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The thrust of the research.on the planar CdS/CUZS cell‘has been to
increase the short circu}t currents to the‘fevels achieved with the 9.15%
;éxtured cell.A If‘was established early iQ the contract that lightitrapping
is éssential for high currents and a front surfacé_textqring process .has been
developed to achieve this. As'a result,:$hort circuft currents hav¢ been
raisea to over 21.0-mA/cm2;. The‘highest‘efficiency aChieyéd with the plgnar
junction cell during the ;ontract was 7.8T%[ ,Cellsiheat treated to their
highest ghort circuit cgrrénts have showh F1]l factors below the design
requirement of about 74% thus putting a limit pn~achievable efficien&y;
Furtherlimprovemeng of fill factOfvand a‘smaJI additional increment of Furrent
will produce cells with efficiencie§ of over IO%ﬁ Prdgres§ has been maée on
improving the pe?fbrmancé of the'(CdZn)S/CuéS again with the major emphasns
be{ng on -improved shérp circuit cufrenté. Modifying the CdZn/S.depositfqn
procedure as dirécted by material studies‘has resulted in ;onsiderably im-
- proved short circuit éurrents during the cerse of this contract. Thg highest
shorf circuit currents have: now raisgd to,oVer 21 mA/Cm? ahq a ce?l efficiency
of-8.l9% has been recorded. Fundamenfal studies have fo§used on the influence
- of substrate composition and heat tfeatment on juhction'fie]d and. collection
efficiency. These studies have been conducted in pafallel with‘experiménts 
on photo[uminescegce in an attempt to relate deposition condiﬁions to optimum
substrate pafameéers. .QuantitatiQe‘analysis has:been carried out Of‘thé qpt,mal
ha&eriél parameters required to’maximize energy conversion efficiency. It has
been'shown that a relatively narrow range of properties in the Cd$ ané CUZS s
necessary to achieve the highest efficiencies. The'encapsulétion task has fo-
cused on trial depositions of glass applied by electron beam evaporation. A
Iimitea number of ceils have been encapsulated.behiﬁd sheet glass and-exposed.

to sunlight for a number of months.
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3. Introduction

The development of a Jow cost thin-film solar cell based on the
CdS/CUZS'heterojunction has been continued under the same four tasks estab-
lfshéd under DOE contract number EG-77-C-03-1576. During that program it
. became clear that the conversion efficiency of the conventional textured
A~CdS/CuéS cell. was limited to between 9 aﬁd 10%. The pfimary_limiting fac-
tor is the open circuit voltage and it was concluded that it would be un--
likely to e*céed 0.52 V‘because of the voltage penalty caﬁsed by a large'
jun;tion area. - Further advances in conversion cfficicney were concluded
to be possiblé'if the junction could be made moré plénaf‘with an area more
nearfy.eqdal to fhe projected areé of'the cell. Work during this year has
: focdséd'oq the planar CdS/Cu2$ cell and substan;ial imp;ovements in conver-

sion efficiency from the initial values have been realized. The goél effi-
ciency of 10% has not been reached mainiy because short circuit cu;rents ﬁavé
not yét been raised to levels achieved with the téxtured cell. It is concluded
that this wi]l'requife'furfher technology deveIopmenf'and does not represent

an ultimate limitation on the behavior of the cell. Junction formation‘by_a
solid state reaction process has been developed and substantial gains made in

photon economy with a modified front surface texturing procedure.

Development of4(CdZn)S/Cu25 cel]s-has been guidéd by the previous
experiépce with CdS/CUZS cells. Strﬁctural studies revealed that the mixéd
a sulfidés beiﬁg deposited had substantially aifferent grain morphological
strucfures to those of tﬁe CdS which gave high effic{ency cells. Modifi- ;
cations to the deposition procedures have now succeeded in producing mixed
sulfideg'with propefties much more ciosely akin to the CdS material. Con-
siderable improvements in short circuit current and fi\] factor haQe been
achiéved with the mixed sulfidg cell, and conQersion efficiencies over 8.1%

- have now been realized..
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.All ce]l‘development efforts in the CdS programs éf the Instftute-

of Energy Conversion have been directed by the output of the various ana-
lytical studies carfied out. During this year a detailed quantjtativq'study
hgs-been,madg of optimum cell performance aﬁd';he scceptable ranges of compo-
nent maferia] properties definedt 'It is found that these are relatively
narrow in order to achieve the highest possible efficiency in the CdS/CUZS
ce]l;,-ln addition, photocapécfty, speétréi response and photoluminescence
measurementé have been made in éﬁ attempt to identify‘the'trap populatiop
essential for high efficiencyenegy conversion and fo relate tHe trap popu-A‘
lation to the original CdS deposition cop&itioqs. Some progress has been'
made in this research but considerably more work is necessary before fhe.
full piéture'is.avaifab}e; .A major difficulty with batch type cell'prqdué-
tioﬁ is maintaining'consfstent material properties frbm run to run. ~ Although-
cohsideréble progress Has been made.in identifyiﬁg aﬁd mafntaining optimum
deposition conditions, it was still féundlthét there was an unacceptable.
degfee of variabiiity between substrate and substréte. In add{tion tq é
sequencé of parameter measurements to assist in selecting substrates ;apabie
-6f’producing high efficiency cells a further sglectionvprocedure was found’

to be ngéessaky. This procedure is t6 make a tflai set ofvfour cells using
" the conventional solution reaction proccss. Follqwfng a wmininium number of
heat treatments an accept-reject decision is made on the basis of the achieved
Tight generated ﬁurrent and the diode pre-ekbonentiél factor. AThis'”substtéte
| eyaluapion pfoCedufe” (SEP) has béen very éuccessful<§n preventing cell pro-
duction efforts on material which is intrinsically unlikely to reach'thé
highest -.efficiencies.. 1t should be noted however that the selection criteria’
is aimed towards achievfng the highest possible éfficiencigs( All thé CdsS

material produced would be capable of reaching efficiencies in the 7v£0‘8% range.

. -7".



Alimited level of effort has been maintained aimed at developing
an:intégkal encapsulation to prbtett thg Cuzs_jayér from the atmosphere.
Somé éuccess hés Been achieved with electron beam‘deposifed glass with
thicknesses up to 5 um. A few cells have been protécted from the atmos- -
~ phere behjnd sheet glass, exposed to sunlight and their degradation be-

. haviér.mquébred. Cells in a reduced efficiency}state wéré'restored

to pre-exposure performance levels by appropriate feducing heat treatments.



4.1 Task 1 Development of CdS/CuZS Solar. Cells

The primary goal of this phase of the research has beea to deVelep
a cell wlth_conversion efficiency of over 10%. Previouslefficlency-goals
were met by lhereasing the fill factor and shert clreuif.eurreat of'a tex-
ﬁUred cell that was limited in open circuit voltage to ~ 0.5.V. The -poten-
tial for improeing eitaer the fill factor or curreat levels achieved in ;he
9. 159 cell was Judged to be llmlted and accordlngly a major cell deslgn
'.change was made to a planar junction cell. .ln this-design the CUZS is
'formed by a solld state reactlon'between Cds and Cu2Cl2 which very largely
| ellmlnates the deep grain boundary intrusions of CUZS formed by the more
tradltlonal solution “barrrerlng process. Cells made early in thla con-
tract period were formed on as deposited CdS'but optieal'measurements"
established that this resulted in very poor.photdn‘eeonomy. Subsequently
it'QasAestablished that- some surface textdrlng of the CdS was posslble Wlthodt

significant loss of open circuit voltage.

'During the course of the contract the short circuit currents for
high open circuit voltage cells have'beea raised from ~ 18 mA/cm® to over
21 mA/cm2 while maintaining V . at >e0.5h V. The best cell efficiency
" achieved under éh mW/cmZ'ELH simulation is'7.8lzlwlgh Voe = 0.54 v, FF =

74.2%, Joo = 18.1 mA/cm2 (l9.2‘mA/cm2 at 100 mW/cmZ). Overall accuracy.is
‘estlmated to be + 2%. o A .

4.1.1 Phase 1 Planar Junctlon with Good Open CerUIt Voltage and Fill Factor
. The achievable open circuit voltage is reduced by the area of the

actual;heterojunction,'AJ, according to the following relation,

: Avoc = AkT/q &n Aj/Al

-9-



where (Al)'is the projected area of the cél];‘ At ]east-two'factors.in4
fluence the junction area, namély the morpho]dgy of the front surface
of fhe.CdS‘and the production of Cu,S down the CdS grain boundaries. The
morphologyvof'the CdS on a gross scale reflects the surface of the metallic
éubstrate and on a fine scale it is affectéd‘by the hydrochloric acid etch
: nokmélly used to texturé the surface before reaction to CuéS. The gross
morphp]ogy of the Cds Qurface cah therefore be influenced by‘selectfng
. éitﬁer the matte or smooth side of the copper substrate. Initially ceils
-Wifh Voc.in'the range af 550—570Amv were produced on the smooth side of.the :
substrate. However, refiectance measurements coubled with theoretical
analysis showed that increased photon losses would eventually offset any
VOC gafn achieved in tHis way as jong as no provisions for,improved light‘»
E trapping were made. This coupled to a decreased cell yie]d.due to CdS

adhésion problems, resulted in the abandonment of this cell design.

The fine morbhoiogy of the CdS was found to be‘key to improved
photon éfficiéncy, as’shoWﬁ in Tésk 111, Phase 7,.ana a']iéht HC1 etch
.(LE)'was developed so as not to affect VOC while algo achieving theAde-'
éiredAlight trapping (see Phase 3). It was found that as long as grain -
,boundéfy penetration waé avoided b?‘using the solid-state formation tech-
* nique for CUZS, Voc was not affec£ed.‘ Table | shows typibal VOC values
achieved with the.vafioﬁs CdS and Cu,S growth prpéesses. Since the photon
economy and light-generated currght JL dependedAon the CUZS morpholdgy

Voc values have been adjusted to constant JL = 21 mA/cm2 to permit Comparison.
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Table I

: + ' ’
- Maximum VOC as recorded’ and normalized to JL=21‘mA/cm2,-for various.cell

A types . |
Cell Substrate AEyZS Formation CdS etch ’ yoé(mV) " Comments
686.A24 Smooth ‘Solid State None : 56]+ .

o 4 ' i e ‘ o c¢,T Best Value Using
20939.121 Rough- - Solid Stéte. ' .‘12 sec. 562  Light etch
20949.212 Rough Solution - ' 10 sec. . 513 :
20949.221 . Rough . Solid State 10 sec. - 540" : -

‘ S C . + bProcessed Together
20948.211 Rough - Solution A - - None - 504 : ‘ .
20948.221 Rough. = Solid State . © Nome . 535 |

“Etch - 20% HC1.at 60°C for stated times

Fill factor'valheé are strongly affgcted'by SeF%es resistance, which
is<]arge1y determiﬁed‘by lateral current roQ in ;he Cuzs layer, which in turn
depends critically on the'CUZS‘horphology. While FF > 0.72 were achieved
using the unetched CdS/solid state Chzs‘cell‘desién, cells made using'tﬁe
Asolid state reaction process showed‘unusually large variations in series
resistance upon H, heat treatment léading to maximuﬁ Joer ,The.maxiﬁum‘con-
vvéfsion efficiencyAwaslachieved at véluesvof JSC belpw maximum as illustrated

| in Tablé'll. This is fnferpreted as due to.thin'CUZS regions tgused by.the
lack of'uniformity of fhe evapérated CuCl léyer on the CdS surface, leading f
to hfghARs when the Cu25 sfoichiometry ié'ﬁigh; This obstacle to intégral‘“”

cell optimization is further analyzed in Phase 5.

" Table 11

Céll Parameters at Maximum JSC and Efficiency for ﬂ939 Series . '

: o 4 v J <’ CFF T n R
Cell State. © (] _[mA/ch?] 2] (%] [fcr?]
20939.122  Maximum efficiency - 555  ° 17.h 72.2  7.51 - 2.56

Maximum- current i 540- 18.5 6L.1 .6-89' . h.h2



A\Study of the influence of heat treatment temperature on fill
factor revealed that at 200°C‘a non-recoverable loss of fill took place.
Figure 1 shows that substantial heat treatment at 150°C can be carried

out with only a small decline in fill factor.

