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1. ABSTRACT

Progresé has been made on improving the phbton efficiency of the
planar-CdS/Cuzs solar éell. Currents in excess of 20 mA/cm? have heen
-achieyed. Mi*ed sulfide solér cells résponsiveAto heat treé;mént are now
:bging producéd; The morphology of'the CQZS/CdZnS junction has been examined
and found to be significantly different thén.the morphology on CdS/Cuj,S cglIs.
Efficiencies measured'under:ELH gimulation abproaching.8% have been achieved.
WorkAiﬁ'the analytical task has focused on establishipg the experimental
ﬁechniques to stﬁdy'the'trap‘levels in the CdS and‘tq.provide a working model
for.ihe:voltage instabilities in.Sbme (CdZn)S/Cu,S cells. Cells under roof

© top exposure continue to be monitored.
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3. INTRODUCTION

Improved control §n the depositioh‘of.CuCI anq a:modified pre—trgat;
ment for -the CdS layer have resulﬁed in ﬁetter cﬁfrent'with the planar jﬁnc-
tion. The va?iabilify in CdS substrate material. has been<brogressively
reduced during the CdS.solar cell ?rogram and further improvement has been

_achieved this quarter.

By using the information developed in Task 1 to direct the mixed
.sulfide cell program, it has been possible to systemalically improve the
performance of (CdZn)S/Cu3S geilé. During this month modifications to the
mixed‘sulfide deposition proceduré and post deposition heat treatments to"&
‘reduce the substrafe resistivity have resulted in substantial improvements

in éell performance. Of equal significance is the fact that cells produced

are now responding to the reducing hcat'treatments’aeveloped in Task 1.

A major expansidn in scope and reduction in turn around time has
-been achieved for the routiné analysis and. feedback aspects of the analeis
task. Techniduos are being establislied and the ﬁnalyses developed for iden-
 tifying the trap leveis in the CdS. A thepretical modellhas‘been developed
to explain the time dependent qpén cirggiﬁ voitaée_of mixed sulfide cells

and this model will guide the experimental effort to eliminate the phénomenum.

. Monitoring of cells exposed on the roof continues. Another céli has

been sealed between a glass plate and a Kuvar sheet and put on test.



4.1 Task 1 Development. of CdS/Cu,S Solar Cells

The need ‘to develop effective light trapping as well as reducing
first surface'reflectlon losses has 51gn1f1cant1y extended the effort on
1‘Phase 2 of this task Progress has however been made in both the develop—o‘
ment of a good analytical;model and in the realization of effective cell

- structures.

'4.1.1 Phase 1 Planar Junctlon w1th Good Open Circuit Voltage and F111
Factor :

Some d1ff1cu1ty has arisen w1th excess1ve1y high series re51stances

in planar Junctlon CdS/Cuzs cells In order to achieve over 70% fill factor

'the series resistance of a1 cm? cell must be < 3.Q. Meaeurements on parallel

.SOlution-reaction cellstproves that the capse.is‘not related to the CdS sub-

etrateiand electrolytie analysis of the Cuzs layer.indicates that the desired

3f tnicknessesiare being achieved. - A thorough reVieW'of the solid state reaction
’procedpre and'detailed analysis of the Cdésllayer was carried out. As a result

much better CujS layers are now‘being produced with better reproducibility.

-4.2.2. Phase 2 .Achievementiof Low Photon Losses

As deacribed atAthe SERI.Semi-Annual_review meeting the neCesedty of
achieving light trapping,has significantly extended tnis phase. . A model has "’
now been developed to permit an analytical attack on the problem. The model -
'is fullyldescribed in the'appended paper which was presented at,theABerlin

~ Photovoltaic meeting.

4.1.3 Phase 3 Combine Technologies to Give Jgec > 27 mA/cm?

" Substantial difficulties. in achieving the goal of this phase have

.been'cauéed by the substrate to substrate variation of CdS properties.

..5..
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A pfocedure to rapidly test the CdS by making a standard textured cell is

-Being developed.

A light HC1 etch (20% HC1 at 60°C) to réﬁove 0.5 um'qf Cds hasA
'prOQed beneficial in both voltage and current for the plénar'cells resulting
in the highest light generated currents»that have been achieved for- this
structﬁre. Cell 20858.123 gave 20.8 mA/cm?2 and=21.5 mA/ cm? beforé and after °
deposition of Ti0,/Si0p énti—reflection cpating, under IOQ mW/cm2 sslar

“simulation..



