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On September 16, 1991, the Solar Energy Research Institute was designated a national laboratory, and lte name was changed IliB
to the National Renewable Energy Laboratory.
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Boeing Aerospace & Electronics is pleased to submit this Final Report to the Solar Energydllh.

II Research Institute (SERI)in fulfillment of the Statement of Work reporting requirements for
III

Subcontract No. XC-1-10057-14, "Photovoltaic Manufacturing Technology- Phase I." This

_t' Final Report addresses the identification and elimination of obstacles to the advancement ofphotovoltaic (PV) manufacturing technology in order to reduce module production costs, increase

module performance, and increase PV production capacity in the United States.

I!1 Our subcontractors, Glasstech Solar, Inc. (GSI)and Advanced Technology Materials
(ATM), have contributed to this study their unique capabilities which complement the technical

expertise and terrestrial photovoltaic technology commercialization strategy of The Boeing

]ilj Company. Their specific contributions to this plan for the advancement and development of PV

manufacturing technology are incorporated herein.

if Flat plate crystalline silicon modules dominate the photovoltaic power market, and thin-
film modules have been identified in the DOE Five Year Plan as a leading contender to solve the

cost problem of that technology. This is a consequence of the vastly smaller quantitie_ ofal

_! semiconductor material used, and the potential for low-cost, large-area production techniques.
The Boeing Company has continued to play a key role in pioneering thin-film solar cell technology

|I ever since our seminal demonstration of the f'u'st 10%-efficient polycrystalline CulnSe2 (ClS)cell
|_ in 1980. The world's first monolithically integrated CulnSe2 thin-film submodule was

demonstrated by Boeing in 1984, subsequently achieving a 9.6% efficiency over a -100 cm 2 area.

_! Boeing developed a Culnl_xGaxSe2 (CIGS) most recent
thin-film solar cell for SERI under its

subcontract, which achieved an efficiency of 12.5%, the highest ever measured by SERI for a

_i polycrystalline or amorphous thin-film cell. Most recently Boeing, in collaboration with KopinCorporation, has demonstrated a world thin-film solar cell efficiency record of 25.8% as measured

by SERI, utilizing a thin-film tandem CLEFT GaAs/CulnSe2 cell. This long-standing record of

_i and in the field of thin-film solar cells establishes the technicalpertbrmance leadership clearly

expertise and abilities of the Boeing team to overcome problems that impede progress.

II During the course of the research activities discussed above, Boeing has periodicallyevaluated the commercial potential of its technology in order to guide its business and investment

strategy. The result has been (1) a substantial investment by Boeing in CIS technology, which has

|ii emphasized cell performance improvements, and (2)to establish a prototype production capability.
U_P

Capital expenditures, independent research and development funds, and DOE contract cost-sharing

i_ have been invested. This investment has provided not only a prototype capability for space CISi_ cells but a terrestrial CIS submodule prototype production capacity of 8.4 kWp/yr. Boeing's
business strategy during this period of investment has been based on the identification of an interina

II market for thin-film solar cells in applications, both defense and commercial. We believe
space

that the long-term potential for the terrestrial PV market exceeds that of the interim market and, as
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outlined in the DOE 5-year plan, that the commercial development of interim markets is crucial to

the health of the PV industry, n
Our prior cost analysis of the production process described in §2 below, based on the i

technology and equipment currently available at Boeing's Power Systems Development Lab I
(PSDL) in Renton, Washington, indicated that the currently achievable cost still far exceeds that |
which is necessary to make PVa viable competitor in the utility power generation market. The

analysis conducted in the course of this contract and presented herein of the near- and intermediate- i
term cost of manufacturing CIGSmodules utilizing large-scale inline deposition technology shows Jilt

that dramatic cost reductions can be anticipated once the development of the required manufacturing t

equipment is completed. The DOE 5-year plan goals of 15% module efficiency and 30 year lifetime m
at --$50/m 2 costs will most likely be achieved by the further development of large-scale

manufacturing equipment for Culnl.xGaxSez thin-film modules. II
We anticipate that by the first decade of the 21st century the photovoltaic industry within the il

energy sector of the world's economy will resemble the current air transportation industry within nj

the transportation sector. Solar cell module manufacturers will be distributed regionally throughout B
the world, just as airlines are today. The economic impetus for this dispersion of production is the

reduction of product transportation costs to the end users. Just as Boeing is, today, one of the few m
major manufacturers of the aircraft that enable the airline industry to exist, there will be only a few nN

major manufacturers of the means of producing solar cell modules. Domestic industry and the DOE mns

must cooperate to develop, commercially exploit, and continuously improve the photovoltaic i
module manufacturing equipment industry in order for photovoltaics to become and remain a

major source of export revenue for the United States. am
We believe the greatest obstacle to the successful application of CIGStechnology to module

production is the high cost associated with the development of manufacturing equipment for the

large scale productiou of CIS and CIGScells. The development of inline deposition systems for the i
high-volume manufacture of CIGS modules under the aegis of the PV Manufacturing Initiative

represents an opportunity for the Department of Energy, Boeing, and its subcontractors to create a i
partnership to ensure the domestic production of CIGSmodules, the most promising technology for |
the dramatic reduction of photovoltaic power generation cost.

!
!
I
!
!
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I 2. CURRENT CIS SUBMODULE MANUFACTURING TECHNOLOGY

The currently implemented technology at Boeing for the manufacture of CIS submodules

I has been based the direct of laboratory developed under either IR&D or prior
on scale-up processes

SERI contracts. The risk of such an approach is quite low, but as will be shown below,

i fundamental changes are necessary to enable production of submodules at costs which will makethem a competitive source of terrestrial electrical power in the future.

i CIS SUBMODULE DESIGN
2.1. CURRENT

Pilot line equipment is currently installed in the Boeing Aerospace & Electronics' PSDL

I with a projected annual terrestrial CISprototype capacity, subsequent to the completion of process
scale-up, of 8.4 kWp. The equipment is tooled for 2 inch square substrates for the fabrication of

i CIS solar cells for space applications. Most of the tooling is also available for the larger 4 inchsquare glass substrates needed to fabricate the prototype terrestrial submodule design as shown in

figure 2.1-1.

I
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Current Molybdenum Deposition Process: Cleaned glass samples are loaded into

a CPA inline sputtering system and pumped into the 10-6 torr range. The pallet size is 12" by 12"
- and holds either 36 substrates that each measure 2" by 2" or 9 substrates that each measure 4" by

4", or one 12" by 12" substrate. The substrates are then moved through a quartz lamp heater zone

Q to remove the water vapor. The chamber is allowed to pump to 3x10 -7 torr. Argon is then

introduced into the chamber and the glass is sputter etched for a period of 2 minutes. The

substrates am again heated by passing through the heat zone and the pressure in the system is again
reduced to less than 3x10 -7 torr. Argon gas is then introduced and Mo is DC-sputtered at --3kW.

The target is 4.75" by 14.875" by 0.25", 99.95% pure and is manufactured by TOSOH SMD,Inc.

i The film resistivity is 100 mohm/square or less for a one micron thick film. With the present
deposition conditions ,the system is able to produce a minimum of bowing due to the deposition

I process or stress in the Mo. A 2" by 2", 4 rail thick substrate will bow less than 15 mil under theseconditions. The amount of bowing is determined by sliding the substrate under its own weight

between parallel glass panels sloped at 45 degrees from horizontal.

i Current Molybdenum Etching etching process quite simple.
Process: Our Mo is After

laminating, exposing, and developing the desired pattern with dry-film photoresist, we etch with a

I commercial etchant containing phosphoric, acetic, and nitric acids. Etching is performed at 55+_5°C, for -30 seconds (this etchant evolves hydrogen, and the bubbling stops when the exposed Mo film
has been removed). Etching is immediately followed by a quench in heated DI H20. Substrates are

I then rinsed in flowing DI H20 for--.1 minute, and blown dry iin N2. The dry-film photoresist is
then stripped and the substrates rinsed again.

i! General Description of CIS (CulnSe2) & CIGS (CulnGaSe2) Deposition Process." Thepolycrystalline CIS thin-film is prepared in a batch type charnber by coevaporation of the three
elements onto a heated metallized substrate. The properties of the deposited film are largely

II determined by the Cu to In ratio in the film. Films with hiigh Cu/In ratios (>0.95) are low
resistivity, large grain, p-type material exhibiting (1i2) preferred orientation. Low ratio

films(<0.85) are high resistivity, small grain, n-type material with little of the desired (112)

I! preferred orientation. Boeing invented a bilayer process involving both of these films types and
this process has been utilized throughout the PV field to prepare CIS films which are capable of

II yielding high efficiency solar cells. In the Boeing two layer process, the first film is deposited with
Cu/In fluxes adjusted to produce a low resistivity, large grained deposit (i.e., high Cu/ln ratio).