L4.1.2 'Phase 2 Achievement of Low Photon Losses

THe low photon'loss in the traditional tekt;red'cell'is in part
dué to the anti-reflection effects of théAtextured surfaces. The high-
‘index of refraction of CuZS will produ;e major first surface reflectiOn'A
Ioéges with a smooth surface and it has been clear for some time that
the planar celi will'require development of a good anti-reflection tech-
nolbgy.‘,A single iayer'anti—reflection coating can in prihcipa] achieve '
zero reflection.at one specific wavelength but in the absence of te*turing'

it would not be expected to achieve the low photon ]osses_required for

. high eFficiency cells. By using two layers it is possible in principal

to achieve zero reflecténce at’ two wavelengths. By appropriately posi-

tioning these in_thé active photon range of the éolar céll'one can anti-
cipate having a low overall front surface reflectancc of ‘less than 5%;-
.Moasufementﬁ with an jntegraL?ug'sphere showed that for cells with Cuzsv
thickﬁess,d,less than about half. the electron diffusion disfance (=1500 R)
és requiréd for high carrier collgct?on efficiency; bhoton losses due to
reemitted light were Iimiting JLleven in doub]é']ayer A-B planar cel]s§|;2)

[(3) (2)

Experimenta ~and analytical work, showed that modificalion of the sub-

strate texture to increase light trapping was a low benefit option. Of

‘the other two options, texturing the front Cuzs surface or texturing the

front surface of an anti-reflection cover applicd to a smooth Cuzs layer,
the first pfoved fruitful. Based on the analysis (Task 111, phase 7) the
front surface of the CUZS could be expected to be amenable to texture with

minimum V loss.
oc .

-12-
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A 1ight etch (20-25% HC1, 60°C, 10-40 seconds) was developed,
",that achieved a decrease in reflectance with no significant decrease
in‘Voc and a substantial gain in J,. The best current achieved in

an untextured (unetched) €dS/Cu.S cell was 19.8 mA/cm2 (IOOAmW/cmZ);

2

As shown by the results in the following section the light etch gave

-

'T'Iight'generated currents up to 21.8 mA/cm2 while maintaining Voo 2 0.54 V.

4.1.3 ~Phase 3- Combine Technologies to Give JSC 2-27 mA/cm2

TheAmnSt significant improvement in short.cfrcuit‘eUErcnt was

" achieved with the int;oductien of the light texiqring HC1 eteh. A
,seqﬁénce‘of three experiments were carried odut to determine the optimum
combination of etchfng time and,tuZS thickness. . The. experimental condi-

tions for these experiments were as follows.

,eExperiment #2 ' Substrate #20939 Resistivity 1. .2 Q- em

Etch times éZ 25 40 seconds. Cu S thlckness ISOO
1000, 1900

Experimenti#B Substrate #20960 Resistivity 2.0 g-cm

Etch time 25 seconds (20% HCI, 60°C). Cu,S thickness
930, 1800, 3000 A .

Experiment #4 Substrate #20952 .Resistivity 3.0 Q-cm

Etch time 25 seconds (20% HC1, 60°C). Cu,S thickness
1200, 1700, 2300 -

. Figures 2 through 7 illustrate the various cell parameters as a function
of the process variables, Figures 8 through 10 reveal some of the interdepen

"dence between the operating parameters.
" From these data the following conclusions can be drawn.

The optlmum CuZS thickness under the present cell production condltlons -
-is between 1500 and 1700 R.

et



The short circuit current (or J,) is relatuvely insensitive to’
etch times between 10 and 60 seconds.

The open circuit voltage trends slowly down with the etching
time .

The efficiency probably maximizes at ~ 25 second etch time.
The short circuit current (or J,) dominates the achievable
efficiency under the conditions of these experiments.
- Further development work is planned to improve the short circuit’
current. A further increase of about 13% is necessary to achieve 10%

conversion efficiency at 0.54 V.

L.1.4  Transfer integra] Encapsdlant,from‘Task L

Progress on the integral encapsulant is described in section 4.h4.
The technology has not advanced to an appropriate stage to introduce into

the cell development efforts of Task 1.

4,1.5 ‘Statistical Sample of High Efficiency Cells.

A total of 36 cells.were made as part of experiments 2,3 and b deSj.i
cribed in section 4.1.3. The distfibution of I Voé and efficiency'ingiven
in Figures 11 through 13. It should be noted that the cell preductienlcondi-'
'tions’cover a broad range-of both etching time and CuéS thickness. The‘fesults
for eeils‘made usipg the appareﬁt'optimum values for these variables (25‘secend§,

1800 R) are'iden;ified on the figures.

0f the 36 cells, 5 (14%) were shorted. Twenty-six cells (72%) ex-
ceeded 5% efficiency. All the live cells (86%) exceeded 0.54 V open circuit

voltage;
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L.2 Task 2 Development of (CdZn)S/CuZS Solar Cells

There has been no difficulty historically with achievfng high open
circuiﬁ voltages with (CdZn)S/CUZS'junctions. The analysis that the improved
electfon affinity match reéults in a higher barrier to forward electron flow
appears to be well foundgd and supported by the available evidence. The main
:chds of the research effort has therefore been directed to'ihcreasing shoff
'.circqit.currents with the goal be}ng set b? the achjevements with the CdS/

Cu2$ cgll,

In addftion to sefting an ”achiévable” cufrent level the CdS/Cuzs
experience_has also provided detailed guidance for ceil production moditfi-
catioﬂs; Specifically the desired (€CdZn)S morphology, grain structure
‘resistivity and phoﬁo]uminescence and the junction morphology have been

judged from the-CdS/Cuzs experience.

- 4.2.1 ‘Phase 1 Optimum (CdZn)S Films

Film Growth
" The p:epdl‘?tiuu ufl 20-30 ai thick (CZu)Ss Filws having zinc composi=

tions in the ranée of 10-20% with rgsistivity<values less than 20 ohm-cm is
‘now routine. Films exhibiting these propérties, and which a;e compositionally
.‘homogeneous over an eight centimeter square.sUbstrgte, are achieved using a
concentric evaporation source. During the first part of this past year, a

' compénfén‘CdS'film to each (CdZn)Sifilm was grown using idgntical conditions

of source temperature, sdbstrate temperature and orifice geometry and size -
within the source. Solar cells were simultaneously fabricated on the compaﬁion

films thus allowing for the relative compariéon of Voc’ jsc and FF.

Table 3 shows (CdZn)S and CdS cell data for the best cells (no A-R)

fabriéated using companion substrates. For comparable fill factors the short
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Table 3

Cell Performance for (CdZn)S.and:CdS Cells made in Parallel

. ELH simulation at 87 mw/cm2

Before Heat Treatment

After 16 hrs. :in CO @ 170°C

Cell #  Zinc ptohm-cm) R( m/mih)‘ v (V) JSC(mA/cﬁ?)"‘FF(z)

1-214-111 14 15 z.é: .590’ 14.36 . 73.2 1A7:1' ‘;579.
1-215-1i2 0 2 a7 ks 1h.96 L 739 6.3 476
l-zis-lii 16 no Lo ;575' 1582 68.7 7.2
217114 0 R .,hh7“' 16.52 - 54;1 ';.h‘

15.56

17.06 o

7.9

64.2

a® ) L i/e?)  FEG) n()

7.4

6.0




circuit currents in the (CdZn)S devices are typically only 4-6% Jess than

in the companion CdS devices. The difference. in VOC Between companion

pieces. remains approximately the same with heat treatment. Although the
. two'éubstrate sets show that the VOC value is less in the (Cdzn)S film
. with greater zinc‘cbntent, the VOC difference for the two sets of companion

. pieces. increase with zinc concentration. This companion substrate approach

indicated that the concentric source desidn could produce good cell perfor-

" mance grade'CdS, but that the required growth parametersAfor optimal (CdZn)$S

was different than for optimal CdS. Theretore, this companidn substrate -

approach was discontinued.

: Presently, the modified concentric source bottle shown in Figufe ]5
is employed for the growth of (¢dZn)$ films. This design has eliminated fhe

difficulties associated with the condensation of material in the bottle

thréads, which prevents cap removal. The tantalum heater used is constructed
" to assure that the temperature in the mixing chamber exceeds the temperature

"in the charge chambers.

Film Characterization

Three techniques are used to characterize as grown (tdzin)$ films:

" electrical resistivity, scanning electron microscopy, and photoluminescence.

The through-the-film electrical resistivity is determined using an Indium

'dot'as one contact and the copper.substraté.as the other; a resistivity value

is calculated only for those sambies which eihfbit linear |-V characterispics.
When -the resistivity is gréater~than 20 ohm-cm, it may be reduced by heat :
treatment in a flawing hydrogen ambient at tempérétqres above 200°¢C for‘several
Hour;.‘ Figure 15 shows: two rebrésentatiye plots of the quantity p/po, which
is. the ratio of the réduced resistivity to the as-grown reéistiVity,‘versus

hydrogen heat treatment time at ZSQOC. These preliminary data indicate that
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" (cdzn)s resistivity can be reduced to approximately one-third for as—growh

values in the 20-100 ohm-cm range.

?igure lé shows the scanning electron micrqgraph.o% the top sur;
face of a (Cdin)S film which has had the grain boundaries decorated by
CuZSf This boundary decoration is accomplished by first forming'CUZS '
~* from the surface of the (CdZn)S film by the solution pr&ceés, then

',strippingwihe Cu25 with KCN; the removal of CuéS»fha; haé fofmed down the
- grafns reveals the boundaries.AAA technique has been developed(h) to-'
Aanaiyzg the average grain size in the plane of the Film using these
mic%égréphs; Figure 17 shows a plot of the derivé@ grafn size versus
the.avéragé (€dzn)s film growth rate.'.Thé-déta represent two.sets q%
épproxfmately isocompositional (v 15% zfnc) (cdzn)s films, one set pre-
pared at substrate témperature of.l95°C; the other at 230°C. Since-Cqu
jngrUSions are most likeT? to occur down grajn boundéries;_and‘to the

" extent that deep intrusioas aré deleterious to cell operation, films w}th
the . largest average grain size éfe preterred. Accqrdingly:films are pre-
sently prepared at.a'growth rate of approximately 2.0»um7min on a 225°
5ubs§r$te.' These initial results‘of grain -boundary analysis have pfoven‘

valuable, and further application of the technique is intended.

Figure 19 éhows}a piot of the:energetic posftion of thé free exciton
pgék for (CdzZn)S film.as a function'qf zinc concéﬁtration. The zinc céncén-
o tratlén.was inferred from the lattice constént_Qerus zinc compositfon rela-
- tionship which had been established for earlier Filhé:(e) Thus, from a measure-
ment 6f the exciton peak energy a value of the zinc concentration may be'ihferred.

In addition a qualifative evalqationrof the (CdZn)S film can be made using the

relative peak heights of the three major bands. Specifically, the absence of

_32-



14

L2
1.0 o270
— ' x=214 po~408L-cm
: 0274
8 x~.24 pg~21 Q—cm
P/P0O
85T
41
e
0 | | | | | 3
0) 5 10 o SRR s T 2o 30
H.T. Time (hrs.) in Hy at 250°C
Figure 15 Influence of Heat Treatment on the Resistivity

of (CdZn)S Films.

_33-



Figure 16  Scanning Electron Micrograph of the Surface of a
(CdZn)s Film After Formation and Removal of a CuyS
Layer x 5,000,
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the*freeete-bound transition results in devices having lower Voc than would
" be anticipated from a given ziﬁc combosition.' The long wavelength band is
generally observed in all (CdZn)S films; when this band has been observed
e.in CdS, it is found that the lighf generateq current of Cuzs cells fabri-
‘ cated en it are influenced by a wavelength‘dependent collecter—conQerter
: juncfion‘field. Work centinues toward the identification ef the lattfce‘

defect responsible for this emission.

. 4.2.2 Phase‘Z Development of Junctlion Formation -

Relationships of Cell Characteristics énd'Cuzs Formation
The chemical and morphologlcal detalls of the formation, and the

electrfcal and optical consequences on the operation of ‘the Cu,S-(CdZn)$S

2
junction, have been investigated during theApast'year. Table 4 shows -
relevant componentAproperfy, cell formation and cell'property data for
- two sets of companion subStrate'samp]es. On one set the Cuzs was prepared

(7)

by'the standard solution process, on the other by the solid state reac-
tion process. The perfdrmance of these cells has not been fully optimized
nor do they have antl-reflectlon coatlngs which has a particularly strong

effect on the currents and hence on measured efficiencies.