4.2 Task 2 Development of (CdZn)S/Cu.,S Solér Cells

The specific'phases'of Task 2 addreséed dufing the bast quarter

-were the optimization‘of (Cth)S;films and the investigation of the

_ process of junction formation. Thin film optimization requires the

achieyément of not only the appropriate resistivity (d < 20 ohm=cm) and

thickness (t > 20 ym), but-also the attainment of the appropriate film

: microstructure. The formation of the junction was monitored by the

_analysis of I-V:curves and photocapacitance data from cells subjected to

a sequence of heat treatments.

4.2.1' Phase 1 Optimum (CdZn)S Films

The preparation of 20-30 um thick (CdZn)S films having zinc composition

- in the range of 10 20% with resistivities values less than n 20 ohm-cm, can

be rgproduc1blygrea11zed U51ng the concentrlc source design, ( ) f11ms exh1—

il

-biting these ptqperties; and which are comp051t10na11y homogeneous over .an

eight centimeter square substrate, are rdﬁtinely prepared. Typically, these
films have been grown at deposition rates of less than 1.5 pym/min on zinc

plated copper substrates held at 200°cC.

4.2.2'.Phase 2 Deyelop Junction.MopphOIOgy 4

The de51gn strategy for fabrlcatlng the other components of a (CdZn)S

fbased solar cell was the same as the cell design which led to the outdoor

(2 .
conver51on,eff1c1enc1es of.9.15% )'1n the CdS/CuZS system.( Sp601f1ca11y, the

(CdZn)S»Surface was first textured, (using a 50% HCl etch at 60°C for 1 second)

.-and thén the heterojunction layer of CuéS was formed by the immersion of the

;(CdZn)S film in a solution of Cuél. Contrary to early findingé on (CdZn)S N



(3)

fiims prepared from multiple sources, 'ﬁhe rate of Cu,S formation did
not .depend markedly on the zinc content of the (CdZn)S film. Figure 1
shows a plot of the equivalent thickness of copper sulfide, measured by

(4)

the electrochemical method, as a function .of reaction time for the
indiéated parametric set of zinc compositions. A CuZS formation time was
§e1e¢ted to achieve an equivalent CuZS thickness of 0.3 -pym. The &evice
fabrication Was‘completed by the épplication of an 80 line/inch géld grid
prepared by vacuum evaporation through an aperture mask. The best such
(Cdin)S/CuZS ¢ell Liad an upén circuit voltage of 599 mV, short c1rcﬁ1t
»curfcﬁt of 15.8 mA/cm2, aﬁd a.fill factor of 65.2%.under ELH simulation

of 83 mW/c;m2 equivalent -power. The (€dZn)S substrate contained 19% 2inc_

and had a resistivity of 21 Q-cm.-

Optical cross—secfions of devices prepared as. above indicated the
presence of 4-6 um long CuZS intrusions into the Cds; These intrusions
were observed with much higher resolution by the cdrefui removal of;fhe
(CdZn)S layer from a (Cth)S/CuZS junction. Thé-SEM micrographs of thc
tree sianding'cuzs ?evealcd tho existence of 6-8 um long cone-like qus ‘
structures (i.e. "intruding" into the (CdZn)S), Cu,S intrusions are also
present at CdS/CuZS junctions, however, they appear as "walis" around the
cds COlumnaf houndaries, and typically exténd only 1-2 um into the CdS.
Figure 2 shows representativc areas of these two types. These intrusions
- are~expected to. strongly influencé the solar cell device characteristics,
and the V,. value of devices exhibiting long cone like intrusions is found _
to decfease4when the device is held in'the open circuit condition. .The
formation of thesc intrusions is expectéd to depend on the (CdZn)S ﬁicrostructure,

and will be influenced by the ménner in which the CuyS 1is formed.

-8-
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Fig. 1 Formation rate of Cuzs by solution reaction for (CdZn)S films of various zinc composition.