_i_ After 2/3's the deposition time has elapsed, the Cu rate is reduced to approximately 70% of itsinitial value and maintained at the lower level for the remaining 1/3 of the deposition cycle. Along

with the Cu rate change, the substrate temperature is increased by 100°C. If deposited by itself, a

II CIS film prepared under the low Cu rate conditions wou,d be high resistivity, n-type material.However, due to extensive interdiffusion of the two layers during deposition, the final film

resulting from the bilayer process is a densified film with moderately high resistivity, p-type

H conduction, ---1-micron grain size with preferred (112) orientation, and no detectable composition
gradients.

II
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Because of the high sensitivity of the CIS film to the Cu/In ratio, control over the deposition

fluxes and the areal uniformity across the substrate are critical to the success of the deposition n
process. Boeing has adopted EIES rate controllers with unique sensor head mounting

n

configurations for control of the fluxes and specialized vapor source or substrate geometries to li
achieve composition uniformity. In contrast to the high Cu/In sensitivity, the ClS films prepared by R
co-evaporation are found to not be strongly influenced by the Se deposition rate. The general

procedure is simply to use Se rates of 2-3 times those required for stoichiometric material and have B
the excess Se re-evaporate from the heated substrate/growing CIS film. The vaporization sources n

for the Cu and In materials are typically Mo or W boats with an alumina barrier to contain the liquid i
materials. Furnace sources with Bill crucibles and electron-gun sources are, however, also in use. |
Source temperatures are estimated to be in the 1300°C range for Cu and 900°C for In. Selenium is

evaporated from Ta boats or SS crucibles (directly heated) and the rate controlled with quartz
crystal-based deposition controllers. Source temperatures are in the 225-250°C range. CIGS films U

are prepared by processes identical to those described above for CIS. The difference, of course, is anu

the addition of a fourth vaporization source for Ga and a controller for its deposition rate. A i
furnace source with a BN crucible (-1100°C) and a second EIES unit are used to satisfy these

requirements. In the batch chamber, the compositional uniformity with the four element n
codeposition is achieved by source placement and rotating substrates. It should also be noted that n

the addition of the Ga requires the use of substrate temperatures 100°C higher than those for CIS

and it has been observed that the Ga is not very mobile in the CIGS films. Thus, unlike CIS, i
composition gradients normal to the film surface are possible and can be applied to prepare

advanced devices with increased cell efficiencies, n
u

Current CdZnS Deposition Process:

Aqueous-chemical deposition solutions: i
U(1) (Cd,Zn)C12 solution

0.0042M CDC12-2(1/2) H20 mm

0.00105M ZnC12 U
0.013M NH4C1

(2) Thiourea solution R
i

0.0417M (NH2)2CS

(3) NH4OH solution ii
1.875 M NH4OH II

Water bath temperature: 85°C mn
Mix solutions (1)+(2)+(3), (1):(2):(3)= 200:200:1 II

CIGS or CIS coated substrates are put into the reaction vessel with the solution preferably n
flowing parallel to the substrate surface. CdZnS is deposited on ali surfaces, including substrates n
and the container walls (heterogeneous reaction) and is also precipitated in the solution

(homogeneous reaction). The substrates are left in the solution until after the reactants are depleted, n

i-iN 6
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about 15 minutes. Substrates are next removed from the :eaction vessel anti are ultrasonically

I agitated and rinsed in DI water and dried in dry N2 gas.
The Cd content in 200cc of solution (2) is 0.0944g which could produce 0.121g CdS. This

quantity would be enough to coat more than 5 square feet with 50 nm thickness of CdS film.However, the competition of the CdS precipitation in the solution and the CdS deposition on the

substrates make the usage of the Cd less than ideal. Currently, we coated 8, 2x 1 inch substrates on

i both sides and the beaker wall in a 500cc beaker containing 200cc each of solution (1) and (2). Thetotal coating area is about 0.5 sq.ft.. The collection efficiency of Cd is only about 10%. To

increase the efficiency, future designs would emphasize maximization of the module front-surface

coati,ag area in a given volume of reaction tank with the constraint that the solution be adequately
agitated.

I Current Semiconductor Etching Process: Our CIGS/CdZnS bilayer etching process isquite simple. After laminating, exposing, and developing the desired pattern with dry-film

photoresist, we etch with a commercial etchant containing bromine dissolved in alcohol. Etching is

i performed at -60 seconds. Etching is immediately fcllowed by a quench in heated
35+5°C for

alcohol. Substrates are then rinsed in flowing DI H20 for-1 minute, and blown dry in N2. The

i dry-film photoresist is then stripped and the substrates rinsed again.Current ZnO Sputtering Process: The ZnO films are deposited in an inline system by
RF magnetron sputtering onto the moving substrate in an argon or oxygen/argon atmosphere. Just

I before deposition of ZnO onto the sulfide-coated substrates, the substrates baked low
are at

temperature in air for 5 min. The substrates are nominally at room temperature, no deliberate

t substrate heating is used. The ZnO target is doped 2% by weight A1203. The ZnO used isdeposited in two steps to form a high resistivity/low resistivity bilayer. First a thin (90 am) high

resistivity layer is deposited using a relatively high oxygen content ambient. A thick (640 nm

II typical)low resistivity layer is then deposited using pure Argon as the ambient. The film resistivity,.

is controlled by the O2/Ar ratio in the sputtering gas. Film thickness is controlled by substrate
speed.

lii Typical deposition conditions are:

RF power: 1 kW at 13.56 MHz for target size of 14.875 in by 4.75 in

{I Total pressure: 5 x 10.3 torr
I;ll

We use cylinders of pure Argon and a mixture of 5% oxygen and 95% argon in order to

_1 control the oxygen partial pressure more accurately. We do not have calibrated gas flowmeters, butthe gas flow depends on the deposition system anyway; e.g. the chamber size and pumpir, g
capability.

_iI The resistivity of the -640 nm thick low-resistivity layer is about 28 ohms/square. Theresistivity of the high-resistivity layer is not measurable in its normal -90 nm thick device

thickness, but substantially thicker (-640 am) test layers made under the same nominal conditions

I!t show a resistivity of 100-150 ohms/square. Films deposited on glass are smooth, exhibiting no
visible haze. Optical transmittance of the bilayer ZnO film structure varies between 80-90% over

I!t the wavelength range of 400-1200 am.

, II1'
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Current ZnO Etching Process: As for molybdenum, our ZnO etching process is also ii/

quite simple. After laminating, exposing, and developing the desired pattern with dry-film I,
photoresist, we etch with a solution of dilute hydrochloric acid. Etching is performed at room

temperature for -30 seconds. Etching is immediately followed by rinsing in flowing DI H20 for-1 ,/1

minute, and blown dry in N2. The dry-film photoresist is then stripped and the substrates rinsed II

again, i
2.3. MANUFACTURING EQUIPMENT FOR THE CURRENT SUBMODULE

DESIGN l
All of the processes required to fabricate the structure described in §2.1 by the procedure

described in §2.2 have been demonstrated on a laboratory scale, and are compatible with the pilot I

line processing equipment identified in figure 2.3-1 below. That equipment which is already of an II
inline design and currently in use is identified by bold type. The importance of inline equipment

will become apparent in the subsequent submodule cost analysis discussions. 1

rrocess Descriotion lLr..p.gg.dllgg Equipmept i
u

Substrate Cleaning Batcb ultrasonic deter_gent/rinse Heated ultrasonic baths & rinsers

Mo Contact Deposition DC magnetron sputtering [lft 2 substrate capacity l
I inline sputtering system |

Mo Patterning Dry-film PR, wet chemical etch Laminator, exposure system,
spray developer & stripper, .._
heated batch etch tanks I1CIS Deposition Elemental co-deposition Large-capacity planetary

.... eyat_rator

CdZnS Deposition aqueous chemical deposition Heated batch chemical processing Ill
......(_A) ......... tanks II

Yemiconductor Patterning Dry-film PR, wet chemical etch Laminator, exposure system,
spray developer & stripper,
heated batch etch tanks 1

ZnO Deposition, 02 bake RF magnetron sputtering I lft2 substrate capacity 'li
I inline sputtering system_

Subcell Isolation Patterning Dry-film PR, wet chemical etch Laminator, exposure system, li
spray developer & stripper, II
heated batch etch tanks

Deshunt & Submodule Test Electrical Solar simulator, power supplies, lm

multimeters, and computer I

Figure 2.3-1" CIS Prototype Submodule Production Synopsis I

2.4. COST ANALYSIS OF SUBMODULES BY CURRENT TECItNOLO(;Y I
II

We have estimated the manufacturing cost of prototype CIS submodules fabricated by the

procedure delineated in fig. 2.3-1 on the pilot line equipment currently located in the Boeing PSDL. lm