The li;ted parameters ind%cate sigeificant differences in tHe junetion
4stfucture}for thel(Cth)S as compared to the CdS. The dark capacitances for
the (CJZn)S/CuéS cells are approxiﬁately tQice fhose for the CdS/CuéS having
-'the same treatment sequence. This could be eifher~a major dffference in the
junction area, or a consequence of slower diffusion of compensating copper
%n;o the (CdZn)S. The degree of change of the open circuit voltage in the
(Cdzn)S is quite dramet?c.indieating that the morphology of the junction is

sensifive to the CuZS formation procedure. Although the a-c shunt conductance
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1|me Dependent V¢ in (CdZn)S/CuZS

76 Solar Cells

}/—Smooth Substrate/Solid State CupS o
A | Mi60B1-2

e A ) A 4

_Matte Substrate/Solid State CupS

MI54A1=2
/ T%—e__ 2, MISOAI-2
Smooth Substrate/Solution CusS

/-_Mc’n‘e Substrate / Solution CuzS

MI54BI1-2

40+
oF C ; 5 10 ' 15

- Time o’r Open Circun‘ Voltage (mmufes)

‘Figure 20 Time Dépendent .Vcc for (CaZ-w)S/CuoS C Hs of Various
: Designs. :



Table 4

CdS/CuZS and (CdZn)S/CuZS Cell Data

Cell Formation

- €dS Surfaéé‘ ‘ Smooth . ‘ ‘Textured
CUZS'Formation 4 Solid State ~ Solution
~ Zinc Content A 0. 19% 0o . 19%

Substrate Piece o . o :
Numbert ‘4 . 1-155-11 . 1-164-11 ~1-155-21 ]-154-2]

‘Component Properties v

RésiStivity(Q-cm) S . . A
CdS or (Cdzn)S ' 6 15 o 6 15
'YCUZS Thickness (R) - 2180 1370 - 3146 2480

Cell Properties

v_(v) | 500 501 . 616

655

. 0¢ . ) .

J_ (mA/em?) - SRR 9,35 . k5 0.8
FF (%) - R 69.1 . 66.0 . 711 66.0
n (%) o 3.82 405 5.18 - 4.37
'csh(a-cmz)*'xlo'3 1.76 2.622 . 1.98 N
C/A Dark(nF/en?) 7.7 18.0 16.0 133.0
C/A AMI (nF/cm? | 59 65 74 93



is lower for Cuzs formed on the (CdZn)S by the solid state process, both
conductances are higher than observed in the CdS companion prices. Previous
experience with the CdS cell has shown that high shunt conductances are
related to defects in the CuZS layer, in particular the intrusion into the
CdS by the Cu25.

(

As has already been reported 2) (Cdzn)S cells often have open circuit
voltages which decay with time. Experiments conducted with cells manufactured
by the solution and solid state reaction show quite substantial differences '
in behavior. Figure 20 shows the open circuit voltage decay for a number of
cells that have.significantly different junction morphology, owing to the
manner of Cuzs preparalion. It is scen that the more stable cells are those

expected to have the most planar junction suggesting the temporal instability

is related to the morphology of the junction.

CuZS Morphology

Optical cross sections were employed to illustrate differences in
Cuzs morphology accompanying different formation processes. Data weré gathered
for a range of (CdZn)S compositions for which the junction with Cuzs was formed
by the solution process. These data indicated that the linear density of intru-
sions and their average penetration depth increased with increasing zinc compo-
sition. This optical technique did not reveal evidence of Cuzs intrusions for
(CdZn)S/CuZS junctions formed by the solid state process, although the time

dependence of VOC decay persisted to some extent.

The Cuzs morphology is revealed in considerable detail by using an SEM
to view free standing Cuzs from which the CdS film has been dissolved away.(B)
The SEM micrographs of the free standing Cu,S reveal the existence of 6-8 um

long cone-1like CuZS structures (i.e. "intruding' into the (CdZn)S. Cu,S$

alif =



Fig.21 Scanning Electron Micrographs of CujS removed from CdS
and (CdZn)S cells.
a) CdS cell 778.B14
b) (CdZn)S cell M154.B11 (19% Zn)
Both micrographs x 10,000
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intrusions are also présent at-CdS/CUZS'juncfion, however, they appear 
as ''walls'' around the CdS columnar boundaries, and typically extend oniy
1-2 um into the CdS. Figure 21 -shows repre;entativéAvfews of these two
types. These intrusions are expected to strongly influenée the solar
cell devfce characteristics;vand the VOC value of device§ exhibiting long
ﬁone-]ike intrusions‘is~fouﬁd.to decrease when. the ‘'device is held in the
open circuit condition. The formation ofi£he$§ intrhéions is expected to
depend on the (CdZn)S hitrésfructu}é, and will also'be,inf]uenced by the

manner in which the CUZS is formed.

This new information about the (CdZn)S-Cuzs morphology‘requires a

@odification_to thé earliér model(7) QSed‘to gxplaih Voé decay, andfshggesfs
an alternatiQe méchén?sm;A Initially, it was proposed<thét'fhe decay oécurs

~as a consequencglof charging effecté (i.e. traps;«their distribution ana .

density) in the depletion region of the (CdZn)S. It is this effect. which

is embloyed to interpret time dependent dark |-V characteristics for CdS/

(7)

Cu,s ceTls.(9) For the (CdZn)S/CuZS cells it was proposed that even
'w1th light there~were nof the necessary pdpulation Qf hole traps, and/or
thé-hole.traps.were not being charéed'in the critical junction'region;. The;'
' 'existenée of cone-lfke'Cuzs'intrusions suggests that tunnel}pg becomes a
factor in the jun;tioh operation. Since the appropriate wa&elength light
does not reach thése deep‘éone infrusions, the reductfon in the space chargei:
region, aﬁd hence fhe higher collection fjelds, occurs only aftej suf%fcieﬁt ,
tihe has passgd to trap hofes, As holes become ;rapped, the fields beqdme
larger as a cohsequenée.of the point éeometry of the cones and tunneTing is
pr&motéd in Fhese,regions. The.tiﬁe dependence is assocfated-w?th the
narrowing of the space charge region at points which are at different-depths
bélow thé junction. As aACOngequence of these varying depthé the amohnt of

light reaching them and the speed at which the tunneling takes place will
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vary. The decrease in VOC is due to the fact that once tunneling is
established, these regions carry a higher current than the planar regions

of the junction and in effect have a lower barrier height.

An alternative mode! which relates these Cuzs cone intrusions

" to the Voc time decay involves the motion of copper. At,Voc'in the light,

» 'whi¢h'tends4to promote the motion of copper in the Cu

" a potential difference exists across the length of the cone intrusions

2S toward thg back
electrode, _At the coﬁe points the copper cah preclpltate'étAgrain bounj
daries leading to a juﬁbtibn shuﬁt. The magnltude of the shunt, and hence
the reduétion in Voc will depend on the amount of pfecipitated copper, which

in turn depends on time. When the light is removed, the cépper dissolves

baqk‘into the Cuzs cone intrusion, thus rémoving the shunt and allowing the

- observed VOc recovery before the light is next -applied.

- 4.2.3 Phase 3 Application of CdS Cell Fabrication Technology to (CdZn)$S

During the'bést year full integration of (CdZn)$ films into the CdS

‘ce]fvfabrication process has been accomplished. * Several process variables

had to be adjusted to ensure cell yield. For example, in order to avoid:

shorts since the (Cdzn)S films were typically less than 20 ym thick, it

© was necessary to reduce the HCl etch time for film texturing. During the

coming year alternative texturing etches will bé'invesLigated In order to

exercise greater control on the cell texture.

(7

The utilization of the standard CuCl! solution for the junction ;

formation yie]ded‘CUZS.of suitable thickness.(equivalent thickness 300-400 rm)

with stoichiometfies that could be dptimized by- subsequent reducing heat

treatments. Prior to this year the heat treatments resulted in a general

éegfadatlon of all cell propertles'(lse- Voc’ Jse

and FF). However with

 -bb-



the improvement of  (CdZn)S film quality, (CdZn)S/CUZS cells are now
responding to cell heat treatments in a similar manner toACdS/CUZS

cells.

Thé teéhnology for tHe evaporation-of 32.5 line/cm gold grids
and the application of d0uble<]ayer A-R coatings, which have been
developed for the CdS/CuZS cell, have been successfully transferred to

'(CdZn)S/CUZS cells.

L.2.4 Phase 4 Statistical Sample

Figure 22 shows the distribution of the best conversion efficiency
and the best current density at 100 mW/cm2 illumination for nine cells which

have a double A-R coating (TiOz/SiO The nine ceils.were selected from an

2)'

“initial set of sixteen cells from three different substrates. Prior to the

selection of cells to receive the A-R layer and subsequent optimization of

CUZS stoichiometry fourteen of the sixteen cells were over 6% efficiency; two

: — J .

were shorted. The best V__ values, calculated from V__ = EI-ln TE-at jL =
oc _ oc ¢ Jo

20 mA/cmz, were in the range of 580-600 mV; the zinc concentration for the

" three substrates was approximately 10%.-

Figure 23 shows the current voltage curve of the most-efficient cell
(8.19%) from the above sample set measured under an ELH simulator intensity -

of 92 mW/cmZ. The 68% fill factor is typicél of this set of cells which

.‘génerally had fill factors between 60 and 70%. The values of lumped series .

resistance and sHunt conductance calculated from the |-V curve for the cell
in Figure 23 are 2.9 ohm-cm2 and 3.22 x 10_3 ohm—]cm_ . respectively. The
shunf conductance is the major contributor to the fill factor loss, and is

probably indicative of intrusive CUZS‘morphology. Although less of.aAfactor,
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the series resistance is still somewhat hfgh, and is probably a'conseduéhce
of the ;éiétive]y high resistivity (100.ohm-cm) of the (CdZn)S film. It is
an?fcipéted that the development of non-intrusive CUZS will reduce shunt
losses in fill factor, and that the achievement.of lower (CdZn)S film resis-
tivities with continued development of po;t-déposition heat'treatmeﬁts will

. reduce the series losses.

4.3  Task 3 Electro-Optic Analysis and Modeling

The ‘testing cells for basic curfent-Voltage performance continues
to provide the day to day ainection for the cell deveiopment tasks. Longer
term direction for programs i's provided by the in-depth studies of varlous
Aaspects of cell structﬁre and operation. Particular attention has beeﬁ
| given to the junction field in the CdS and (CdZn)S ana to the identity and’

role of hole traps.

-h.3.l Phase 1 Feedback Analysis

The substrate evaluation process (SEP) was devised in order to allow
% relatively fast method of quéllfylng material wmade by the sténdard process.
“an a pass/fail basis. In qgneral,.one piece (4 cells) was taken from a sub-
.strate and sént through the evaluation‘process; the substrate was then passed
~.6r’failed according to fhe pertormance of that plece. ‘lmmedialely after manu-
factureAand each heat treatment, the cells.were:fesfed. if a fill factor
greatér than'SS% was achieved, the values Fér R, G, JL and Jo were coﬁputed.
A set of standard.ized cfiteria, based on the values of FF, J

L

employed to determine the next heat treatment tor each of the cells. The SEP

-and J_ were then

continued qntil'é piece had at .least one cell with JL > 18 mA/cm2 and a
95 5 5 X IO_8 mA/cm2 (not necessarlly during the same test). A piece failed.

if JL or JO did not satisfyvthese requirements, and if the cells on that piece
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did not respond to the appropriate heat .treatments.

A statistical analysis-of the data from the SEP was carried out
to deterhine if we could discriminate between passed and failed mafgrial
. at.an earlier stage, and to attempt to fdentify any parémeters that-might
4éc¢ount for the poor performance of the failed material. The process con-
ditions-and the initial 1-V parameters were treatea as continuous random
variables. For each éarameter, .the sampie from the material fhat féiléd
was compafed to the sampTé from the material that passed (pieces that
technically failed, but'which caﬁe close to passing were cléssified as
borderline and not iﬁcluded in the statistical tests). The comparisons'

(10)

were made using the Wilcoxon two-sample test (IMSL subfoutine-NRWRST)"
and the sample distributions were displayed hsing an available graphics
program. A full description of the statistical~énal?sis and the graphical

displays are given in Appendix A.