Fig. 2 Scanning Electron Micrographs of CujS removed from CdS
and (CdZn)S cells.
a) CdS cell 778.Bl14
b) (CdZn)S cell M154.B11 (19% Zn)
Both micrographs x 10,000
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‘Althoqgh the present cell performance has greatly improved over the

(5) 2

former results, the best short circuit current is still about 5 mA/.cm” -

less than the best short circuit current measured under the IEC simulator

" for a CdS/Cuzs cell of the same design. In addition the fill factor for the

(CdZn)S/CuZS cells ‘is typically 10-15% less than achieved with CdS/CUZS.

The heat treatment of the (CdZn)S cells has not imbroved performance, but

. rather has resulted in a general degrédation of cell propertieé in marked

‘contrast to the behavior with CdS/CdZS.

Preliminary microstructure'analyéis'ofAthe (Cdzn)s indicates that the

4 nﬁmber of subgrains per unit area can be ‘decreased by increaéing the film-
1gr6ﬁfhiréte. It is'plénhed to utilize this change in growth conditions in
~ order to reduce the ffequency of Cu,S intrusions. Higher.growth rates will
" also yield films having lower eiéctricai,resistivity which should ;eduée\'

fill factor losses due to series resistance, and also allow for a more

(6)

favorable collection field in the (CdZn)S at the junction leading to

" increased short circuit currents.

The first cells have been prepared on a (CdZn)S.film grbwn at a
higher than usua1 rate of 2.5 pm/min. The best cell had -an open circuit

vqltage'of'579 mv, a’short-circuit current of 15.6 mA/cmz,.(no anti-reflection

-coating) and a fill factor of 71.2% under the IEC solar'simulator at 83 mW/cm?

equivalent power. The.(CdZn)S résistivity was 15 Q-cm and the Zn content was:

14%. -Of particular significance isAthe fact. that it was possible to improve

‘the properties of this set of cells by heat treatments. Specifically, a 16

hour heat treatment at 170°C in carbon monoxide optimized the above ‘cell.

e



. 4.3 Task 3 Electro-Optical Analysis

4.3.1 "Phase:l Feedback Analysis

In order to improve and automate existing test facilities some
formfof software development Was needed for the microcomputer'proceesors
which were boilt into the test systems. A‘DigitallEquipment Corporation
floppy disc based IIVO3 system was acqulred and h1gh speed commun1cat10n
11nes were. establlshed between it and the remote processors. ‘This allows
:SOttware to be rapldly-developed,,documented, and loaded 1nto‘the proper
jtest system. With this capability one can easllydcreate nen testing pro-
tocols ordmodify existing ones. It also allows more complex programs to
be written,'which leads to more automation ot'therteSt procedure, and more
real time results avallable to the operatiné'technlcian. The syetem was

'installed during this duarter,'and programs for the solar simulator I-V

. tester were'developed. The. first set of programs automatically samples the
current.naveform as a'test is performed, and extracts Voc’.Jsc: V@b, Jmp-
It‘then calculates the component values for a lumped equivalent circuit and-
printa Rg, Gsh, Jy aud.JoL Suftware has aleo.been written to operate thd
'?,microprocessor controlled spectral responee_test facility. It:is now in the

process of being debugged.

The new ‘test capab111t1es are bglng developed A facility to allow.
rooftop solar cell 11fe studies has been de51gned and a prototype has been
constructed and tested It allows remote test1ng of arrays, cells within
arrays, and s1ng1e cells to track degradatlon 1n cell performance. A The
Asystem as designed can select one of 1000 cells, and can be expanded Cells -
rare selected by thumbwheel switches wh1ch are read by CMOS digital logic.

The logic controls relays wh1ch connect the proper cell to a data bus. The

-12-



~data.bus is connected to an indoor cell I-V tester. The system is designed

to be easily automated. Also monitored at the cell location is temperature

and solar insolation.

The second new. test facility is .a Laser Spot Scanner similar to one

. developed by D. Sawyer of NBS. It will allow rapidVSCénhing of cells to

detect spatial inhomogeneity in cell response. This will be used to screen

cell material in the early stégés of cell production. The system has been

designed and ordered, and:components are beginning to arrive.

~ The I-V cell Tester and Spectral Response System will become more .
automated with work beginning on the design of a centralized data base.

The Rooftop Life'Test,Facility will be installed and optimized. - Construction

on the Laser.Scanner will continue and should become operational next

quarter.