We used the actual book value of that equipment (using 5-year amortization and straight-line II

i ,
8
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depreciation), the actual facilities lease expense, the suppliers' published prices for the raw

i materials in the quantities required to this throughput, and realistic assumptions
purchased support

regarding fully fringe-benefit-burdened labor rates, scheduled and unscheduled downtime,

i scheduling inefficiencies, and yield to calculate approximate production costs. Ali calculations arein 1990 dollars and assume a three-shift operation. These estimates do not reflect the actual price

of pilot line production at Boeing because such an estimate would be based only on direct material

I requirements and labor expenses fully burdened with overhead expenses for the entire Boeing
Aerospace & Electronics organization. This analysis represents the cost of such production activity

i in the context of an independent accounting profit-and-cost-center. The net yield of 10% efficient,100 cm 2 CIS submodules from glass in to tested submodule out is assumed to be 65%. The

resulting cost for unencapsulated submodules is $71 each or $78/Wp. Although not yet

I competitive for terrestrial applications, the PSDL CIS pilot line capacity is well matched to Boeing's
anticipated near-term requirements for the interim space market. Our current plan is to accelerate
the manufacturing technology development for larger-scale applications while simultaneouslyU

l; pursuing lower costs.
The analysis shown in figure 2.4-1 identifies the major cost elements that must be reduced

I_1 to make this technology applicable to DOE'S low-cost terrestrial solar energy goals. From the cost-by category breakdown it is apparent that drastic reductions in labor/part nmst be achieved:
automation is mandatory. This is particularly true if the U.S. PV industry is to compete

li successfully with offshore competitors enjoy significantly rates.
who lower labor The second

largest contribution to the overall cost by category analysis is capital depreciation. Further detail

Ii!i reveals that dominant component of this cost in the Boeing PSDL CIS pilot line process isdepreciation of the CIS planetary evaporator. Development of inline CIS deposition

equipment and processes with a higher ratio of throughput to capital cost is the solution. The

I_ contribution of materials cost is greatly inflated by three factors. First, batch processing is
raw

wasteful compared to continuous processing (no waste recovery was assumed); second, the

I_.i_ collection efficiency of equipment intended for deposition onto small substrates is poor comparedto equipment intended for larger substrate size; and third, raw materials cost on a per unit basis
could be dramatically reduced by much higher production volume.

II 9
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Figure 2.4-1" Pilot Line CIS Submodule Cost Breakdown by Category -T

Further insight into effective cost-reduction strategies can be obtained from the analysis of

cost by process step (figure 2.4-2). The three dominant cost elements, jointly comprising 55% of II

the total, are the deposition of Mo, CIS, and ZnO. Although both the Mo and ZnO deposition n

systems are inline systems capable of deposition onto l ft 2 substrates, neither has automated ii
cassette load/unload capabilities. Hence they are essentially batch systems, and this fact is reflected

in very high labor costs associated with those steps in the Boeix_g PSDL CIS pilot line process. We III
have analyzed the cost of the Mo deposition step in the process with the assumption that the U
commercially available cassette load/unload was added. In this scenario, the cost contribution of pmll

1/4 th of its prior value; to less than 5% of the total submodule cost. 'lithis process step drops to

Even this is not the limiting case because automated cassette load/unload merely makes the batch

size larger. Continuous processing, waste recovery and larger deposition zone _l
width would each contribute to even further cost reductions. These conclusions are reflected in I
our discussion of manufacturing processes that can lead to improved performance, reduced

1

manufacturing costs, and significantly increased production in §3.

I
I
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[| Cost by Process Step
III

!1 7% 2%4 % E]Substrate Procurement

II 7% I=:tSubstrate Cleaning
19% El Mo Contact Deposition

i I Mo Patterning

19% I_ ClS Deposition

[I I_1CdS Deposition
9%

[0 CIS/CdS Patterning

1_1 I::iZnO deposition
9%

|1 17o/o I_ Subcell isolation pattern
I,II

7* El Deshunt & Test

1 Figure2.2-2" PilotLineCIS SubmoduleCostBreakdownby ProcessStep

The three patterning steps in the Boeing PSDLCIS pilot line process jointly comprise 25%,

li or one quarter of the total submodule cost. These processes are ali based on dry-film laminated
photoresist, optical photomask exposure, and wet chemical develop, etch and strip processes

II similar to those commonly used in the printed circuit board (PCB)industry. No automation is
|l currently used in these processes and, as a consequence, their expense is dominated by labor costs

in this analysis. Significant cost reductions could therefore be achieved by automation as is the

case in large-scale PCB manufacturing operations throughout the world. We believe that the great
number of substeps, handling and transfer operations, and, ultimately, the costs of the

II photolithography materials themselves, will not permit this technology to achieve the long-termcost goals. The alternative which we envision will _ discussed in §3.

!1
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3. PROPOSED CIGS MODULE MANUFACTURING PROCEDURE I
W

Our prior research and development work on CIS and CIGS technology has been guided I

mostly by the goal of maximizing cell efficiency. In contrast our technical plan for
commercializing thin-film CIGS modules is guided by the minimization of power generation

capacity cost, measured in $/Wp. It is crucial to remember in this delicate process of judging _i
tradeoffs between performance and cost the experiences of the Pv industry in the '80s: a product II
which is cheap but inefficient, such as ct-Si:H, cannot necessarily compete successfully with the ,ii

more expensive but efficient incumbent technology, crystalline silicon. The strategy underlying I
our technical plan can be correctly viewed both as the adaptation of continuous inline ct-Si:H

production equipment to the requirements of CIGS module _nanufacturing in order to increase i
module efficiency to levels comparable to those of crystalline silicon, and as the adaptation of our li
current CIGSfabrication process to the requirements of continuous inline processing of much larger

substrates in order to reduce module cost. Boeing's prime lower tier subcontractor, GSI, has I
successfully demonstrated continuous inline production plants for amorphous silicon PV modules

and believes strongly that similar inline plants for CIGS Can be manufactured, mi
Boeing and GSI began the PVMaT program with a bilateral exchange of information about II

our respective device fabrication processe _, under the auspices of a two-way proprietary

information agreement. Specifically, Boeing provided to GSIa description of the envisioned device
structure and the current processes used for the deposition of each of the device layers and for the

patterning of those layers as required to implement that structure. GSI in turn provided Boeing a m
detailed description of their current ct-Si manufacturing process and equipment. Significant II
evolution in the pilot line and module design has taken piace as a direct consequence of technical

capabilities currently implemented in GSI's ct-Si inline manufacturing system which are applicable I
tO CIGS module production with appropriate changes to both the ct-Si processes and the CIGS

module design, iOur evaluation of potential CIGSmanufacturing procedures suggest that nonsemiconductor

equipment for the production plant can be very similar to that used for ct-.Si:H production and will ii

require only minor changes. Existing ct-Si inline system modules potentially applicable to CIGS I
manufacturing include automated system controls, glass substrate heating and transport

mechanisms, initial glass cleaning, x-y translation tables for laser scribing, gas handling and li
injection manifolds for CVD, DC magnetron sputtering, patterning and chemical etching (modified II

chemistry for molybdenum), selective interconnect process, and panel testing. These specific m

elements of GSI's current technology have been selected for incorporated into our CIGS module I
development plan. A schematic outline of the procedure which we intend to implement in the

Prototype lnline CIGS Production Plant is shown in figure 3.0-1. I
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The Prototype Inline CIGS Production Plant analyzed in the course of this contract and

described in this document is the next logical step in the further development of CIGS module I
manufacturing technology, lt represents an interim step towards the ultimate achievement of the 'RB

goals of DOE's Five Year Plan, which our analysis suggests can be achieved by scale-up and

refinement of the Prototype Plant to what we shall call the Full-scale Inline CIGSProduction Plant, B
as discussed below.