‘The conclusions drawn from this analysis are as follows:

1. Several of the initial I-V parameters allowed-discrimination

" between passed and failed material.

a) The maximum initial fill factor discriminates strongly. The
Wilcoxon test shows a highly significant difference between
the passed and failed samples. (See page A-3). This result:
can be seen graphically (Fig. A-1). A horizontal line drawn -
through. the 66% fail factor mark divides most of the passed

from most of the failed material.

b) Ability to discriminate was also observed in the variables
R, G and Jg ‘

2.. JL and the parameters measured after evaporation (CdS thlckness;
THCDS{ Résistivity 0, Photo]uminescence PL) showed no ability to discriminate..
?or example,APL - tHe ration of the relative peak height of the greenAedge
emission ( 520 nm) to the relative peak height of free exciton ( 488 nm)

was tested with the Wilcoxon ‘and showed no significant difference between the
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passed and failed populations. See pages Al6 and Al17. it must however be
rememberéd that all the material submitted for SEP was groWn‘under the con-
ditions established for acceptable CdS. Previous use of photoluminescence

to assess the-quality of the CdS covered luminescent behavior well outside

. the range dealt with here.

3. About half of the material failed due to one parameter alqne_-'

J,. . In other words, about half the material met the JL requirement of

(o]

explanation of this is a morphology problem, since J0 is related to the

‘effective junction area.

4.3.2 Phase 2 Junction Field in CdS

In addition to measuring variations in junction field by means of

the spectral response technique, the field can also be obtained from the

- capaciténcé of CdS/Cuzs célls,'measured on the set-up described in an earlier

(11)

report. Recent modifications to the method are described below under

PhaSe 3.

As described in a recent paper(lz) the junction field Fo in the uniform-
Spacé-charge approximation is proportional to the capacitance C according to

the equation.

Fy = 2{vp-v) _ 2{Vp-v) ¢
. w ' €€, A

where w is the width of ‘the depletion layer,vVD‘the diffusion voltage, V the

“applied bias voltagé, and A the ‘area of the junction. Changes in V and in

white-light intensity ¢ strongly affect C.
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Figure 24 ‘Varlatlon of Inverse Capacitance with Bias Vo]tage and .
[Tlumination for a CdS/CupS Cell.
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Figure 25 Variation of Inverse Capacitance with Bias Voltage .and
Il1tumination for a CdS/CugS Cell.

-52-



The spectralicontent of'thellight striking the celj also has é
strong effect on capacitance because of the loading and unloading of
hole traps. Preliminafy.data on C versus V variation in two cells ex-
cited by either a blue beam alone or by blue and red beams simultaneously
appear iﬁ Figures 24 and 25. The blue beam is produced By passing light
from a 50-watt tungsten-iodine lamp thru color glass filters so that
'350.nm < A < 580 nm'approximately. The réd beam is produced by passing
light from a 650 watt tuhgéten-{odine lamp thru a filférHthh short-wave-
]ength cut off ‘at about,660 nm. " Intensities were adjusted répeatedly to

“maintain the current output of a monitor Si cell constant at its AMI value.

" . The curvés strongly depart’from a linear fncrease.of C-2 wi;hjre— '
verse bias, except.for'limited-rangeé under-blue.light,alone aﬁd near 2ér6
bias.” Even .under the blue‘beam alone, the s10pe‘graaually increases‘asAthe
biés_goes farther into reverse. The addition of réd light strongly decreases
C in cell #725 é};Z, which had good efficieﬁcy. The effect is to rafseAfhe
general level of the curve while its slope changes to fhe opposite sign near
‘ zero bias. Th{s effect proEably reflects the introduction into the.dépletjon

region of a high density of‘free~e]eCtrons from the Cuzs.

In ccll 727 B1-1, a lower efflclency cell, there is much less change
in C at small bias upon‘turning on the red beam. At larger vafﬁes of reverse .

bias, ¢™2 for either  illumination diverges markedly from linear with v,

Because of 5uch‘anomalous behavior and because of the la?ge differeﬁces
between th cells whose pekFormance paraméters are noé strikingly différent; it
was decided to obtain further C-versus-V data for varying levels of gbi&gflight
illumination for other cells. [t was considered especial]y‘degirablé.tp deter-

mine behaviar at very low, but non-zero, values of ¢. These data, as (A/C)2 -
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.versus V piots, appear in Figures 26 and 27. Table 5 gives ¢ for the nine

curves for both cells. Again aAlarge difference between two cells was seen.
It is believed that the results in Figure 26, for cell 20860.111, are more

characteristic of cells of fairly high efficiency. We will discuss these

~

results first.

Table 5

White Light Intensities for the Curves Shown in Figures 26 and 27.

Curve. : ‘ glgAMl

0 ~ 0(dark)
1 ‘ 3.4x1074
© o 9.1x107H
.0034
.011
.035
0
.33
1.00

o N oYU W NS

Dark capacitance -is seen to be almost constant wlth V except at

- large reverse bias, V ¢ -7 volt. This is consistent with the interbre~

- tatlan of capacitance resulting from an insulating layer composed of the

»Chérgé-compensated regibn rather than from the débietion layer proper.
Thus changes "in the,reverge bias which chaﬁge depletion layer'thickﬁess
w would have little effect on capacitance unfil‘w reached the limit of
the compensated region. This may be séen at - 7 volt, where C begins to
Aecreasg. The possibility that this behavior at large reverse bia; is

associated with conduction effects is however not ruled out.
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Figure 26

Reciprocal Capacitance as a Function of Rias Voltaae for Liah*



Cell 20859.112
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Figure 27 Reciprocal Capacitance as a Function of Bias Voltage of Light
Intensities Given in Table 5, At AM1 the Capacitance is
Approaching Zero.
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Each curve_has threé or four apparenfly straight-line regions in
reverse bias beyond about -0.5 volt. Even though Boundaries between these
regions are not in every‘case clear, a consistently finear region at sﬁall
reverse bias can be seen in every curve, with a clear-cut variation of slope
with ¢. Namely, the slope of these regions gradually increases from dark
' fo about @ = .0034 AM1, after which it gradually deareases to the highest

intensity, ¢ = AMI.

We can take this slope to be inversely proportional to effective

donor density NDK = ND - NT according to the equation

»

- C - qeeoND :

A2 _ Z(VDA; V)

where ND is the donor-density in CdS and NT is the density of'negatively
ionized acceptors in the compensated region. - ngure 28 shows how ND* varies

‘with-o.

o
v

The observation that N ™ first decreases and then increases as the

D
illumination of celd 20866Llll.increases'is unexpected, but may be'the re-
§ult of a'competitipn between two processes such asfthe following: (J)VUnAer
.mére'intense light, ¢ >:.003h AM],'hoIe trapping preddminates.‘AThe short-
wavelength compéﬁeht‘of § produces élecffon-holc psirs, alldwﬁng the deép
traps to.capture holes in incréasing numbers. (2) At lower intensities}

0 <o ¢ :0034 AM1, electron trapping predominates; Free eleétrons broduced

in the Cuzs by the 1ong;Wavelength component enter the Cds, where they in-

crease NT and thereby decrease ND*.

Cell 20859.112, which had a somewhat-lower efficiency, showed‘sig—

nificantly differént variation of C with V, except that C again was almost
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Figure 28 Ef-ective Donor Density as a Function of Light Intensityﬁ



constant in the dark. The difference between dark capacit;nce and cqbaci--
tance at AM] was much less in this cell, so that the curves for different
intensities largely overlap. As in the more efficient cell, a Tinear rggion
in the 1/¢2 versus V curve at low reverse b{as occurs fairly consistently.
Howéver,'as ® increases, the slope for this cell continues to increase,
until, near or at AMI?<a region with V < -1.26 volt occurs where C goes

to zero, allowing the SIOpe.fé become unbbﬁnded. The'derivedivariation

in ND* is shown in Figure 28.

- Further measurements and-theoreticaf analysis is needed ih this
area and exper}hents will be done»on'a series of cells to determine why
th such divergent sets of curves can be obtafﬁed. Also, Variétions iﬁ
response with changes in intensity of red and blue light'ovér a wide
range may be instrﬁctive. This method may separate the two competing

mechanisms mentioned- above.

4.3.3 Phase'3 Junction Field in (CdZn)S

. Spectral response measﬁrements and photocapacitance“measuremehts
have begun on mixed sulfide samples, ‘comparing results to ‘those obtained
with CdS cellsAasla baseline. This has been accompaﬁied By improvements
Ih the éet-up.of both types of_expefiments, affofding greatér accuracy:
and flexibility fh the techniques. A full description of the spectral_

.Eesponse equipment is given in Appendik B.

The geneféTIbehavior'of the (CdZn)S cells is similar to CdS ?elis
w?th ﬁhe aﬁticipated shitt in the band edge peak. Figures 29 and 30 show
this shift most clearly in the collection efficiency curves without bfas_
Iight. » v
‘ _5‘9_



 CdS/CupS

.4  ] — T T , l
| . l/'"whHe'f bias

3 s
2+ -
E .
‘ : | | I I | . _1
400 500 ) 600 700 800

~ alam) |
Figure_éé Spectral Besponse of CdS/Cua$S Fell #M112 Bl1.2, -



400 - 500 600

(CdZn)S/Cu,S

4 T l ™ -

- %//;ﬂwmnfmas}

~ X(nm)

Figure 30  Spectral Response of (CdZn)S/Cu2s CeH" #M11) BY. &

800



In the photo#apacitance set-up, sample mounting has been improved,
SO that cé]1s are presently mounted on a tempérafure‘coﬁtrolled block in a
lgght*tight box with a window on which filte?s are mounted. Errors reSUiting
A,from<§ariation of & across the cell and in the pro£e$s §f sétting ¢ have been
idenfified and eliminated by adding a diff@ser, so that there is no imaging
ofifhe,soufge on the sample. Components recently added to the systemiinqlude
:a cqntroliable cryostét able to maintain températUré anywhefe from 77 to.300 K;v
a hiéh-speed shutter for transient capacitance measgrements, and é chart

recorder.

4.3.4 Phase 4 Quantify Junction Recombination

Losses résultiﬁg from eleétron-hole recombination at the junction.
limit the availasle current and voltage. These losses have been measured
both by means of the photocapacitance and sbectral response of functioning
. devices. Results of an experiment on the effects of successive heat treat-

" ments are described below. .

Photdcapacitance measurements of juncfion recombination, as described
in eaflier.feports, involve measuring the capa;ftance c énd current | qf.a
ceil ﬁndef white-light infensity'Q from dark to AM1 or slightly brighter. The
light intensity is monitored by the chreht Isi‘of’a monitor silicon ée]l.A

The collection efficiency is obtained from these readings as follows

10) 1s1 (AM1)
35 x T,;(0) % A

nc(¢) =

where 35 mA/cm2 corresponds to the maximum current expected at AMI, i.e. 100%

efficiency. A is the cell area.

The junction field, Fz,is related to the capacitance at zero bias by
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where the diffusion vo]tage,'VD, can be taken to equal .75 V. A plot of

.(12)

€. against ncfl should be linear for all but very iow values of

-1
-1 nan

. -1
Bl =
TSy

Figurg 31 giveé an exampl¢ 9f su;h a plot, with quaﬁtQm éfficiency "o = 0.49.
from the nc—IninteEcept and SI/UZ = 13,700 V/cm from the F{‘-intercept. SI-
is the interface recombinatioﬁ vélocity aqd ) jsAthe electron mob?li#y in

. théiCdS.' In single crystal CdS, ﬁz = 300 cmz/V—sec, has been reporteé giQing.

a value of S, = hx]06 cm/sec.