4.3.2 Phase 2 and 3 Map Junction Field CdS énd‘(CdanS

The break in l/C.versus nc-l curves which was seen at high intensity
was found to be an instrumental problem related to the silicon solar cell

which was being used as a reference cell. Recent measurements confirm the

‘previous results obtained using thé spectral response apparatus. Fig. 3 'shows

fthg results on‘tell 675A1-2. Tﬁe linear region extends from 0.03 to 1.25 AM1 -

and yields Sy/u = 3.1 x 10%V/cn, ﬂQ'='0.47;

4.3.3 Phase 4 Quantify Inteffaée_Recombination :

"The voltage dependent JL measurements were extended to include

intensity variation of the filtered bias light. A summary of the results

are.contained in a bapgx presented by L. Kilgren at the Phdtoyoltaic Solar

Energy Conference in Berlin. (Appéndix B).

_-]3..
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'4.3.4' Phase 6 Identify Trap Levels

The userf‘photocapacitance to ﬁeasure trap densities has continued
(see Fig. 4). Preliminéry meaSurements sth that fhe variation of-éapaci-
_tance @ith bias yoltagg,is complicated partiéularly inlcohjuncfion with‘the B
AQuenching experiments meqtioned below. Evgn.iﬁ'the besticaée'(AMl), l/C2
vs. Vﬁdoes not fit a straight line except near V = 0 (typical‘ND* =5.2x
_ 101§'qm'3); éee Eig. 5. Rather, the slope-changeS'ih such a Qay as to

indicate a decrease of Nb*ufarthef from the junction.

In fhe dark, C is -almost constantlﬁith V, while under -some quasi

. 'monchpomatic excitation, the expected decrease of C under reVérse bias is
-acfuéliy reversed in some réngés of V. - These effegts wi1i have to be inter-
preted.in terms of: a) photogenerated carriers from the CupS reaching the
deplefioﬁ region, b) uncovering of trap levels and -interface states by the

Fermi level and/or c) transitioﬁs involving trap levels.

. Connected prqblems‘include the instability of conductance as the bias
is varied, and the consideration of alternate (more difficult) methods of

calculating C taking into account finite Rg.

After.loqkinguat transients in capacitance produced by chopping white
“light, it was found>tﬁat better feéﬁlts, cbntaihing greater potential infor-
 mati9n:can bé obfained-by quenchiqg with long-wavelength ex;itatiOn.  Two-

" " beam méthodS‘produce even betferfrésults; where the sample is excited con-
tinﬁousiy with blue_light,‘&hiie a secoﬁd beam in the red and IR region is.
_chqpped, High-intensity bulbs féllbwed by color-glass filters give better

results than use of a grating monochromator.

.'_15_
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With sufficiently intense red beam, qeenching can be 80% or . ‘ i
“higher. Low temperature improves quenchihg,‘but will require a con-
trolled atmosphere. The results must be inferpreted in terms'of_lpéding
and unloading traps. In order to investigate the dynamies'of the states,
-Ameaserements have been started on the effect of varying beam intensity

- 4and.dn trénsient'reSponse. Ueable traces of Vq end‘VI have been made on
a chart recorder, aﬁd it has been.found thaf the fransients depare from
simpie expohentials even more than previeesly reported. "A start has been

madeAqn computer analysis of these transients.
Extension of the temperature range to liquid nitrogen is planned.

4.3.5 Phase 7 Theoretical Modeling

a) IﬁAthe theoretical modeling aspect of Task 3 a complete derivation
of the dependence of the current voltage relation upon the value of NA in
Cqu and ND in CdS was carrled out Experlmental studles to verify some of
the predlctlons were performed on spec1a1 cells with very thlck Cu2S (0 85 {im)
produced by fhe sol;d state reaction. Much of ‘this wurk was rcported in the
1979 Photovoltaic Energy Conference in Berlin. 'A,copy of Lhis paper is

attached in Appendix C.

b) Studies of the decay of Voe in (CdZn)S/CuzS cells coupled with the
material studies that reveal deep- spikes of'CuZS forming into the (LdZn)$§’

lnyer suggests the following model for the V,. decay.