The Prototype Inline CIGS Production Plant will implement the procedure outlined in figure
3.0-1 on 1 foot by 4 foot submodules, six of which will be combined into each 4 foot by 6 foot II

module. The prototype plant will: utilize the latest available technology-rotating anode magnetron a

sputtering for the deposition of molybdenum and zinc oxide contact layers and the LICE U
semiconductor patterning processes recently developed by Boeing and its collaborators; provide a

platform for the demonstration of large-area co-evaporation of the CIGS active absorber layer; and i
rely on technology adapted from GSI's existing or-Si inline systems for the patterning oi n

molybdenum and the screen-printing of gridlines and discretionary interconnect busses. n

Incorporation of the discretionary interconnect technology is particularly important to insure thf. I
achievement of high yields in the prototype plant because of the absence of a priori information

about the areal densities of deleterious defects. Cost analysis of modules produced by the
Prototype Inline CIGS Production Plant is presented in §4 which shows that given conservative II

assumptions regarding yield and performance, the 2-4 MWp/year product of the prototype plant

can be produced for a competitive price at the time of its availability. Figure 3.0-2 shows the i
design of the CIGS submodule designed for the procedure shown in figure 3.0-1.

i
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Figure 3.0-2: Prototype ClGS Submodule interconnect Design Detail U
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The Full-scale Inline CIGS Production Plant represents the subsequent step in our CIGS

module manufacturing technology development plan. lt is based on the procedure outlined in figure
t I

3.0-3 performed directly with 4 foot by 6 foot substrates. In addition to this further submodule size

i scale-up, the proposed procedure reduces the materials costs for module fabrication by eliminatingthe single most expensive cost element from the prototype product: gridlines. The resulting
decrease in optimum cell width in the submodule design permits the direct monolithic integration of

I sufficient numbers of cells on each submodule to generate output voltages high enough for directii

connection of each module to the input of an inverter-the ideal product for central utility systems.

i Our cost analysis for the Full-scale Inline CIGSProduction Plant, also presented in §4, shows thatit has the potential of achieving the cost goals of the DOE's Five Year Plan and of the Renewable

Energy and Energy Efficiency Technology Competitiveness Technology Act of 1989 at its

N projected full-capacity production levels of 10-17 MWidYear.
The cost of electrical power generated by PV modules ultimately depends both on the

i module specific cost ($/Wp) and the module lifetime. The intrinsic stability of thin-film cells basedon CIS has been amply confirmed by independent testing by SERI, but achieving the DOE's goal of
a 30-year module lifetime will also require protection of the cells from potential extrinsic causes of

N degradation. Certainly the most ubiquitous problem for ali PV technologies is corrosion due tolong-term exposure to water vapor. Both the prototype and full-scale CIGSmodule production plant
will implement a Boeing proprietary module encapsulation technology invented prior to this

I contract, which will enable the cost-effective fabrication of hermetically sealed modules without
any polymeric encapsulant and with minimal optical reflection losses that could degrade module

I performance. This proprietary technology is anticipated to provide a solution to this genericproblem with potential applicability to modules based on other cell technologies.

The procedures for production of CIGSmodules in both the prototype and full-scale plants

I can be grouped into five basic steps, each of which is performed by a single production line.
Together with support facilities to provide their utility requirements and an automated control

I system to coordinate parts flow between them, these five lines constitute a CIGS module production- plant. These five basic steps are: front end substrate preparation, CIGS deposition, CdZnS

deposition, device processing, and back end module processing. Each of these steps, the process

_1 technology for each step in the prototype and full-scale plants, and a description of the equipment
lines for process execution will be discussed separately and in detail in the following subsections.
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I 3.1. FRONT END: SUBSTRATE PREPARATION

In both the prototype and full-scale CIGS module production plants the front end substrate

i preparation step consists of substrate cleaning, molybdenum deposition, patterning of the molyfilm to define the separate cell back contacts, and a final cleaning to prepare the substrates for the

subsequent CIGS deposition step. Boeing and GSI have designed a single automated inline system

t to accomplish these processes serially at high throughput
and rates. In both the prototype and full-

scale systems the substrates are transported along their narrower axis (1 foot and 4 feet,

I respectively) which dictates that the system width accommodate the longest dimension of thesubmodules, either 4 feet or 6 feet, respectively.

The first subsystem is a commercially available glass washer which cleans the incoming

I The substrates automatically transferred from the exit of this system into the load
substrates. are

lock chamber of the molybdenum deposition subsystem. This technology is currently implemented

I in GSI's o_-Si:H inline system and represents almost no risk or uncertainty.The molybdenum deposition subsystem is the first of four inline vacuum systems

incorporated into each module production plant. Ali of the four vacuum systems are designed

I, modularly from two types of common vacuum chambers: vertical and horizontal transport
chambers. Reliance on construction techniques which utilize modular chambers significantly

I reduces their production cost and increases the flexibility of th_ systems, enabling the systemdesign to be modified to incorporate process improvements or modifications at less cost. The
current baseline design of the molybdenum deposition subsystem is comprised of 6 modular

I horizontal-transport inline chambers: load lock, preheat, sputter-etch, 2nd preheat, molybdenum
sputtering (downward), and a cooldown/exit lock. This design permits replication in detail of our
current laboratory process, but it may not be necessary to incorporate the sputter-etching step into

I the final production process. If this is possible the sputter-etching chamber and one preheat
chamber could be eliminated, further reducing capital costs.

i Prior Boeing-funded studies of large-scale molybdenum sputter deposition systems havebeen based on the assumption that conventional planar magnetron sputtering targets would be

, utilized. The cost analysis of production based on this assumption has revealed two problems.

I! First, in order to achieve adequate throughput and continuous system uptime, a large
number of

targets and power supplies are required--five are required to provide the prototype line system a

Ii continuous 6-day operational lifetime. Second, only a small fraction of a conventional planar
_' magnetron sputtering target can be utilized because of uneven target erosion. This low "utilization

efficiency", typically --25%, combined with modest flux collection efficiencies (-47% for +10%

li uniformity on a 4-6 foot width) imposes another significant cost penalty.
Our new design

incorporates a recently developed cylindrical rotating cathode technology, which offers higher

utilization efficiency (-75%), higher collection efficiency (-75%), and longer target continuousoperation lifetimes. The net result is a cost-effective solution to the problem of high-volume, large--

area molybdenum deposition.

II 17
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The final component subsystem in the front end substrate processing line is a pattern etcher

comprised of three sequential stations. First a high precision, high speed screen printer is used to
apply a maskant used to block exposure of the molybdenum film to the etchant in those areas I

where it must remain. Next, the panel is subjected to an aqueous chemical etch solution which mk

removes the unmasked molybdenum film. The etch solution is recirculated to maximize its i
utilization efficiency, and total etch time is ~ 1 minute. Finally, a substrate cleaning station after the

etcher is used to remove the maskant material from the glass, thus readying it for the next step in lm
our CIGS module manufacturing procedure. II

3.2. CIGS DEPOSITION I

The process most likely to provide these large-area, low-cost CIGS modules is the one

giving the best possible combination of performance and manufacturing yield. Boeing has i
pioneered such a process in the development of high-efficiency CIS and CIGS cells using a batch

process based upon co-evaporation of the elements to prepare the thin-film absorber. The co- i
evaporation method offers significant advantages in terms of film quality, material composition g
flexibility and the potential for lower temperature CIGS growth. We fully recognize that the

demonstrated batch processes will not provide the manufacturing costs and throughput needed for i
a successful terrestrial solar cell production operation. However, we believe those goals can be

best achieved by the adaptation of successfully demonstrated continuous inline production I
equipment originally developed for ot-Si:H to the co--evaporation of CIGS thin-films onto heated, II
large-area substrates. Our approach to continuous inline co-evaporation, described in detail

below, promises to circumvent reproducibility problems associated with the batch process and
speed the pace of module performance improvement. Current evidence suggests that competing

lm

techniques for the formation of CIS films such as selenization do not permit adequate control over I
the film growth kinetics to enable low-temperature formation of high quality, higher performance II
CIGS materials; or the controlled, high-yield implementation of advanced device structures

incorporating gallium composition gradients. These factors translate into enhanced cell efficiencies i
and lower manufacturing costs.

i

In both the prototype and full-scale CIGS module production plants, the metallized glass ai
substrates exiting the final station of the front end substrate preparation line would be placed into 1
vertical carriers which after passing through a load lock chamber, are heated and automatically

transported to a high vacuum chamber containing a vaporization source module where they would 1
be continuously coated with the CIGSfilm material. The vaporization sources would be configured

w

in a line so that the substrates would be uniformly coated during their passage through the am
deposition zone along their longer axis. The continuous deposition process is capable of very large II
substrate throughputs and low operational costs. Furthermore, since the width of the deposition

module and the number of modules can both be scaled, there is considerable room for greatly i
enhanced production capacity when scaling from prototype to full-scale production.

III
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1 There are, obviously, several major problems which must be addressed and overcome
before this deposition concept can actually be realized. These include line source designs capable of

1 uniformly coating a moving substrate, source designs capable of producing films with uniform
final compositions as well as the bilayer composition gradient during deposition, designs

1 consistent with achieving these film properties over extended periods of time, control methods tomaintain the film composition, source/chamber configurations capable of high collection efficiency

for the evaporating material and for simulating the conditions found necessary in the batchtI

tl evaporation chambers for preparing high quality material, and chamber/transport system designs
capable of operating at the high substrate temperatures currently needed for CIGS film deposition.