~ Four Cd];xZn*S/CUZS cells wéré selected as Héviné fairly well opti-

miied'properties from earlier heat treatments. These properties, particularly
efficiéncy,'had;'however, deteFiorated somewhat during storage. Table 6'givesA
' fhe parameters obtained from tﬁeir |-V curves and from photocapacitance ﬁeaspre- .
meﬁts. TheyAwere then submitted to a series of four heat.tkeatments'éonsisting
usuél}y.of 16 hours at lSO?C'in éAHZ;Ar afmosphere,.and‘the parameters'were re-.
~measured after each heat treatment. Two CdS/CuZS cells underwent similar
measurements for cémparison with'thé above, befofe and aftef a siﬁgie heat‘;reat-

ment of the same nature. . The results for these cells are given.in Table 7.
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- -Parameters cf‘Cdi_xanS/CUZS Cells Following Heat Treatments (HT's)

Table 6

1. No. of HT's

VOC (V)

: JS;(mA/cmz)

Fill Factor (%)

Efficiency (%)
-

‘Si/u2(103 V/em)

/A

(mF/cmz)
/A

cdark

Cami

576

11.93

714
5.91.
.30

32.1

304

113.0

W

14.63

71.2

7.51

4o -

5.8

3.97

Cell M21h AI-1 x = 17
’ R 2‘» 'é
5740 .§8A7 5952 598k
lh.él 15.54~. 15.40
69.3  68.4  68.
7.00 7.k5 7.76
Jbo o ” ,.45 - |
16.3  12.6 -
io.? ey -
1i5.0  118.0  114.0

~ 105.0

.569

ih.oh
- 69.6
6.69
'{37
s
| 18.2

115.0

Cell M214 Al-2 x = .17
. 2 3y
- - - 570k
- - - 15.90.
- - - 62.5.
- - - 6.83 .
42 48 kg .49f-"_
1.8 16,0 19.2 13.7
ieﬁu 15,3 13.2 12.5
124.61 126.0  121.0 123.0
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Table'6, continued

- e —

~ No. of HT's

v
oc

JSC"

Fill Factor
Efficiency
nQ

3
51/“2(1,0 V/cm)

C, /A

dark
Cam /A

Cell Mz16- Al-4 x = .072

.0 : 1 S 2 3 L
552 56T 569 567 570
i0.29  14.06  16.07 - 17.02 15;8§

68 d 7.8~ 65.0 '63;5' 65.3
466 €50 7.17 '7.39'.~ 7.13
35 b3 49 51 b€

26.6 21.3 19.8 16.4 | 18.2
17:4 17.0 16.2 15.3 . 15.4.'

‘86.0 . 180.0

T Call M250

.598

[2.58 .
1 69.7
" 6.32

30

6.8

2.57

119.0

Al-2 x'= .18

.1 2 3 4
.589 isés 592 © .580
15:4h 16.18  15.05 16.47

57.9  62.8  60.7 59.5
6.34 - 7.16 5.51 6.85
o 47 39 .Ae‘

3.5 2.9 . 3.3 3.3
255 2.36 2.40 :2.33

i33.0‘ 128.6 139.0

135.0




Table 7.

Parameters of,CdS/CUZS Cells Before_énd After Heat Treatment:

.”Q'

Cell 949 A2-2

_ Befoké' After
'voc(v)_ 523 | .52]
AJscﬁmA/gmz)’ - 'g.bl : ligo.hs
Ffll Factor (%) - 26.4 ‘ h6,3'1
Ef%icighcy (%) 1;56' "5.95
| | - .58
5, /u,(10° Vem) 1.3 1.3
-cd;r;/A (nF/cﬁz)“~;. 116 119
Cp /A (npfem®) fu,gs': 53
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15,

66.

16,

Before

516

05

.26

45

.28

Cell 949 A2-3

After
511

16.53

67.8

©6.90

.48

2.53

54.5



) The variations in measured parameters for the (CdZn)S cells
exhibif the following featuregz 1) c&ark deéreases,Ain some cases by
a iafge amoﬁnt. This behavior was éxpected because of diffusion of
compensating'Cu ions into the CdS. Z)ICAMI fncréases sligHtIy for some
of ;he fir;t heat treatments énd thén levels off. This seems to pa;allel

the variation in éfficiency. 3) ng increases strongly at'first, followed

. by a leveling off or.a more gradual increase. &) Sl/u2 shows almost the

reverse behavior, decreasing étrongly at first, after which it levels off
orAsljghtly increases. Thus the optimizing quality of heat treatment is

seen to accompany a decrease in interface recombination.

fhe mqfe limited data on the tdS cells show similér behavior,'
ins§far asicompariSOn is péssib]e. In cell 949 Aé-z, which had a very
low‘efficiency before heat treatment, the linearity the Ffl plot was
insufficient to .allow ng to be determined; the value of S,/u, in Table 7
is hfgh]y uncertain; After heat treatment, both of thesg'parametefs
assumed reasqnable véluéé, as did the éfficiehcy; Note,tﬁat values of
S|/u2-in these cells is generally mutﬁ smaller than in thg Cd]_xZnXS/Cuis

cel};.

Further measurements of the effects of heat treatment are needed, -

.along with theoretical interpretation in greater depth. It will be par-

ticularly valuable to start such a series of measurements with cells having

minimal heat treatment.

C4.,3.5. idcntify Degradation Mechanisms

The reversibility of dcgradation induced by exposure to air has been

established and is discussed in section 4.k. Some insight into the effects
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of thermal exbosure'on cell propérties‘éan.be deduced froﬁ the varioUg
‘heat treatment gtudies used to optimize initial cell performance. In
. particular it has been fbuﬁd that long term exposure to a tempgraturé.
of ~ 200°C produces irreversible losses in fill factork Treatment up
to 100 hours ét ISOOC cauées oﬁly a I—é% loss in fill sugéesting that
- whatever mechanism is.operatiQe (Excessi?e CdS compensation)-will not

be a significant limiting féctqr in actual cell deployment.

L,3.6 'Phése 6 ldentify Trap Levels -

Impurities in the region of'CdS édjoinjng the junction ?n-CdS/CQZS
. cells, most probably.substitutional Cu iéns diffused across the junction,
.constitute ho]é traps.. The large’variafionsAinicoTIection efficiency des-
' cfibed above under "Junction Field'" and ﬁJunction‘Recombination” resuit

from changes in the density and ionization of fhese.traps.

In order to determine'the energy lévels of these impufitiés and

th¢ cross sections of‘transit?ons involv}ng them; experiménts have beeﬁ
,startéd.to investigate vafiation in pﬁotocgpacitance and phofbcurrent with‘

illumination. Queﬁching of capaci£an¢e:and current as affected'by'the

5pectra1 content of the light exciting cells will be described here.

Figure 32 gives the results:of aﬁ experihent using a single beam
of Ifght with wavelength from the infra-red region (&2.8 um) to a variable‘.,
cutoff Acut-between 810 nm and 390 nm. Iﬁ order to compeﬁsate for the
Qarying‘number of photons, the illuminafion intensity was adjusted ét'éach f
A so as to keep Isi’ the ﬁonitor current, constant at approximately its

cut

AM1 value. Although the current rises steadily with AC between 680 and

ut

4,80 nm, the capacitance shows a strong quenching around 600 nm.
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~capacitance under rcd light .in spite of a' simultaneous Increase in'|

A better measure of quenching comes from the use of two beams:
Beam 1 is "blue'" and constantly on, Beam 2 is ''red' and switched on and

of f ("'chopped'') to produce changes in capacitance and current. Thus -

AC = C(red off) - C(red on)
_AICdS = ICdS(red off) - ICds(red on)
AISi = Iéi(rgd off) - Isi(red on)

' Thé light sources were high-intensity tungsten-iodine lamps, followed,

for beam 1, by color glass filters passing 560 nm > A > 320Ahm and, for

Beam 2 by one ‘of a series of color glass filters passing 2.8 um > X > Acut“
Fig. 33 shows fractional changes of C and lCdS’ normalized by dividing by.

fractional change in rSi so as to compensate for effects of varying inten-

'sity at different wavelengths.

The plots are consistent with a model in'whfch blue light decreases

Nf, thé density.of electrons contained.in hole traps, so that C and ICdS

both increase. Red light introduces electrons into the depletion region,

causing an increase in NT by electron capture. We find a decrease in
cds’

. We conclude that more information can be gained an hale trap proper-

ties by monitoring capacitance rather than the cell current. This is par-

- ticularly important in transient measurements.,'Experimentsvon transient

capaci{ance have accordingly beeh initiated. Some results have been obtained

at room temperature, but no conclusions on trap levels can be drawn until low

temperature measurements have been completed.

The photoluminescence of as grown CdS films has been measured at

77OK and the dominant peaks in the spectrum tentatively identified. A
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typical emission spectrum for CdS used to manufacture higﬁ efficiency
cells is shown in Fig. 34 for,an,excitatioﬁ of 40O nm. The peak at
488 nm is a free exciton transition and the complex peak at ~520 nm is
the CdS green edge emission which is due td a transition between a
free electron and hole trapped at an acceptor level accompanied by O,
1,2, ... LO phonons;‘]3) The third peék at v780 .nm is believed to be

~ associated with an impurity or complex défect state.  Efforts. to identify

this peak are currently being pursued.

Photoluminescence spectfa are being routinely recorded for all CdS
fsubstrates grown and the ratio of the retative peak heights of edge emission
to the exciton peak is calculated. The relationship between this ratio and
: cell performance i; being invesfigated. Préliminary.results indicate ‘that
the ratio isAnot a sensi£ive prediétor of cell perfdrmance. High efficiency
cejls (n 2‘8%) have been produced on CdS films with peak ratios from 0.5—5;0.
However, the pHotoluminescencé characteristic are valuable as a predictor Qf
cell performance in a broader sense. The CdS uséd for high:efficiency cell;
. (n>8%)- should exhibit primarily th¢ exciton and green edge emissionr"ln $oﬁe
films a broad lumfnescence band is observed betweeﬁ 600 and 700 nm which is.
l believed to,bé due to multiple Thpurities; If this band is presené, the CdsS
is not suitable for the production of high effiéiency cells.’ (Virtuélly all

films currently produced at IEC do not have this broad band.)

A detailed study of the re]ationship of photoluminescenée characterisfics
to growth condifiong and CdS grain size.is nearly completed and a détailed }eport
will be written in the next quarter. A]so,_breliminary experiments will be per-
formed to‘evaluate the usefulness of photoluminéscence techniques as.a tool for

investigating the'CdS/Cuzs junction. -
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4.3.7. Theoretical Médeling

Optimal Material Properties
As the conversion efficiency of the cells approaqh'thé limits
set by the opfima] material properties, the major performance parameters,

voc’ Jsc and FF, begin to interact significantly. An analysis of the
optimal properties for the CdS and CuZS layers has been completed and

(14)

It s shown'that-fhe donor density in.the CdS must‘Be

in the range of'10]6 - 10]7/cm3

published.
with the Cu,S acceptor density about two
orders of magnitude larger, 10]8 - 1019/cm3. The CdS donor density is

largely controlled by the growth conditions and the Cu,S acceptor density

by reducing heat treatments.

Optical Behavior of Planar Junction Cells .
An analysis of reflectance of thin-film CdS/CuZS cells leads to

the following conclusions:

1) Light trépping in the Cu,S layer is responsible fof the high'

2
photon efficfency of the textured CuZS cell. It arises from the diffuse
reflection of light at the CdS/Brass'intefface; folfowed by total internal
reflection ofAthe reflecped rays at the outer CUZS boundary. A quan;jtative
analysjg(z) shows that this'efféct accounts for the low observed reflectancg
at A>550 nm for CdS/CuZS cells. From thi$ calculation, it is. seen that:littie'

is gained by modifying the angular distribution of reflectance beyond éAmiﬁi-

mdm diffuseness (e.g. from Cos® to Sine Cose) Figure 35.

2)'A further decrease in reflectance is due to the front surface
texture of the‘CUZS caused by the HCl1 etch of the CdS. In the approximation
in which A<< (typical size of texture features) a model of multiple.réf\ection

of geometrical rays can be used. The results are shown in the figures 35 and
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and 36. As the texture sharpness increases, more reflections occur and .

the total reflectance decreases. This suggests that an optimum texture
may exist for the product VOC X JL, since obviously after a certain
sharpness has been reached, a further increase would not reduce the

reflectance but would increase AJ/Al:

_76_



Reflection (%)

90

80

70

60

50

. | textured fron'r | Y A

40

| 30

20

10

Texture effects on CdS/Cu,S Cell (N0 AR)

curve o - N/
1 Front surface reflectance 12 X ' o
. =

2 Total reflectance
plane parallel layers .

3 Total reflectance
textured substrate

4 Total reflectance
- textured substrate

5 Front surface reflectance
textured front

6 Front surface reflectonce

jiffuse

| s 'sinf cos@
- Niffuse
T

— /\-. two reflections

7 - | —5 .