Under illumination, the spacc ehérge region near the~juhctieﬁ shrinks
“due to tho trapping nf holes at edpper aceeptor center. This shrinking of
.. the space charge region width would genefa11y~a110w some tunneling through the

junction if it proceeds far enough. Experimentally tunneling effects which g

-18- S E !



are attributed to this cause are seen under illumination with strong blue
light, in which case Voc drops. In .strong infrared light, the space charge
‘region does not shrink as much, and Voc-is observed to be larger than with

either blue or white light.

For thg deeblfingeré £he amount of blue light feéching'that dépfh
4is_vefy”slight:A Tﬁeréfdfe-the shrinkage in the space éhapge‘region,width
‘and the higher field Will'not téke.place'at thege deeper fingers for a
consideréblé time. Howevef,~once the space charge region has.decreasédkﬁy
Virtuevqf the holes being trapped, the current will be considerably higher
because in the'geohetry éf a point the field is much larger -and hence the
'tunneling wbuld be taking p1ace toha.greater extentt The tentative model 3
is that the time depehdence.is éssociated with the narfowing of the space
charge region-at points which are at different depths below tﬁe juncfion
. and Hencelthe émounthf light reaching them and thé timé at which fhe_tun—
neling‘takes place;will vary. The marked decreaéglin Voc is due t§ the fact

that once tunneling begins in these regions they carry a highef current than

-the planar régions of the junction, and in effect have-a lower barrier height

causing a lower Vopc.

7/ . .
‘¢) The work on the two dimensional aspects of sheet resistance in

solar cells can be summarized as follows:

‘Assumptions: - 1. ReSistance loss. in grid line, bus bar, and CdS are

' negligible :
2. CujyS is uniform
3. Junction acts és ideal diode (i.e. J = Jg exp(an)

e q .
Ayhere. o= 57 )

-19-



l)eflﬂltlQnS:A 1. J = m
2. v = av
. J

. _ . L

3.V = Ln -

~.Toc JO

A Yo |
‘s aR  L2(J, + J5) | ) . .
- = g - i | A R

R = sheet resistance Of.CuZS-'
L = grid spacing

5. a = ax

" where x is.the maximum voltage drop across the Cu,S

EquationS't6 be solved:
' \

1. a - éXp(-Voc. + V) [exp‘(a) - 1] . -

a S Codx S _  1/2
73 -'2r

[X - exp(-Voc + v + a)(1 - exp - x)]}

the above set has to be solved to eliminate a to get the current voltage

characteristic (i.e. £(j,v) é'O).'
v Limitézbn solutions:
3 2 1-.expl-vge + V ¥ jr)
- This gives an upper limit to seriés resistance losses of the Cu,S.
j £ 1 -.exp(fgocj+ vV + jr/2)
! ‘ ] .
This gives a lower limit for losses; a better approximation (but more

complicafed)'is:

-20-



2 . -
37 31 -'exp(-vye + V)[(r+1) exp jy -1]/r

J €1 - exp(-voe + v)(exp jr- - 1)/jr

All the numerieal solutions used to find the maximum power point used.
éxpeéSive CPU time and a new iteration scheme being programmed will take

care of this.

In order to studylthe predictions of this model and determine by.

direct measurement on actual cells the value of sheet resistance, .an inter-

'_digitafed contact has been'designed. It consists of a pair of grids with
,équal'line spacings, offset by:hélf that spacing,Aeaéh connected to separate

 'bus bars. Measurements of cell characteristics using each grid and both

together, as well as the current voltage relation with a voltagc between the '

bus bars allow the sheet resistance and photoconductive effects to be studied.

-

C-21-



4.4 Task 4 Encapsulation for Improved Stability

Moﬁitoring'of the roof top cells has been maintained and a third
"cell was added on May 9. The latter cell #695A1.4 was- encapsulated

between glass and a Kovar plate using Dow Corning QL2577 potting compound.

Plots of Jge¢» Voc.énd_Efficiency are given in Figures 6 and 7 for
éell 695B1.3. A‘prelimihary iﬁterpretation of the data is that the rapid
loss §f performance at about day 100 cdrresponds to the onset of'warm humid
weafherf fhis would imply that the packaging procedpfé'is not giving a

good -hermetic seal.

-22-
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5. Future Development

In both-Task 1 and Task 2 the recent results.indicate that sub-
| - stantial improvements in efficiency should be achieved within the next

quarter. A model. to account for the time dépendent'voitage in mixed

sulfide cells will be used to direct cell'fabrication-efforts designed

. to produce a juﬁction.with.more stable behavior.