1 We believe we now have dzveloped solutions to each of these problem areas and, with thecompletion of the defined developments, the successful inline production of CIGS cells by co--
evaporation will be demonstrated. Each of these solutions will now be described.

I'l In order achieve uniform film the substrate surface, line
to deposition across moving a

vaporization source oriented normal to the direction of substrate motion has been designed. The

l| source would consist of a long heated tube containing apertures where the vaporized source
til material would be emitted. The tube would be connected to a large, heated reservoir containing the

source material. The temperature of the reservoir would primarily be used to control the vapor

"'ii pressure of the source material (and, subsequently, deposition rate)while the tube temperature
tW

would simply be maintained at a sufficiently high value to prevent condensation of the source

II vapor. Both the reservoir and the tube would be surrounded by at least two radiation shields toreduce heat losses and power consumption. We have used computer programs to analyze the vapor
flux emission from the tube apertures and to arrive at designs providing acceptable coating

uniformity on a 1 foot wide substrate. Wider substrates could be analyzed as the need arises. In
these models, we have assumed the emission distribution from each aperture to be that of a small

|.| area source (Knudsen's cosine law). We recognize that there are errors in making this simplified
tl assumption but these should not significantly alter the projected results and would be corrected

once the experimental distribution has been determined for an actual source aperture. Initial

1 calculations showed that excellent uniformity could be achieved(+_1%) across the substrate surface
directly over the line source by using a source to substrate distance of 8 inches, three apertures, an

H 8 inch spacing between the apertures, and having the area of the center aperture 75% of the outertwo. However, when the Film thickness distribution was determined by integrating the contribution

from each aperture while the substrate passed through the deposition zone, a five aperture source

_ with a source-to-substrate distance of 7 inches was required to achieve the same uniformity. In thiscase, the middle apertures were located 5.2 inches from center and the outer two apertures 8 inches
from center. A plot of the calculated integrated, normalized film distribution predicted for this

I[ source configuration is shown in figure 3.2-1.

II
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5 apertures: middle epertureo 5.2 from center, outer apertures 8 Inches from center I
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IFigure3.2-1" Integrated,normalizedThicknessDistributionof filmdepositedbyLineSource
withDistancefromSource

The deposition zone referred to above is defined by a deposition shield aperture whose i
length (parallel to the direction of substrate travel) was determined by impingement angle

m

restrictions for proper film growth (<45 °) and whose width (vertical axis) was determined by the I
substrate size or chamber considerations (1 foot for the prototype line and 4 feet for the full-scale). l
For the data presented in figure 3.2-1, a 14 inches deposition aperture length was utilized. By

allowing the deposition aperture length to increase to very large values, the total material emitted i
from the source may be estimated. A comparison of this value to that of the material collected on I

the substrate makes it possible to estimate the collection efficiency for the deposition process. An I
example of this type of computation is shown in figure 3.2-2 for the five aperture source. I
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Figure 3.2-2: IntegratedThicknessDistributionof film with Distancefrom LineSource I
In this figure "Y" refers to half the deposition aperture length. Using Y-values of 7 inches

and 50 inches , a collection efficiency of 35% was calculated. By combining the collection I
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efficiency data with minimum film thickness and maximum deposition rate requirements, it was

i then possible to determine aperture areas, source temperatures, source power, materialconsumption rates, and deposition line (substrate) speed. "Ihe results of the calculations have been

specific source structures whose parameters appear to be quite reasonable and achievable and have

Ii been applied to complete the manufacturing cost analysis for the CIGS-based cells.
As part of the design activity relating to the somces for the coevaporation process, two

general line source types were considered. First was a line source for each individual material; i.e.:

I! Cn, In, Ga, and Se. For CIS material, it was possible by appropriately locating the Cu & In tube
source to simulate the required bilayer deposition conditions on the moving substrate and achieve

Ii acceptable film thickness uniformities. However, in view of the need to deposit CIGS material, thestringent composition uniformity requirements, and the desirability for higher line speeds, a _econd

source configuration was adopted for the three critical metal elements. The configuration is that

l:i incorporating a sparger or secondary vapor mixing chamber. The sparger would be connected to
the tube line source and would be fed from reservoirs containing the three source materials. A rate

II limiting aperture would be located between each reservoir and the sparger. This aperture and thereservoir temperature would be utilized to control the relative amounts of each elements. The

vapors would be mixed in the sparger chamber and then the mixed composition would be emitted

Ii from the apertures contained in the long tubes .... rce. The sparger chamber and the tube source
would be independently heated from the reservoirs and would be maintained at sufficiently high

It temperatures to prevent deposition of any of the three materials.By mixing the three vapors, the problem of cortlpositional uniformity across the substrate

would be avoided. Film composition control then would become a matter of selecting the proper

lt rate-limiting and constant reservoir the reservoiraperture maintaining a temperature. Providing

heating and temperature sensing/control methods are correct, only long term drift would be

I!t anticipated. Corrections to the slowly responding reservoirs would be made according to the postdeposition film compositional analysis/proces, control methodology discussed below. The

reservoirs would further be sized to provide 144 (=6x24) hours of continuous operation before

I_ requiring replenishment. Essentially, the3' would also be located externally to the deposition
chamber by the use of valves and other vacuum hardware so that the replenishment would not

II necessitate venting the deposition chambers.The adoption of the sparger source configuration for the bilayer CIGS film preparation

would best be implemented by two deposition modules (one for each composition) in the

I!t manufacturing line. A heating module separating the two modules would provide for the substrate
temperature ramping which is part of the established CIGS bilayer deposition process. While the

I1!| sparger configuration line source would be used for the three metals, a simple line source, again
I1 with five apertures would be used for Se evaporation. In this case two Se line sources would be

used with each positioned 4 inches from the center of the deposition shield aperture and 6 inches

I] from the substrate. This arrangement results in a reasonably uniform Se flux with values of
approximately 2x those required for stoichiometric material.

II
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One final but important point regarchng the inline chamber design is that of substrate

heating, temperature resistant transport systems, and prevention of sagging in the low cost glass mm
substrates. This would be accomplished by utilizing a GSI system design incorporating vertical W
substrate transport with the glass held by its top edge with proven transport mechanisms used to

hold glass during high-temperature annealing. The line sources for the CIGS deposition would, of
course, also be oriented vertically but this would not change the deposition analysis discussed

above and would, in fact, be a more attractive configuration, mn
Various strategies for control of the selenide deposition sources have been explored. We II

have concluded it is necessary to divide the source control into a short time constant temperature or

rate control of the source itself and an in-situ monitoring of the film composition to correct for drift
in the film composition and thickness if necessary. The feasibility of using X-Ray Fluorescence

(XRF) as the in-situ monitoring method has been explored, and while complex to implement, there B
do not appear to be any insurmountable obstacles to this approach. There are, however, several |
system constraints to be placed on the design of this system. These include,

1) The location of the detection apparatus, ni
2) The measurement time constants, feedback mechanism, and logistics.

lIB

Each of these constraints will be discussed separately along with the reasoning which led to mm
the particular constraint, followed by a discussion of any additional XRF features that would |
enhance its versatility in this application.

1) The XRF detection apparatus must be located outside of the CIGS deposition region. I
This constraint is based upon three interacting properties of the deposition system and III

measurement apparatus requirements that are mutually exclusive in a system. 1) The geometry of lm
an XRF instrument requires that both the excitation source and the detectors be relatively close to II
the sample site and for proper stability must be cooled, 2) the extreme reactivity of the selenium

overpressure and reaction byproducts present in the deposition chamber tend to react with and
deposit on any exposed surface, and 3) the substrate temperature in the deposition regime is over II

350°C. These properties combine such that having this type of detection system located in this mm

deposition chamber is impractical at this time and possibly damaging to the XRF apparatus itself. U
Therefore, the XRF apparatus must be isolated from the deposition chamber in terms of

temperature, pressure, and reaction products which implies either differentially pumped chambers
or a load-locr: arrangement. An additional result of this constraint is the necessary addition of II

specialized transport mechanism to the sample measurement chamber and an x-y stage at the XRF

site. I
2) The measurement control system requires a division of the source control to a two time

constant system. IBecause the initial substrates to be used are individual l'x4' glass plates, constraint

1) requires that the XRF detection system determine the composition of one sample in the mm

measuring chamber while another sample is being deposited. This would require that the XRF be I
detecting on substrate #1, while #2 is being deposited, and presumably #3 would be in the
rtonr_e_t_n,, 7nnr_ hc_f_ro _nv f_,F,dhack from the measurements is made. The XRF feedback I
"'"'lt J I
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mechanism would be through an algorithm which 1) takes a reading of the Culnl_xGaxSe2