7////, — . - three éeflectiqns
1 | 1 l [—
’4OO - 600, 800 1000

~ Wavelength (nm)

: Figure,35 Effects of Texture on Total Reflectance from a CdS/Cqu Cell

Without an A-R Coating.

=77



- Reflection (%)
' 4
@)
]

Front surface reflectance of textured CuoS

Normally incident Iigh'r (cdl,culaied) |

90F eff

| | Ro1 Bo +ZB R01 »23
80}

Untextured

—Partially textured

~-Textured for two bounces

40}

one reflection_

30|

: . — ﬁ31:'|,

o0 L partiql‘ texture coverage
B1=BZ=0'5

two reflections

| ~Po=1
0 . ] ] | ] | ] |
| 400 600 800 1000

| deelengfh (nm)

Figure 36 Calculated Front Surface Reflection from P]anar and Textured
‘ CUZS Surfaces.

..78..



L.4 Task 4 Encapsulation for Improved Stability

A first order series of expgrimenté have been made wigh the g§a|
-of developing an integral énéapsulant. In addition a.limited number of |
cells were exposed to sunlight.while protected by a non-integral. encap-
§ulati6n.system. .The_latter'prqved in fact to be inadequate to protect

the cells from the atmosphere.

L. 4.1 Phase 1 Review LSSA Experience

. The repiéw of theAreports:frbm‘fhe LSSA project haQe éoncludeﬁ
that only an inorganic glass will combine total hermetic séaling;'high
transmissiyity(and-res?stance to long term'weatherfng-ana degradationu:

-Accbrdingly the development of a glass bésed,infégral'encapsu]ation4was
fnftiéted. Electron beam evaporation was found to be'a promising teéh-

nique for depositing the encapsulant directly onto the surface of the cell. .

4.4.2 Phase 2 Optical Quality Encapsulant -

‘Several glasses were deposifed by e—Beam evaporation up Eo a:thiék-'
i ness of several microné, Depoqitidn rates of R0 toA7O R/sécf were readj]yA 
a;hieved. Opt}cal quality of these glass films wéré.evaluated by héasﬁring}‘
the reflectance pius trénsmittance using an integratfng sphere. ’ Optimqm‘

results wére obtained for a Barium Alumino-Borésilfcate film depqsited‘froﬁ't

a specially prepared source material (1EC 9658) of.the.following combo;itiqnf
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SiO2 49%;'8203 14.5%, A1203 10.5%, Ba0 24.8% and Pb 1.2%. The R+T spectra

of a 2 um thick 9658 glass deposited on a 7059 glass plate and of the sub-

strate alone are shown in Figure 37. The refractive index and the thermal

exparision ;oefficient of such a film were found to be 1.49 and 5 x 10-6 oC_].

4.4.3- Phase 3 Electronic Compatibility

IEC 7658 type glass of 5 um thick were deposited by e-beam evapo-
- ration onto six CdS/CuZS cells. The behavior of the cells before and after
encapsulation (Table 8) showed that theAg1asé is electronically compatible

and has good optical tfansmission as expected.

Table 8

The performance of two typical CdS/CuZS cells coated with 5 um of e-beam

~evaporated glass

Cell #  Date Voo (V) 9, (mA/cn®) R L Condition

799 A13  1/9/79 .488 16.0 66.5 - 6.26 bare
1/19/79  .4BY 133 69.8.  5.48 glass coated

800 A1 1/19/79  .47h 155 66.3  5.93 bare
"1/19/79 .h73 ‘ 13.0 -+ 66.8 4,93 glass coated

Hoviever, in its presént form the glass filh did not provide complete hermetic
scaling. The data in I'igure 38 shuw> Lhe varlatlon of efficiency, oben circuit
.voltage and short'circuit current of a typical integrally encapsulated cell as
é function of aging time in laboratory air at 25°C. The poor permeability is

due to the loss of adheslon at the edges of the glass film, This loss of .adhesion
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was revealed by painfing the edges of the film with black ihk which sbread~
over the surface of the cell by cabillary action. The micrograph of figure 39

shows ink under the glass film.

Life Testing not Specified in Work Statement
Life testing was performed on three non-integrally‘encapsulated
cells. The test consisted of monitoring the cell parameters during prolonged

"roof top exposure under short circuit conditons.

The start of the exposure was 11/20/78.for.ce1]s 695.313 and

 . 688.A11 and 5/9/79 for'céll 695.A14, THe-first twb were encapsulated between
a-glass plate and a copper block gsiﬁg an_ela;tomerié silicoﬁ semi—ggifhanu*
fac£ured by Transene Corp. és the potting compound. Cell 695.A14 wasAgncap-
sulated between‘a'glass blate and a Kovar block with_Dow Corning QL 2577 as
;hg potting compound. .The exposureitest of ce]lg 695.B13 aﬁd 688.All has been
completed and the results will-se diScusséd'in the présent report. Since céll
.695.A14 has not been undéf exposure for sgfficientiy long périod of time test

results of this cell will not be.presented here.

The glass plate used in all three cases wa§ Corning 757.5 Tests were
made to determine possible degradation of the glass and the.pottiﬁg compound
under theAinfldencé of temperature and UV exposure. The.trénsmittance of the
glass/potting éombound/élass sandwich structure was measured before and after
: heafing‘fn air atll70°C for 72 hours. No change in transmission was 655er0e8;

The transmittance was also unchanged after 6 hours of exposure to UV: (43 mW/cmZ).

The two cells, 695.B13 and 688.A11, were processed in June 1978 and

were stored in HZ/Ar atmosphere, in the dark, until they were encapsulated in.
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Figure 39 Optical Micrograph of a Glass Coated Cell
Showing Ink Penetration under the Glass Film
x 800,
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November 1978. Table 9 gives the performance of the cells at the beginning.
and at the end of this storage period. The dafa shows that some degradation

had occurred during this period.
Table 9

Performance of Cells 695.B13 and 688.A11 Before and After Storage

Lell £ Date Voe W) Jylma/en®)  FE(R) n(%)

695.813 . 6/23/78 492 20,8 - 70.5  8.69
N18/78 486 18.65 63.8 6.9

~ 688.A11 ° 6/16/78 .523 19.8" 69.9 8.71

11/18/78- - .530 o8 67.1 7.76

Over a period of 9 months of exposure tﬁese cells‘showedvapproximately
60% decrease in éfficiency as can be seen in Figure 0. It»ié clear tﬁat her-
‘metic sealing is.not acHiéved by this type of packaging and that a,Eapid‘loss
of performance at the onset of wérm humid wéather (after 120 days of exposure

cdrtesponding to the end of March 1979) is observed.

Cell 688.All was subjccted to vacqqm‘and reducing heat treatments
after the roof top exposure. As a conéeduence the efficiené&iwas restored
 to 7.72%, virtuall* identical to the efficiency befdre ronf top expasure.

' Celi 695.B13 showed a.similar recovery as a_resulf of the post-exposure heat

trcatment.

" There js‘a tendency for encapSUiated or sealed cells to show an
ihitia],rise in Voc.. This is believed to be related to the sensitive

(14)

interplay between Cu,S stoichiometry and Voc and Jg.. Further investi-

gations will be carried out. '
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Statistical Analysis of SEP Data -
K. V. Jarva 10/79 .

INTRODUCTION:

Forty piecés (4 cells each) were made by the standérd process. Fol-
“lowing manufactﬁré and .then after each heat-treatmeht, the cells were testéd,
and, if possible, the'VaIges for FF, R, G;.JL and JOAWere computed. (Because
of approximations used tb_sfmplify calculations, R;‘G,‘JL“and Jo arelonly
yalid for cells Having fill factors of 55% or-higher.) A set of standardized
criteria based on the values 6f FF,. JL and JO were then employéd to determine
the next heat treatment forieach of the ceils.. This process - the substrate
eVa]uat%oq process (SEP) - was continued until a piece passed or failed. In
6rder to pass, a‘piéte_had to haye at least one ;ell that had a JL aAIS_.m‘A/cm2
‘and a JO < 5 x .10—8..mA/~cm2 (not necessari]y‘during the same teSt).A A piece -
failed if:JL OF-JQ did not satisfy these.reduireménts, and if the cells on
that piece did not respond to the. appropriate heat treatments. ’Actda!ly'the
pieces were grouped into thfee categéries: th&se that ébviously failed, thoSe
that passed and border. line cases. 'This lasﬁ class was comprised'of‘ﬁieceé

_ that had at least one cell satisfy either the J or JO requirement and came

L
‘within one unit of satisfying the other; i.e. cells having I = 18 mA/ciﬁ2 and

8

5 x 1078 mA/em? < .JO < 6 x 107% ma/em® or, JO < 5 x 1070 mA/cm® and 17 mA/cm?

<J < lS-mA/cmz'were considered border line cases. (See pg. 2 ).

GOALS:

V'l)'Descrimingte between good and bad material as early as possible in the

standard process byAexamining initial IV data (FF,R,G,JL,JO) and. the

parameters measured after evaporation (THCDS, RHO (p), PL) - CdS thickness, -

resistivity and photoluminescence grade.

Al



2) Attehpt to identify parameters that descriminate and that may be

related to the physical condition of the material.
METHODS :

1) The pieces that went through the process were divided into three
groups: those that passed the SEP criteria, those that obviously
failed, and the bérder line cases. The SEP criteria was devised
empfriéally, and thus the demands on JL and- JO are somewhat arbi-

" trary; also a few of the pieces that were originally classed as
bad material may have acfua]ly passed with more heat treatment;

honco tho third catogory.

'2) The process paramefers and the initial IV‘pérameters were treated
as continuous random variables. For each parameter, the sample
.froh the material that'obvious]y failed was compared to the sample
- from- the material that passed. The comparisons were made graphi-
cally using MINITAB, and via the Wilcoxon‘two;sample test (IMSL |
subroutine - NRWRST).

3). A1l IV test data available on the material that obviously failed
. was examined in an attempt to identify parameters that related

to the poor performance of this material.
CONCLUSIONS:

1) Several of the initial IV parameters show the ability. to descriminate

Fill Factor: Samples contéining the highest initial fill factor
(i.e. the one measured after manufacture) were compared using the
Wilcoxon two-sample test; All 12 pfeces were used from the failed
- sample (sample 1) and all 23 pieces from the passed sample (sample 2).
Border line cases were nof considered. HO was taken to be that the
means of the two populations were identical (i.e. HO: Ul = uz2), vs.l"
H1: Ul.< U2. HO was rejected at alpha greater than 0.24 x 10_5.

See page 5; .

" The three samples (failéd, passed, and border line) were ordered,
numbered and then plotted against their number in the respective
sample. For scaling purposes, only cells having fills greater than

k8% were considered. (See graph #1, page 6). Note that a horizontal
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2)

“ line drawn at the 66 or 67% fill factor mark discriminates nicely

between the pasSéd and the failed material, 19/23 of the passed
material falling above the line, and virtually all of the failed

material falling below it.

Ln(JO):  Analysis of the minimum 1n(JO) waé similar to that for

fitl factor. The samples were somewhat smaller (8Apieces in the

failed sample and 22 in the passed) because JO calculations are not
accurate for fi11 factors less than 55%. The hypothesis tested was ‘
HO: Ul = U2 against Hl: Ul > U2. Again HO was rejected; this time,

for alpha greater' than 0.37 x 1073, . See page 8..

The graphical anafysis also is similar to that done for fill factor,
with a horizontal line between 2.0 and 2.2 offering good discrimina-
tion. [Note JO is reported on-units of 108 mA/cm?, and the vertical

axis is In (JO x 10*3)]. See graph #2, page 9.

R and G: Both the minimum initial series resistance, R'(Q-cmz),‘and
the minimum initial shunt conductance, G(mmho/cmz), parameters were.
tested with the Wilcoxon. WAgain, the hypothesis that the failed and

passed populations were identical would be rejected. See pages 11 & 12

The process parameters and maximum i_nitial'JL showed no ability to

discriminate.