It is ahticipatqd that by combining the information derived from
_photo}uminescencé and the studies of trap levels using transient capaci-

tance, the foundation of a quantitafive.model of hole traps in CdS and .

"their relation to impurities and~intrin$ic defects will be developed.

1 I B : L -27-
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Appendix A -

"PHOTON LOSS ANALYSIS AND DESIGN OF THIN-FILM
PLANAR JUNCTION Cu»S/CdS DEVICES

JULIO A. BRAGAGNOLO

Institute of Energy Conversion
University of Delaware
Newark, Delaware 19711

Summary

Planar junction dcvices with incrcased open-circuit voltage and
projected cfficicncy over 10%(1) have been obtained by solid-state reaction
growth of CujsS on unetched CdS layers. When the morphology of the CujS
layer is changed, a substantial decrcase in short-circuit current (Jgc)
is observed. A quantitative photon loss analysis shows that achievable
Jgc in present planar cells is limited by reflection and that re-cmission.
of light after intcrnal reflection in the cell is the primary contributor
to the measured losses. Light trapping, caused by diffuse internal reflec-
tion.leading to total internal reflection of outgoing photons at the outer
cell boundary, reduces re-emission losses of thin-film polycrystalline cds/
Cu,S ‘devices to a fraction of their value for a plane- parallel multilayer
device. Variations in cell morphology, leading to changes in diffuse in-
ternal reflection, can explain the observed differences in reflection losses.
This analysis .can be useful in developing designsand processing technlques
for 1ncrca;ed photon collection eff1c1enry of fh1n film cells.



1. INTRODUCTION : | . . |
Thin-film polycrystalline cells of over 9% efficiency and AM1 :

short-circuit current in excess of 27 mA/cm? have been recently rcported by i
thelInstitute of Encrgy Conversion of the University of Delaware (2). It ‘
has been proposed that higher open circuit voltages (V,.) leading to higher
conversion efficiencies could be obtained by reducing the area of the CdS/
'CuZS junction (1). This change can affect other cell characteristics, in

particular its photoh economy (3).'!

The purpose of this work is to quantlfy the effects of solar. - .
| cell morphology on photon losses of CdS/Cu,S devices. Total (diffuse and . ;
specular) Reflectance Spectrometry is the technique best suited,for optical ' 5
analysis of polycrystalline layers. Spectra for the cohplete cell and its

constitutive layers were measured using a 4w Gier-Dunkle Integrating Sphere

detector in conjunction with a Beckman DK-2A spectrophotometer and the data

were used to develop a quantitative photon loss analysis,

2. DESIGN ANALYSIS OF CdS/Cu,S CELLS

A schematic cross section of a thin-film polycrystalline CdS/

Cu3S cell is shown in figure 1. The cells are built up on a substrate of
electro-formed Cu ~ 30 ym thick whicﬁ is plated with 0.1-0.4 pm of Zn. CdS
is vapor deposited to thicknesses between 20 and 30 pm‘with'érain sizes 1
to 5 um. The two sides of the copper substrate have different surface mor-
phologles resulting in 51gn1f1cant d1fferences in the surface area of the
CdS layer and consequently, of the CdS/CuyS junction. Conventional textured
cells are made by first etching the CdS layer, grown on the rough side of
the'substrate, in hydrochloric acid. The CuyS layer, approximately 0.1 pm
thick, is formed by reaction in a cuprous ion solution. Cu3S forms along
the CdS and also penetrates down the CdS grain boundaries resulting in a
.much larger junction area, Aj, than the projected cell area, Ag. A smoother
planar CdS/CujyS junction can be obtained -if the Cu,S is grown by solid- state
reaction between CuCl and unetched CdS. This CupS formation process elimi-
nates grain boundéry penetration. To complete the cell the top electrical
contact is formed.by depositing a highly transmitting (96%) Au grid onto
the CUZS and applying an anti-reflecting (AR) coating.

