer layer onto 
a flexible Substrate, comprising: 

a transport mechanism configured to deposit a web of thin 
film photovoltaic Substrate material through a deposi 
tion region in a longitudinal direction; 

a dispensing mechanism configured to dispense a metal 
containing solution and a chalcogen-containing Solution 
onto the web in the deposition region; 

a measuring instrument configured to collect data relating 
to at least one property of a chalcogenide buffer layer 
formed on the web through chemical combination of the 
dispensed solutions; and 

a digital processor configured to automatically determine a 
value of the at least one property from the data collected 
by the measuring instrument, and to automatically 
adjust at least one parameter of the system in response to 
the value of the at least one property. 

7. The system of claim 6, wherein the at least one property 
is selected from the group consisting of thickness; unifor 
mity across a transverse dimension of the web; color, a ratio 
of red light intensity to green+blue light intensity; photon 
absorption; and intensity of reflected light. 

8. The system of claim 6, wherein the at least one parameter 
is selected from the group consisting of speed of the web 
through the deposition region; concentration of at least one of 
the group consisting of the metal-containing solution, the 
chalcogen-containing solution, and a chemical complexant 
dispensed onto the web; average temperature of the web in the 
deposition region; height of at least one edge portion of the 
web; temperature of the metal-containing solution; a dispens 
ing rate of at least one of the group consisting of the metal 
containing Solution, the chalcogen-containing Solution, and a 
chemical complexant dispensed onto the web; and longitudi 
nal slope of the web. 

9. A system for depositing a chalcogenide buffer layer onto 
a flexible Substrate, comprising: 
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a transport mechanism including a plurality of rollers dis 
posed within a deposition region and configured to 
transporta web of thin film photovoltaic substrate mate 
rial through the deposition region in alongitudinal direc 
tion; 

a dispensing mechanism configured to dispense a metal 
containing solution and a chalcogen-containing Solution 
onto the web in the deposition region; and 

a feedback mechanism configured to measure at least one 
property of a chalcogenide buffer layer formed on the 
web through chemical combination of the dispensed 
Solutions, and to adjust at least one parameter of the 
system in response to the at least one measured property. 

10. The system of claim 9, wherein the at least one property 
is selected from the group consisting of thickness; unifor 
mity across a transverse dimension of the web; color, a ratio 
of red light intensity to green+blue light intensity; photon 
absorption; and intensity of reflected light. 

11. The system of claim 9, wherein the at least one param 
eter is selected from the group consisting of speed of the web 
through the deposition region; concentration of at least one of 
the group consisting of the metal-containing solution, the 
chalcogen-containing solution, and a chemical complexant 
dispensed onto the web; average temperature of the web in the 
deposition region; height of at least one edge portion of the 
web; temperature of the metal-containing solution; a dispens 
ing rate of at least one of the group consisting of the metal 
containing solution, the chalcogen-containing Solution, and a 
chemical complexant dispensed onto the web; and longitudi 
nal slope of the web. 

12. A method of depositing a chalcogenide buffer layer 
onto a flexible Substrate, comprising: 

transporting a web of thin film photovoltaic Substrate mate 
rial through a deposition region in a longitudinal direc 
tion; 

dispensing a metal-containing solution and a chalcogen 
containing Solution onto the web in the deposition 
region; 

measuring a value of at least one property of a chalco 
genide buffer layer formed on the web through chemical 
combination of the dispensed solutions; and 
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adjusting at least one parameter in response to the value of 
the at least one measured property; 

wherein the at least one property is selected from the group 
consisting of thickness; uniformity across a transverse 
dimension of the web; photon absorption; and intensity 
of reflected light. 

13. The method of claim 12, wherein measuring the value 
includes obtaining a first image of the web prior to dispensing 
the solutions onto the web, obtaining a second image of the 
web after formation of the chalcogenide buffer layer, and 
determining the value from the first and second images using 
a digital processor. 

14. The method of claim 12, wherein the at least one 
parameter is speed of the web through the deposition region. 

15. The method of claim 12, wherein the at least one 
parameter is concentration of at least one of the group con 
sisting of the metal-containing Solution, the chalcogen-con 
taining solution, and a chemical complexant dispensed onto 
the web. 

16. The method of claim 12, wherein the at least one 
parameter is average temperature of the web in the deposition 
region. 

17. The method of claim 12, wherein the at least one 
parameter is height of at least one edge portion of the web. 

18. The method of claim 12, wherein the at least one 
parameter is temperature of the metal-containing Solution. 

19. The method of claim 12, wherein the at least one 
parameter is a dispensing rate of at least one of the group 
consisting of the metal-containing solution, the chalcogen 
containing solution, and a chemical complexant dispensed 
onto the web. 

20. The method of claim 12, wherein the at least one 
parameter is longitudinal slope of the web. 

21. The method of claim 12, wherein the feedback mecha 
nism includes first and second cameras for digitally capturing 
images of the web, and the at least one property is a ratio of a 
first color intensity to a second color intensity. 

22. The method of claim 12, wherein the feedback mecha 
nism includes first and second cameras for digitally capturing 
images of the web, and the property is intensity of reflected 
light. 