'J,: The Wilcoxon test was used on samples consisting of the max imum -

initial JL (mA/cmz). The pieces in the samples were the same as for

1nJ0, R, and G. - In this case HO: Ul = U2 could not be rejected at a
significant level of alpha. See paye 13. ' '

This result was displayed graphically. See graph #3, page 14 and not¢ .

‘that piece'999.ll from the passed group was_elimihated for scaling . ...

purposes.

PL: Photoluminescence was analyzed with the Wilcoxon. The samples

consisted of all pieces ffom'the failed and the passed groups. Again

“HO: Ul = U2 could.not be rejected. See page 16 and graph #4, page 17.

THCDS and RHO: The thickness of the CdS, THCDS (um) and the resistivity,

R(Q-cm), were analyzed in the same manner as PL, and produced-a similar
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resu]t‘- HO: Ul = U2 could not be rejected. See page 19 and Zb.

3) Problems with JO accounted,For much of the failed material.

'OF the obviously failed material:A

i)

i)

i)

6/12 failed due to jO alone. That is, at least one cell on

the piece had alJ 2 18 mA/cmZ, but that (those) cell(s) never

- showed a JO < 6 mA/cmz. See table #5, page

Only 2/12 of the pieces failed due to g alone. That is, the
best JL on the piece was less than 17 mA/cm2 while the best
JO on the corresponding cell was less than 5 x 10_8 mA/cmz.

See.table'#S, page

The remaining 4 pieces failed 'in buth categorles. It should

be noted however that at least two of these had large JO values

and that the other two had fill factors so bad that JO was rarely
if. ever computable. ‘ '
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MTLEOXON 2 -GhHCLE TEST ON FF

A e e E g

SAMFLE £1 HAS 12 ELEHENTS. ' . ‘ : ' : - o *
SAMFLE %2 HAS 23 l PMLNTS. S ‘ : I

KEJECT HO:U1=U2 IN FAVOR OF H1:U1=U2-DELTA,DELTAO

FROBARILITY THAT STATISTIC IS <= WIN(W2%E(W)-W) GIVEN HO - - ‘ ;

IS IN THE INTERVAL (-0,2196E- oq. -0, 2196E-05) - : :

(UNFFR1AINTY IUE 7O TIES.) - _ A .

PIECE SANFLE 1 FIECE  SAMFLE 2 .

§31.11 64,900 930,11 73,600 A

943,11 64,300 932,11 71,300 :

947,11 66,100 - 934,11 70,300

947,12 59,600 935,21 48,800 -

949,11 - 47,000 935,22 - 48,900

957,11 . 50,800 939,11 71,500

963,11 1R, 400 940,11 71,500 ‘

285,11 53,500 941,11 48,300 S : o : x

989,11 59,100 - 944,11 70,700, , , A

990,11 57,800 945,11 67,100 . C ‘ o

$93,11 64,400 - 948,11 49,500

1010.11 34,100 949,12 42,000
952,11 63,800
959,11 54,200
960,11 67,300 - L _ . S '
942,11 71,600 L : R 3
986,11 62,500 . : : o K
989,11 41,200 A o . '
992,11 67,500 , : , 3
999,11 71,200 ' T . "
1007.11 73,300 ‘ : : . p
1007.11 74,200 '
101,11 73,300
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USED ALL PIECES WITH KEASURABLE FILL FACTOR »= '48%.

P REFRESENTS FIECES THAT SAVISFIED THE THE SEP CRITERIA.
F REFRESENTS FIECES THAT DIDN'T GUALIFY,

X REFRESENTS BORDER LINE CASES.

#¥¥k% SEE TABLE #!.
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FILL

FaloR

HAX INITIAL
91,2000
61.2000
625000

“63.3000

67,1000
67,3000
675000
£3,0000
&8 3000

- 68,8000

68,7000
695000
707600
70,5000
71,2000

71,3000

715000
71,5000

- 71,6000

733000
7343000
73,4000

© 74,2000

CTARCE £1 (DATA 10K GRAFH §1)
FATLED FTLL . FASSED
TFIECES FACTOR FIECES |
o - MAX IRTTIAL
963-11 48,6000 $59-11
957-11 50,5000 989-11"
§35-11 53,4000 99411
990-11 - 57,8000 552-11
89-11 . 59,1000 945-11
947-12 59,4000 260-11
943-11 64,3000 992-11
993-11 44,4000 949-12
931-11 " 44,5000 941-11
947-11 64,1000 935-21
949-11 67,0000 935-22
_ ¢43-11
944-11
934-11
995-11
932-11
93511
940-11
942-11
1011-11
1007-11
930-11
1009-11
EORDER LINE  FILL
FIECES FACTOR.
. MAX INITIAL
950-11 55,30
942-11 68,7000
294-11 - 70,2000
953-11 -



'WILCOXON 2-SAMFLE TEST ON LMJO

SAHFLE $1 HAS 8 ELEMENTS,

C SANFLE 2 HAS 22 -ELEMENTS.

REJtCT HOtU1=U2 IN FAYOR OF H1:UL1=U2+DELTA,DELTAXO _
PROBARILITY THAT STATISTIC IS <= WIN(Uy2¥E(W)-W) GIVEN HO IS 0. 6535—03

FIFCE  _SANFLE 1 FIFCE SaHFLE 2

931,11 2,957 930,11 1.579

943,11 2.810 932,11 1,425

947,41 2,072 934,11 1.807

947.12 2,457 215,21 1,973

949,11 2,087 935,22 2,117

928,11 ‘2,763 939,11 1.714

90,11 2,389 240,11 2,042

C 993,11, 2,309 41,11 2,263
o 244,11 . 1,946 -

245,11 2,074

249,11 1,904

949,12 1,947

- 99211 2,387

240,11 1.942

242,11 1,914

924,11 1.581

289,11 3,292

992.11 1,074

999,11 2,519

1007.11 1,634

1009.11 1,746

101,11 1,762

-A8-
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. USED ALL PIECES HAVING MAX., INITIAL FILL FACTORS >= 557,
P REFRESENTS FIECES THAT SATISFIED THE THE SEP CRI[ERIA.
F REFREZSENTS FIECES THAT DIDN'T QUALIFY.

X REFRESENTS BORDER LINE CASES.
B REFRESENTS TUWO FOINTS» ONE BORDER LINE AND ONE FAILED,
¥hiix SEE TABLE #2,
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PARI B

DN

U CNN=OVRONOUILWMNEZ

S TABLE 2 (DATA FOR GRAP
FATLED . LHLEJO] FASSED
"FIECES WIH INITIAL  FIECES
947-11 2,07191 930-11
?47-11 2.08467 86-11
993-11 2,30508 $32-11
290-11 2.33499 1607-11
947,12 2.65476 939-11

C 943-11 +2.809% 1009-11
931-11 2,9565 1011-11
- 988-11 3.76259 934-11
992-11

?248-11

962-11

?60-11

249,12

944—11

935,21

9 10"‘11

?45-11

235,22

941-11

?52-11

999-11

YyyY-11

rI O S0 ON

- BORDERLINE LNLJO]

FIFCES HIN INITIAL

o 742-11 - 1.90672
994-11 2.02512
93311 L.QOO?B

950-11 °  2,65211

H §2)
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L et gyt

UTLCOXON 2~SﬁHFﬂE_TEST an R

SANFLE §1 1IAS 8 FLENMENTS,

SL.ELE 22 HAS 22 ELERENTS,

RFJLCT HO:UL=U2 IN FAVOR OF H1iUl= H’%DIITA;hlLTA *0

PRUCARILITY THAT STATISTIC IS - HIN(U;““E(N) W) GIVEN HO IS 0.8791E- 03

FIECE CAH.IE 1 FIECE . SAMFLE 2
911,11 3.970 930,11 1,438 S . -
543.11 3,940 932,11 2.283 . ‘ . ;
947,11 '4<2.é78 934.11 1,860 . ' o . : -
247,12 454244 935,21 - 2:626
249,11 “ 340 - 935,22 . 24539 ;
- 968,11 4.0’0 239,11 - 1.913
990,11 | 2,490 240,11 1,038
723,11 3.780 241,11 . 2359
945,11 24445
248,11 1.749
949,12 1.706
262,11 1,770 i
986,11 3,130 :
989411, 4,300
992,11 2,270
y99.11 . 4,000
1011.11 . 1.300 o . ‘ : IR §

-Al11-



HILCOXUN~2—SAHFLE TEST ON G

© GANPLE $1 HAS 8 ELEHENTS,
- SAMFLE £2 HAS 22 ELEMENTS.
REJECT HOIU1=U2 IN FAVOR OF H13U1=U2+ﬂELTArDELTA>0- A

| FROBARILITY THAT STATISTIC IS <= HIN(Ws2¥ECW)-W) GIVEN HO IS 0,4615E-03

,SAHﬁLE 1 U FIECE  SANFLE 2

FIECE

931,11 2.978 930,11 232

943,11 3,011 232,11 1,448

947,11 2,843 934,11 2,213

. 947412 . 4,113 - 935,21 2.377

949,11 3,860 935,22 2,438

988,11 £.600 - 932,11 <o 24138

¥90,11 9.32 240,11 24152

- §93.11 3.640 741,11 2,964

o 744,11 S 2,213

’ 943.11 3,334

948,11 2,538

949,12 2,891

32,11 4799

960,11 3:761

262,11 1,540

984,11 3020

yYey.11 4,720

2¢92.11 - 0,520

1007.11 1,310

100911 0,940

1011.11 1,250

-A12~



WILCOXUN 2 -SaibLE 15T o JL
SAMPLE 41 HAS 8 I
SAMFLE 22 HAS 22 |
ACCERT HOJUL=U2

FRORARILITY  THAT STATISTIC 15 <= HINQUs Z%F () =W) GIVEN HO
IS IN THE IN1EIUAL ( ? KT 1L}001 0.3451E400) -

llf!N 'S
FLERERTS,

(UNCERTAINTY TUE TG TIES,)
FIECE  SAIPLE 1 FIECE  SAMFLE 2
931,11 10,850 930,11 13,800
943,11 15,710 932,11 13,570
947,11 . 13,330 934,11 12,160
947,12 9,450 935,21 . 13,850
949,11 14,720 915,22 11,440
959,11 . 17,420 239,11 15,770
550,41 . 146,130 940,11 = 14,740
993,11 14,320 © 941.11 14,370
944,11 13,000
945,11 14,520
948,11 13,200
949,12 15,490
952,11 15,530
940,11~ 14,100
962,41 18,520
984,11 10,230
989,11 14,940
992,11 15,880
999,11 3,200
1007, 11 11,870
100911 13,280
1011.11 13,300

-Al13-
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USER ALL FTECES HAVING HAX. INITTAL FILL FACTOR >= 557 FXCEFT 999,11 (SCALING)

P REFRESENTS FIECES THAT SATISFIED THE THE SEP CRITERIA.
F REFRESENTS FIECES THAT DIDN‘T GUALIFY.
X REFRESENTS EORDER LIME CASES.

CYRIVY SEE TARIE $#3.
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TARLE 23
FAILLD -l FASSED
FIECES HAX - THITTAL TTECES
-947-12 2,400 986-11
93111 10,500 PAG-22
747-11 13,3300 100711
§93-11 14,3200 73411
747-11 14,7200 - 94511
743-11 15,7100 743-11
990-11 146,1300° 1009-11
788-11 17,4200 932-11
: _730-11 .
1011-11
?35-21
941-11
245-11
989-11
94912
- o9u2-11
239-11
992-11
960-11
?52-11
940-11
RORIER LINE JL o
PIECES . HAX. INITIAL
753-11 . 11,6200
942-11 13-1200
250~-11 13,4200 .

994-11-

14,0100

-A15-
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 WILCOYON 2-SAHFLE TEST ON FL

SAMFLE 41 HAS 12 ELEMENTS.

 SAHPLE 22 1A 23 ELEHENTS,

ACCEFT HOIUL=U2 A |

FROEARILITY THAT STATISTIC IS <= HIN(Wy2%E(H)-U) GIVEN HO

1S IN THE INTERVAL ( 0,2408E+00y 0,3724E400)
(UNCERTAINTY DUE TO TVIES.)