I composition, 2) executes an algorithm which would calculate the source temperature changesrequired to optimize the deposition parameters, 3) communicate to the source temperatures

controllers the required temperature ramps, 4) continue to measure the substrate for CIGS

I nonuniformities which would shut the line down.
Several companies have expressed interest in pursuing the implementation of such a system

I and we have had samples measured by these companies to determine the feasibility of thei measurement of CIS and CIGS thin films. Initial feedback from one of these companies indicates

that the total measurement time that is required to obtain the 0.1% accuracy on the order of 30

S seconds using a scanning spectrometer Shorter measurement times are available using a
simultaneous measurement spectrophotometer but at a significant increase in cost. We contend that

measurement times on the order of 30 seconds are sufficiently fast for this application because thei XRF measurement is required for monitoring the long time drifts of the thermal sources resulting in

the subtle changes of film composition. The relative ease of measuring these thin films to the

Ii accuracy of 0.1% lies in the fact that the sample contains large percentages for each of the elements
throughout the thin film stack. An additional bonus from using an X-ray excitation source over the

electron beam excitation source is that it provides a molybdenum back contact signal in the

Ii emission specwa. This detection will presumably allow a direct measurement of the thickness of
the cis or CIGS thin film. In conclusion, the use of an XRF spectrometer inline thin film detector

Ii will al!ow the best method of monitoring the fabricated thin film composition and thickness toprovide feedback to the thermal sources to correct for long term thermal drifts which change the

film composition. The XRF detector must be placed in a separate measurement chamber due to the

i nature of the measurement and the reactive species. Future development may permit the placement
of this XRF detector in the deposition region, provide direct feedback to the thermal sources and

i eliminate the constraint to the ex-situ feedback measurement scheme.The overall CIGS deposition line configuration in both the prototype line and full scale

scenarios consists of 9 inline vertical vacuum chambers. Those chamoers are an entry load lock,

li i two preheat chambers, a CIGS 1 layer deposition chamber, an isolation chamber, a CIGS layer
St 2hd

deposition chamber, a cooldown chamber, an XRF chamber, and an exit load lock. Within the

Ii constraint of reasonably achievable deposition rates for high quality CIGS, our analysis haspredicted that to minimize total module cost two such CIGS deposition lines operating in parallel are

required to optimally utilize the throughput capacity of the front end and back end lines in both the

I!i prototype line and full scale CIGS module production plants.

Iii 3.3. CdZnS DEPOSITION
A large-area, high-yield CIGS deposition process is necessary, but not sufficient, for the

I!, economical fabrication of thin-film CIGS modules. Another key process required is a high-yield,high-throughput technique for the deposition of ultrathin (--300A) conformal layers of the

Cdl_yZtlyS heterojunction contact onto the CIGS prior to ZnO deposition. Our space cell process is
- I1!I the -' ..... _".... c thc °""':"""'_ ...... _".... _';.... _.....I.... ;_ ;..... _.1,_..¢ .,,._,;_,,;,..
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the degree of thinness required for high performance without resulting in excessive pinholes, I"

which lead to shunting. Scale-up of the aqueous chemical deposition technique developed by lm
Boeing and utilized in our record CIGS cells is feasible. Insufficient yield data are currently II
available to assess whether that technology will be able to satisfy the needs of a production

process. This process is critical to device performance and yield, hence we considered it prudent I
to evaluate another alternative with a high probability of success. Specifically, organometallic

g

chemical vapor deposition (MOCVD) is capable of producing highly uniform, conformal coatings II
over large areas. Coupled with its amenability to scale-up, this might make it well suited to the |
cost-effective growth of thin (~300/_) uniform heterojunction contact layers of Cdl.yZnyS on CIGS.

We have an_ _yzed this supposition with the assistance of our subcontractor ATM. The result of the
technology evaluation is presented below and the economic analysis will be presented in §4, where g

we have analyzed the cost/performance/yield trade-offs in the context of the prototype line. I

3.3.1 Aqueous Chemical Deposition of the Cdl.yZnyS Heterojunction Contact Layer
mi

Our major concern regarding the aqueous chemical deposition of CdZnS layers, as we U
mentioned in the proposal, are the throughput, chemical utilization efficiency, integration of the wet

process with the vacuum process in an inline production plant, and yield of the process. After a R
careful preliminary studies of the manufacturing process under this contract, we conclude the m

design and system integration issues can be solved. To accommodate a predetermined throughput

requirement the size and number of reaction vessels can be designed for either an inline or a batch U
aqueous deposition system. In order to maximize the chemical utilization efficiency, the ratio of the

tank volume to the coating area needs to be optimized. For instance, in an inline system multiple
parallel tracks to carry the sdbstrates through the tank should be designed. Such a design will not II

only maximize the utilization efficiency but also increase the throughput. A special casette will be m,

designed to hold the substrates back-to-back to prevent sulfide deposition on their backside. The I
wet chemical process in the present designed inline system does not create any problem. A manual

station to change the fixtures for carrying the substrates is presently designed in between the ml
vacuum and wet processes. In the future a robotic system can be used to replace the manual system IN
to further reduce the cost. Pinholes in the thin sulfide layer of the large area module which lead to

shunting are a major concern. Insufficient data are currently available to assess this problem.
However, if the problem arises, the sulfide layer thickness can be increased by either increasing

w

the chemical concentration in the solution or multiple dipping to reduce the pinhole problem.
Increasing sulfide thickness will decrease the blue response and hence the efficiency. A II
compromise between the efficiency and the yield would will be sought which minimizes the n

module power cost. n
I

!
n

.I
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li 3.3.2 MOCVD of the Cdl.yZnyS Heterojunction Contact Layer
III

The objective of the CdZnS MOCVDprocess module is to deposit a uniform thin (30(0-400

li A) heterojunction contact layer of Cdl.yZnyS onto polycrystalline copper indium diselenid_
U (CulnSe2) and copper indium gallium diselenide (Culnl.xGaxSe2). The process must occur at low

temperature (<200°C) and be cost effective. The key technical issues include control of both the

ii phase and surface chemistries. Innovative reactor design and process controls will be required
gas

to i,nplement the chemistries on a manufacturing scale.

ii • The low growth temperature required will necessitate careful selection of reagents andgrowth techniques to allow growth at the desiz_ temperature.
• The surface to be coated will be vecy rough with hills and valleys approximately 1000-

li 2000 /_, in size. Deposition of a uniform, conformal coating only 300-400A in
tI

thickness on such a surface will require extremely uniform nucleation of the CdZnS

li layer.• To keep the costs within desired limits the process must be designed to minimize the

cost of organometallic reagents.

I| _h_ proposed process will be based on the use of Atomic I,ayer Epitaxy (ALE). Atomic
III layer epitaxy (ALE)refers to the growth of an epitaxial layer one atomic layer at a time through the

use of self limiting reactions. First proposed in 1980 for ZnO, it has been extended to the growth

1 of both II-VI and III-V semiconductors. The sequence of steps for ALE growth of e.g., ZnS,
involves exposing the surface of the growing epitaxial layer alternatively to the Zn and S precursor

II molecules. The zinc species, which may be a partially pyrolyzed precursor molecule, is adsorbeduntil qzn (q = fraction of surface sites occupied by zinc) is unity. The reactor is purged, followed

by the introduction of the S source, normally H2S, which reacts with the adsorbed zinc layer,

I covering it with one monolayer of SH. Following a purge, this cycle is repeated. The chemistry
involved is obviously complex and at least partially heterogeneous. This technique has been used

|ii to grow ZnSe at 200-275°C [Yoshikawa, A.; Okamoto, W.;Yasuda, H,; Yamaga, S.; Kasai, H. J.
II of Crystal Growth 1990, 101, 86]

II v vV
H O.OoOoOoOoOo_.._/.'::+-.

Diethylzinc and dimethylcadmium Diethylzinc and dimethylcadmium Monolayer of CdZnS after
adsorbed on CulnSe2 substrate monolayer reacting with H2S reaction with H2S

1!
H2S _ Et2Zn _ Me2Cd

ii Figure 3.3.2-1 ALE depositionof CdZnS fromdimethylcadmium,dicthylzinc,and hydrogcn sulfidc.

In addition to facilitating growth at low temperatures use of ALE is expected to aid in

II ,,u_,,cat,ut, v,, t,,w w^u.t,,. 3 out,ota.,.. .
i:IUIII_:;VIII_ LIIIIIUIIII 1 l_.)U_il I ill,._ IS _l.u_.,, i.u tal_., l_.,lOtLlV_..,l _ 1_,,./1|_
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surface migration dme available to the Group II species before they are exposed to molecules of the

Group VI reagent. ALE also avoids the problem of gas phase pre-reaction which is common in the
growth of II-VI compound semiconductors by MOCVD. The Group II and Group VI reagents are II

not present in the gas phase at the same time therefore they cannot pre-react. ZnSe layers grown I

by ALE are superior in quality to those grown by conventional MOCVD, a difference which has U
been attributed to the absence of pre-reaction [ibid].