-

FIECE SAMPLE 1 FIECE SANFLE 2
931,11 21,100 930,11 1,000
943411 1,300 832,11 0.500
. 947011 0 0 3,800 974,11 1,600
947,12 3,800 - 935,21 0,800
949,11 2,800 935,22 0,800
§57.11 2.100 239,11 1,200
- 943,11 0,200 940,11 1,300
985,11 0,500 - 941,11 . 1,300
"988,11 1,200 944,11 74500
990,11 0.700 945,11 3,300
993,11 1,200 248,11 2,500
1010.11 1,000 iy, 1 2 000
: . : Yol il " 4,300 .
799,11 1,000

960,11 1,400

952,11 0,400

936,11 0,900

. 989,11 -0,300

992,11 0,700

999,11 0,200

100711 1.500

100911 0,700

1011.11 1,100

~A16-
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" USED ALL AVAILAELE FIECES., - :

P REFRESENTS FIECES THAT SATISFIED THE THE SEP CRITERIA,
'F REFRESENTS PIECES THAT DITN’T QUALIFY, n

X REFRESENTS FORDER LINE CASES,

x6rkk SEE TABLE #4, |
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R
o

ST
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FAILED
FIECES
1010-11
$65-11
790-11
953-11
931-11
983-11
993-11
©943-11
957-11 -
.949-11
947-12
947-11

RORDER LINE
FIECES

. 994-110
942-110

"246-110 .
. 953-110

750 -110

- TARLE %4 .
FL

0.00000

- 0450000

0.70000
0.50000
1.10000
1,20000
1,20000
1.20000
2.10000
2,£0000

3.£0000

3.80000

FL

- 0.70000
140000

2,00000
5.50000
6.00000

(DATA FOR

LI T Wy T 6 -nl

_At—h—-b—“HHMHHHHH,—.HHHTJTJHM»—A)—DH'—'_\I‘

[y

o

—_ .
~INJ-00 \O‘UO\O*0*0*00\0\0\)\‘3\'3*00;0@\0\3'7‘*7‘

U DO DO (RO O NN O U LI NG = I

F
D
LS
1
1
1
1
1
2
21
1
1
1
1
1
1
1
1
1
1
1
1
2
11
1
1

‘bl\J_ﬁ‘O OJ.A.-\IOOH\OH\OOC\\'JL" L"ANJ hJDJrJ*’J MG

-N18-

H $4)

0180090
0.,80000
0.,90000
1.00000
1,00000
1,10000
1,20000
1.20000
1,30000
1,40600
1..£0000
1,40000
2.50000
2.,20000
3, 30000
4,30000
7.50000



VILEOXON 2 CSAUFLE TKST ON THCES
SAHFLE &1 HAS 12 ELEHENTS.
SANFLE #2 1AS 23 ELENENTS,
ACCEFT HOIUL=U2

FROEARILITY THAT STATISTIC IS <= WINCY,2&E(W)-W) GIVEN HO -
IS IN THE INTERVAL ( 0. 1314L{00; 0.1390E4+00)
(UNLERFAINT( DUE TO' TIES.) ' )

P

PIECE SAUFLE 1 - PIECE SANFLE 2

931,11 - 37.900 - 920,11 34,800

243,11 33,300 232.11 . 23,900

947,11 29,900 - 234,11 27,5900

247,12 29,900 215,21 .39 200

249,11 32,400 945,22 32,200

95711 27.500 239.11 27,300

263,11 30,700 240,11 24,200

985,11~ 45,100 941,11 33,600

£63.11 30,900 ?44.11 23,200
290,11 © 27,100 - 245,11 30,000

993,11 24,400 248,11 27,800

11010.11 - 33,500 949,12 32,400
: 952,11 20,500 -

959,11 26,400

950,11 28,800

962,11 30,000

986,11 30,400

289,11 36,300

992,11 34,900

999411 26,800

1007.11 21,800

1009.11 . 314000

1011011 :.a.._OO

-A19-



“YILCOXON 2-SAFLE TEST ON RHO

GiFLE $1 HAS 12 ELEHENTS,
MPLE €2 HAS 23 ELEMLNTS,

ACCEFT HOMUL=U2

FROEALTLITY THAT STA?IS1IL 1S <= HIN(U;Q*E(U) W) GIUFN HO
1S IN THE IHTERVAL ( 0,3575E+00, 0,4459E+00) :
(URCERTAINTY DUE .TO TICS.)

-

FIECE SAHFLE 1

FIECE  SANFLE 2

931,11 2,700 930,11 0,500
943,11 0,700 . 932,11 2,000
947,41 . 1,700 934,11 0,400
947,12 1,700 535,21 0,400
949,11 1,300 935,22 - 0,400
957,11 1,000 939,11 1,200
933,11 .300 940,11 0.900
985,11 0,400 941,11 - 0,500
933,11 1,200 944,11 2,500
990,11 0,700 945,11 2,200
993,11 2:000 248,11 1,500
1010,11 0,300 24z 12 1,300

. - 952,11 1,000
959,11 2,000

960411 2,000

TR 0,500

984,11 1,900

989,11 1,300

992,11 0.400

999,11 1,400

1007.11 2,900

1009.11 1,400

1011.11 1,900

=A20-



Piece

'9u3-11

- 957-11
985-11
988-11

- .990-11

993-11

Piece

© 93]1-11
947-11

Table #5

Pieces that failed due to JO afone

cell JL - Bes

t Jo
mA/cm2)

(mA/cmZ)_‘ ( x 10-8

1 - 18.08
2. ~ 18.95. -
LR 19.80 . ok

S 19.79.

21.93 .

18.16

e NN

Pieces that failed due'to,JL alone

Cell . ‘ *- Best J
oL (mA/cmZ&

o N O

7.76
.54
K.13
.25
15
.08

Vo)

A Jo :
_ (x 1078 mA/cm?)

a C12.5]

©-A21-

L.12
4.80

BESCAITPRAg T 2

bz e et e rn P N

R

S n g et R

oI S G A TSR T ofratr L e g e o



Appendix B

THE DESIGN AND UTILIZATION OF A MICROPROCESSOR-CONTROLLED
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THE DESIGN AND UT!LIZATION OF A MICROPROCESSOR-CONTROLLED
ABSOLUTE SPECTRAL RESPONSE SYSTEM

L

w

L.M. Kilgren, N.C. Wyeth, and W.E. Devaney
- Institute of Energy Conversion
“ University of Delaware
. Newark, DE 19711
1. Alhtroduction
A fully automated system has been assembled which permitsvthe'diréct
" monitoring of solar cell output under varying conditions of illumination and
bias voltage. The primary system components are a,chopped'monochroma;ic
~light source of continuously variable wavelength, a lock-}n amplifier, and a
micropfocessof. -Analogue-to-digital and digital-to-analogue conversion
allows the micfoprdcessor to be uéed to conprolAdata acquisition and to per=-

form data conditioning and output.

2. system Description

The system is shown schematicaily in Figure:I.. A grating;mono-’
cHromator is driven by aAsteppiﬁg motor under confrol of the microbrbcessor.
The monochromatic beéﬁ is focused on tﬁe surface of a silvered light-

. chopping blade placed at.hso'to tge path of thé incoming lfght.beam.;aThé
transmitted béah'illuminates the cell uhdér test through an;appropriate‘leﬁs'
‘systgm; The beam refiected from the choﬁber is monitofed fo give a:éontfnﬁéus

. measurement of.the'pr}mafy beam intensity. The yight-choppér éontrol.pro;
vides the reference siénal fof a'lock-in'ampliffer which is used to ﬁeasuré 
_the AC butpﬁt of thé cell. An ELH tungsten-iodide lamp driVén by a stabilized
DC supply providés thekbiés.light. The cell under test is mounted.on a
‘thermoelectric temperaturejéontrofied blo;k with electrical conneétions for.
‘application of:a bias voltage and measurement of ce}l oﬁtput. 'A‘f]atvpyro-. a

* Present addfess: SES, Inc. Newark, .DE 19711



eléctfic detector can be substifuted for the cell block and the intensity-
wavelength curve of the monochromatic beam stored in the microprocessor as
the'monochromator is steppeh through the wavefength‘raﬁge of 400 nm to
1600 nm (a érating change is made at 800‘nm); The microprocessor.uses
the stored refereace'intensity curve to computé the collection versus
wavelength performance of the cell under test and then either prints dut

the digital data or displays the analogue information on a video terminal

or provides hard copy on an x-y plotter.

3. Applications

| A major advantagé of the pfesent system is the ébility to measure
thé specfral response of the cell whilé under normal operating conditions
" of both illumination and voltage bias. This feature is essential for ceils
such as CdS/Cuzs in which the total illumination strongfy.influences the
' co]jection efficiéncy (1).
3.]4$pe¢tra1 response under normal operating conditions

| * The quantum efficiency of a cell or the number of current carriers
collected pér incident phéton'is measured as a function of wavelength with
the cell at zero bias (short c}rcuit current). .Thé systém can be used
with the chopped monochromatic beam only, or alternatively, the spectral
'response can be méasured while the cell is illuminated with either a broad
band white light or with a second contianus'(DC)'honOchromatic bias beam.
Figure 2 shows collection efficiency as a function of wavelength for a ‘
CdS/CuZS cel] both with and without bias light.
3.2'_lnternal photoelectric emission

When the photon energy of the incident beam is reduced below the

'sméllest bandgap in a junction device, the currént due to internal photo-

electric emission of carriers over junction barriers less than the band



gap ean be detected. The micropfocesser is programmed to generate a‘plot
.oF the:square root of the normaliéed‘response versus photen energy; which
by linear extrapolation to the energy axis gives the hatriet~height (2).
_.Figure 3 shows a typical eurve.of the square root of collection efficiency
vs. ‘photon energy fot a CdS/CuZS cell.

3.3 ‘Minority carrier diffusion length

For certain ranges of absorber/generatof layer thickness and minority

carrier diffusion length the spectral response of a photovoltalc cell can. be

analyzed to set a slower limlt to the dlffu5|on length wnthout needing a

detailed knowledge of the,absorptlon behavior of the active semlconductors (3).

Figure 4 shows a'elearly definable peak inicollection efficiency vs.
wavelength for‘aicell of appropriate Cuzs;thicknessi The diffusion length
initurn can then be used to determine the wavelength  dependence of the
'absorption coefficient from the spectral response curve. Figure 5 is
a comparison with published data of the calculated dependence of the |
. absorption constant on wavelength‘(h). . |
‘3.h Intefface recombination and junction field stgdies
The use of phaeeesensitive detection to measure the cell response

to a modulated light source superbosed on a DC bias light a15q_makes it
possible to measure the ‘light-generated current as a function of the _

cell bias voltage-(S). Measurements on CdS/CUZS cells show.. that ‘the light-A
‘ generated‘turrent_can.vary with applied voltage. Figure 6 shows the varia-
tion ot light-generated current as a function of hias voltage for tWo cells
of widely differlng performance characterlstics The sensitivity to bias

voltage is found to be strongly influenced by the intensity and spectral

content of the applied bias light and the structure and history of the cell



undgr test. Figure 7 shows the.lightfgenerated cur?ent for a CdS/Cuzs
ce]l'underAthree different condftions.of spectral contentApf the bias
illﬁmination. Figure 8 shows the ;ame‘data, but at reduﬁed bias light
Intensity. This technique which reveais cell current collection perfor-
méncé at- the maximum,péwer point has major advaqtageé ovér:more traditioﬁal

procedures which are confined to the vicinity of the short-circuit current.

Referenceé
(l):'A. Rothwarf, J. Phillips, N.C. Wyeth, Thirteenth |EEE Photovoltaic
Specialists Conference - 1978 (IEEE, New York , 1978) p. 399.

(2) J.l. Pankove, '"Optical Processes in Semlconductors“ (Dover, New

| York, 1975) pp. 314-319.

(3) N.C. Wyeth and A. Catalano, J. Appl. Phys. 50, 1304.(1979).

(4) B.J. Mulder, Physiga Status Solidi (a) li, 79. (1972).

(5) L.M. K|1gren Proceednﬁgs of the.]979 Photdvoita1c Sdlar Energy

Conference (Comission of the European CommunlLles and |EEE),
be published. .
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Figure 1 - Experimental‘System.
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.FigUre 2 Collection efficiency as a function of wavelength.
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© Figure b Collectior Efficiency as‘a Function of Yavelength for a Cell of Appropriate Cup$ Thick .
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~ Figure 5 Absorption Coefficient as a Function of Wavelength.
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