Approximately 100 cycles will be needed to achieve the desired thickness. Each ALE cycle R
is anticipated to be 20-40 seconds long; thus 35-70 minutes would be needed per substrate to ml

deposit the desh'ed coating. In production, based on a nominal track speed of 3.6 inches/min and a mm

substrate length of 48 inches the available time is 13 minutes. The deposition wil'. therefore need to U
occur in five different chambers, based on our standard modular chamber size. The substrate will

receive twenty growth cycles in each chamber. One gas manifold can be used to service ali five n
chambers. Air actuated valves in conjunction with a process logic controller will be used to g

distribute reagents to the desired chambers at the appropriate times. m

We expect that dimethylcadmium, diethylzinc, and hydrogen sulfide will be the preferred I
reagents. The group HB alkyls react readily at room temperature with any proton source, including

hydrogen sulfide (Figure 1). I

H2S + R2M _ 2 RH + MS M = Cd,Zn

Figure 3.3.2-1 Reaction of Group liB metal alkyls with hydrogen sulfide. U

The dimethylcadmium and diethylzinc gas streams will be mixed in the manifold and then

allowed to pass into the reactor. After a purge the hydrogen sulfide flow will be allowed into the I
reactor. The dimethylcadmium and diethylzinc molecules which are adsorbed on the substrate

u

surface will react with the hydrogen sulfide to form the ae,,tred CdZnS layer. I
Two major questions must be answered. First, can the CdZnS layers be deposited in the |

required uniformity and purity? Second, can the process be made cost effective? Process cost

variables have been analyzed and the results are presented in §4. The efficiency of reagent I
utilization and strategies for minimizing reagent costs are addressed specifically by the choice of an

II

ALE growth process. The design of production reactors to incorporate nucleation and growth I
process variables and transfer of the technology to manufacturing represent represent a significant II
development activity. Details of our plan to do so will be presented in detail in §5.

mm

3.4. DEVICE PROCESSING II

In both the prototype and full-scale CIGS module production plants the device processing
step consists of zinc oxide deposition and patterning of the semiconductor films. However in the I

prototype line, these processes are sequential and the patterning serves to isolate the individual cells am

from one another. In the full-scale line there are two patterning steps, one each before and after U
the zinc oxide deposition. The first patterning process isolates the CIGS and CdZnS bilayer into

distinct devices and the second isolates the subsequently deposited blanket zinc oxide layer into _ ,
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tl distinct interconnects bridging the front contact of each cell to the molybdenum back contact of one

tl of its neighbors, thereby connecting them in series. In the prototype line this series interconnectionis created selectively during the back end module processing in order to provide a discretionary
interconnect capability whose goal is to improve the yield during the inline technology development

l phase of CIGS module commercialization.The device processing line for the prototype plant consists of 5 horizontal modular vacuum

i chambers: a load lock, a ZnO sputtering chamber, an isolation chamber, a Laser-Inducedil Chemical Etching (LICE) chamber, and an exit load lock. The full scale device processing line
consists of 7 somewhat larger horizontal modular vacuum chambers: a load lock, a LICEchamber

I!, for patterning CIGS/CdZnS bilayers, an isolation chamber, a ZnO sputtering chamber, another
isolation chamber, a LICE chamber for ZnO patterning, and an exit load lock. In both cases the

entry load lock is automatically fed from a conveyorized IR oven which bakes the CdZnS-coated

l CIGS films in air in order to optimize their photovoltaic performance. This effect has been widely
described in the CIS literature since its original discovery by Boeing researchers. In the baseline

ii case where the CdZnS is deposited by aqueous chemical deposition, the IR oven also serves todehydrate the films prior to their introduction into vacuum.

The zinc oxide deposition process is based on the reactive sputtering of a 2% aluminum-

II doped metallic zinc target in an argon/oxygen atmosphere utilizing essentially the same rotating
cylindrical cathode magnetron sputtering technology proposed for the deposition of molybdenum

I in the front end substrate deposition process (cf: §3.1.) The power levels which can be utilizedfor sputtering of ZnO are somewhat lower than those achievable for molybdenum due to its lower

melting point and its greater tendency to arc. Nevertheless, the economics of this approach are far

_1 superior to those of conventional planar reactive sputtering, RF sputteringmagnetron magnetron

from oxide targets, or MOCVD of ZnO. The potential risk of this approach is that substantially

II lower power levels than those assumed in the economic analysis of §4 will be required in order tomitigate thermal and/or ion bombardment damage effects on the underlying junction. This could

result in a need for multiple cathodes which would increase the cost. Sensitivity analysis in §4 will

I show that the cost impact of this change to the baseline assumptions would be minimal.
In collaboration with another laboratory, Boeing has demonstrated a high-rate Laser-

tl Induced Chemical Etching (LICE) process for etching CIS. We have already demonstrated completeselective etching of a CIS layer on molybdenum in 12 seconds, and have technical justification for

anticipating that this process can be speeded up to between 1 and 3 seconds/cut. The process is

inherently parallel, or in other words scanning is not necessarily required. Nevertheless our
analysis indicates that the most cost-effective solution will be a combination of scanning and fixed

II optics. Due to proprietary information constraints between ourselves and the co-developer, specific, details of the process cannot be disclosed at this time. For these purposes the process can be

described by its throughput, capital cost, maintenance costs, utilities costs, and consumable raw

tl materials' costs.
Our preliminary module design is based on a 41 by 6 cell series/parallel arrangement,

_m requiring 48 cuts/module. Assuming etch times of 2 seconds/cut and translation times of
q,D
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2 seconds/cut gives a total processing time of 3.2 minutes/module with a laser duty factor

of 50%. ILaser maintenance parts are estimated to be $10./operating-hr and consumable utilities costs

are estimated to be $0.435/operating-hr. Multiplying each by the operational duty factor of 50% for

real-time cost, we get $5.23/hr for utlifies and maintenance parts. I

3.5. BACK END: MODULE PROCESSING t
I1[

We believe that there will be a distinct market by the end of this decade for modules

specifically tailored to the requirements of central utility power generation, as well as the more _l
conventional market for stand-alone applications. Our module manufacturing systems should U
accommodate customers for both requirements, however utility customers may have a specific

interest in the product variation we propose here: hermetically encapsulatedframeless modules m

m

with a longer lifetime than that of conventionally encapsulated modules. This hermetic edge-sealing
III

technology is the subject of a pending Boeing invention disclosure, n
Module encapsulation using this process will require pre-processing of the front module II

coverglass before its attachment to the module substrate on which the cells have been formed.

Incoming glass superstrates should be cleaned. It would be most cost-effective to utilize the same n
cleaner used for the substrate line since its throughput is adequate and its utilization in the prototype

U

and full scale scenarios is low. After cleaning the superstrate it is exposed on one side only to a I
chemical treatment for 2 minutes, creating an extremely effective anti-reflective coating, and then |
dryed before further processing. After this process, a narrow and thin layer of the edge sealant is

screen-printed along the perimeter of the superstrate on its etched side and then heated in a n
conveyorized IR convection oven to the 300-360°C temperature range for at least 20 seconds. The

u

superstrate is then aligned with and mounted onto the substrate under a dry argon blanket, and the I
perimeter sealed by a lineal process at a scan speed of 2 inches/second. l

Total consumable material cost for the process is $0.05/module assuming a 1ft x 4 ft

module size. The sealing components themselves are estimated to cost $30K, excluding the x-y li
table. The superstrate glass need not be exactly the same size as the substrate; indeed the module

m

may be sturdier if the superstrate is somewhat larger, am

I

!
!
!
|
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It 4.PRO EC Eocos oFMOOULES
Ill

We have computed the manufacturing cost of CIGS modules fabricated by the procedures

I1 delineated in figures 3.0-1 for the prototype plant and 3.0-3 for the full-scale plant. We used
capital equipment prices joindy developed with our subcontractors GSI and ATM to determine the

ml depreciation expenses incurred (using 5-year amortization and straight-line depreciation)byu
|t module producer who has purchased a turnkey production plant from a module manufacturing

equipment company. Materials costs are based on recent purchase prices, published price lists, or

II suppliers' cost estimates for the raw materials purchased in the quant!ties required to support this
throughput. Realistic assumptions regarding fully fringe-benefit-burdened wage rates and factory

I1!, labor staffing requirements are used to calculate labor costs. Scheduled maintenance was assumed!I to require one full day per week plus two weeks for an annual overhaul. Unscheduled downtime,

module efficiency and yield at each step of the procedure have been parametrically varied to

Iii estimate the potential range of module production and power generation capacity costs. Sets of
these variables have been coupled with our best estimates of the probability that they can be
achieved at different stages of the technology development. This permits sophisticated risk

li analysis. Ali calculations are in 1991 dollars and as.3ume a three-shift operation during net uptime.

I1 CIGS Module Manufacturing Technology Development Plan
Projections

lt _.5o .................................................... 25

I $2.oo ..... 20

$1.50 15

li $/Wp _

$1.oo ........... 10

so.oo I I I I ! I 0

Iii 1994 1995 1996 1997 1998 1999 2000
Figure 4.-1" Projected Module Power Cost and Production Capacity

I! These calculated direct manufacturing costs have been combined with the technologydevelopment plan schedule described in §5 to project the module peak power production cost in

i $/Wp and the output capacity in MWp as a function of time between the years 1994 when the
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prototype production plant is expected to be first operational and the year 2000 when the first

refined, fully developed full-scale production plant achieves its full capacity. A complete
tabulation of the parametric assumptions for the calculations at each production level and the g

resulting cost element breakdowns are contained in Appendix A. We will simply note here that

those assumptions are quite conservative, with net yields and upfimes assumed to be only 66% at i
the beginning of operations and initial efficiencies of only 12%.

Each step of the module manufacturing procedure has been modelled separately and in great lm
detail. Each process step model incorporates process cycle times, variable inline track speeds, J
adjustable power levels and other relevant adjustable variables, along with fixed equipment design

and process constraint parameters, and calculates numerous intermediate dependent variables. The i
calculated results from these models have used to guide our process and equipment choices to

insure that power generation cost ($/Wp) is the final determinant figure-of-merit. As a i
consequence they have been revised numerous times in the course of this contract. Linear |
programming techniques have been used to maximize the utilization of each process line and to

match the throughput capacities of the various steps in each procedure, i
i

Cost by Cateqory m

I
28.41% I

i Materials
43.23%

E] Energy I

Ig Labor II

6.59% Q Depreciation II

I
21.78% I

IB
Figure4.-2: PrototypeInlineCIGSModuleProduct CostBreakdownby Category i

A comparison of this cost breakdown by category for the Prototype Inline Plant with that of

the current pilot line shown in figure 2.4-1 reveals a striking reduction in the labor cost per module i
and an increase in the depreciation and materials expense proportion. Keep in mind that the cost

g

basis for these two breakdowns has been reduced from a level of $78/Wp in the pilot line to i
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$1.32/Wp in the prototype inline plant's product, a factor of 60 cost reduction and a factor of 480

II output volume increase! Figure 4.-3 below shows the same cost breakdown for the Full-ScaleInline Plant. Here we see that a further increase in output from 4 to 17 MWp further reduces the
labor expenses, and increases the materials expense proportion, indicating a higher output/capital

II ratio. The basis ior the full-scale has been further reduced from the line
COSt production case pilot

levels to $0.57/Wp. We note that the recurring expenses after the full depreciation of the initial

It capital investment are represented by the sum of the non-capital categories: different accountingassumptions regarding depreciation and amortization could significantly reduce the projected total

cost. The lower limit is represented by these recurring expenses, and amount to $0.31/Wp.

|:i Cost by Cateqory

I 40.19% II Materials

I 45.79% El EnergyEl Labor

I O Depreciation

I 10.30% 3.73%

I Figure4.-3: Full-scaleInlineCIGSModuleProductCostBreakdownby Category

I The next chart, figure 4.-4, shows a further breakdown of the materials cost content ofeach module by layer or category. Note that glass is the dominant expense category, constituting

over half of the total materials cost. The next most expensive category is the CIGSlayer containing

I and selenium. This is dominated the indium andcopper, indium, gallium, category by gallium
COSTS.

I We also present in figure 4.-5, a breakdown of the full-scale production cost by step in themanufacturing procedure. This data reveals that the most expensive step in the process in the

deposition of CIGS, followed by the front end and back end processing (each of which includes

I costs for substrate and Comparison with figure 4.3, above, showsglass superstrate, respectively.)

that the expense of the CIGS deposition step includes significant contributions from both materials

and capital.
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% of Materials Expense

8.16% i
1.91%

mmGlass i11.71%
I=1Moly

El CIGS I

56.14% D CdZnS i
U

21.05% a ZnO

E3consumables i
1.03%

I
Figure 4.-4: Full-scale InlineCIGS ModuleMaterial Cost Breakdown by Layer i

l

I
Cost by Process Step n

IB

n Front End
15.30% 23.63% Substrate n

Preparation II

15.61% i_1CIGS Deposition i
fT] CdZnS Deposition

D Device Processing II
7.15% Wf

m Back End Module

38.31% Processing i

I
Figure 4.-5: Full-Scale Inline CIGS Module Product Cost Breakdown by Process Step

l
.i
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It PROCESSESANOEQU,PMENT

Ii We have developed a preliminary plan to design, build and test the Prototype Inline CIGSModule Production Plant previously described in this report. Our development program

scheduling has led us to conclude that this effort can be concluded in three years, and at an

It estimated expense of ,--$14M. Completely detailed program cost estimation has not been
performed, hence it is important to remember that this cost estimate is tentative. A breakdown of

1 the costs leading to this estimate is presented in table 5.-1 below.

yQar I Year2 Year 3
|i EstimatedExpenses($K)
III Facility $60 $60 $60

General Office $75 $80 $90

|! Management& Engineering $850 $850 $850
lip Travel $30 $40 $50

CapitalEquipment $4,500 $2,500 $1,000

I:t Labor $300 $400 $600
Material $100 $400 $700

j_ Energy $50 $125 $2001 TOTAL ($K) I
Annual Totals $5,965 $4,455 $3,550 $13,970

Table5.-1: Prototype InlineCIGS ManufacturingTechnology

I1 DevelopmentProgramPreliminaryCost Estimate
Our determination that this program can be completed in three years is based on our

li estimates of the time required to complete each task and an analysis of the development activitiesinterrelationships. Figure 5.-2 is a PERT chart which displays these relationships, and the resulting
development schedule comprises figure 5.-3.
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lt THEPVCOST PROBLEM
lit

li The manufacturing technology for achieving the goals of the PVMaT project has threeaspects: the product, the process, and the equipment. We anticipate that the implementation of
advanced semiconductor device fabrication techniques to the production of large-area

I1 Culnl.xGaxSe2/Cdl.yZnyS/"ZnO monolithically integrated thin-film solar cell modules
will enable

15% median efficiencies to be achieved in high volume manufacturing. We do not believe that CIS

i! 1 can achieve this efficiency in production without sufficient gallium to significantly increase thebandgap, thereby matching it better to the solar spectrum (i.e., x_>0.2). Competing techniques for
CulnSe2 film formation have not been successfully extended to CIGS devices with such high

Ii I bandgaps, long-term stability CIGS performance expected depend
The of module is tO entirely on

the quality of their hermetic encapsulation and the stability of any polymeric lamination materials

II under extended exposure to UV radiation. The SERI-confirmed intrinsic stability of CIS-basedphotovoltaics renders them far superior to ct-Si:H-based devices, making a 30-year module lifetime

feasible. The minimal amounts of cadmium used in the structure we propose compared to CdTe-

I] based devices makes them safer and acceptable to both consumers and
environmentally more

relevant regulatory agencies. This will significantly reduce the cost of production facilities for

It thin-film cells by minimizing waste disposal, hazardous material handling, environmentalprotection, and occupational safety related capital and operating expenses. The simplicity and

reliability of the balance-of-systems (BOS) requirements for fixed flat plate solar arrays ensure this

_] technology a majority share of the market when compared to concentrator solar arrays. In
addition, flat plate thin-film technology can utilize ali the available light, not just the direct

_ component, and operate under conditions of partial solar obscuration that render concentratorsuseless. Large-area integrated thin-film CIGS modules are the product most likely to supplant
silicon modules by the end of this decade and enable the cost improvements which will lead to

I_ rapid market expansion.
The cost analysis of the small scale batch fabrication process for CIS submodules currently

i_ _._.4 identified the key themes of our solution:
implemented in the Boeing PSDL presented i.,-.°'_
automation; continuous inline processi,ng; high throughput; large-area substrates.

The analysis of module power costs presented in §4 and Appendix A substantiate our contention

H that the goals of the PVMaT Initiative can be achieved by taking the next step to develop the
manufacturing technology infrastructure for large-area inline CIGSmodule production systems, lt
is not PV modules themselves, but the manufacturing equipment which enables their low--cost

H production in which the United States must establish and maintain a technological advantage over
other nations if we are to become and remain the primary economic benefactors of the inevitable

H growth of the photovoltaics industry in the 21st century.

II
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