In conventional, high efficiency cells the hcavy texture of the
CupS layer results in an open-circuit voltage (Vo) luss (1). This loss is
given by (1) VOCA=_(kT/q) 1n (Aj/At), it amounts to ~ 40 mV for the textured
cell and is negligible for the planar junction. A summary of the open cir-

cuit voltage values achieved with CdS/CujS cells having various junction



textures is given in Table I. The data shows that planar juhction:cells on
both the rougﬁ and smooth side of the copper substrate;have the capability

- of achieving efficiencies over 10% if the short-circuit currents, Jgc v 26
mA/ch2 and fill factofs ~n 0,72, typical of the textured cell can be main-
tained. If the only design fecature that is changed is the morphology of the
Cu,yS layer a. substantial decrcase in current is observed even though the open
" circuit voltage increases. To provide direction'to design'and technology ‘
modifications to restore the current a full quantitative analy51s of the pho-

ton losses for each cell design is requ1red

"3, PHOTON LOSS ANALYSIS

The key factor in determining Jg¢ is the photon absorptlon rate

.in the CujS, in which more than 95% of the m1nor1ty carriers are created.
Photons can be lost to clectron-hole pair creation in the CuS layer by sev-
eral processes. The present IEC cells have a grid designed to have valuecs
‘of 12.5 um wide lines and 32 lines/cm; giving a design loss of 4%. Actual
widths are generally 17-25 um ;esulting in 5-8% shadingilesses.‘ Photon ab-
sorption processes not resultiﬁg in electron-hole pair creation in the‘Cqu
arise from CujS free-carrier absorption, 'CdS eitrinsic absorption and AR
cover ‘and substrate losses. Cu3S free-carrier absofpfion has been shown to
be negligible for nearly stoichiometric material (4). CdS extrinsic absorp-
‘tion can be neglected due to the low cds absorption constant ~ 10 em-1 for

A 2 550 nm, Total absorptance of the AR layers- used has been measured for
monitor samples dep051tcd on Corning 7059 glass slides and found not to ex-
ceed 1%. Flnally, substrate absorption losses have been estimated to be

~ 10%»(3). This and total reflection constltgte the major photon losses in
" present cells. ' ) '

Experlmental reflectance spectra of gridded thin-film polycrys-
talline CdS/CuZS devices with various Cu,S layer and-substrate morphologles '
but similar Cu,S thickness are shown in Figure 2. Th;ckness values refer to
the "skin" of the CujS 1layer aﬁd have been estimated from'effective thick-
nesses measured electrochemically by cathodic stripping (5). Reflection losses
decrease w1th increasing junction and substrate texture both before (curves
1, 2, and 3) and after (curves 4 5, and G) 5i0x AR coating appllcatlon ‘The
aVcrage over the solar spectrum of the reflection losses using a spectrum cor-
‘responding to AM1.5 (6) has been computed from the curves. Table II summarizes
the' calculated averages, together with the achieved short-circuit currentVJsc‘
for cach cell type after Si0Oy AR coating application. |

_To rcduce the '"reflection' losses from the planar cell would



appear to merely require the application of more cffective anti-reflection

techniques. A double layer e.g. ZnS/MgFj coating can be designed so as to

cancel the front surface reflectance from CﬁZS at ~ 500 and 750 nm. A cal-
culation assuming a scmi-infinite CujS layer covered by a 0.06 ym thick ZnS
layer of refractive index 2.3 and a 0.1 um thick layer of MgF; of refractive
index 1.39 and using literature values for the CuyS optical constants (8)
yields curve 1 in figure 3. However, when such an AR coating is actually
applied to a griddéd planar junction cell (curves 2 and 3) a non-zero re-
flectance results which increases monotonically for A > 550 nm. This long

wave reflectance is clearly dominated by ré—emitted light leaving the cell

" -after reflection at the back contact, and not by front surface reflection.

Increasing the Cu2S thickness is alsoAlimited'aé'a technique to
increase the photon absorption efficiency in planar junction cells. While
the reflectance for A > 500 nm is decreased by increasing the CujS "skin"

thickness dj (figure 3, Qurves 2,4, and 5), the condition for.efficiency
: Ln

collection of .photogenerated carriers require§ that d) < - where Lp ~ 0.1~

0.3 ym is the minority carrier diffusion length in the CujS (7). Cells with
dy > 0.1 um already show a decreasing Jg. presumably due to carrier losses,
whereas thickness in excess of 0.15 um are necessary to achieve losses below

10% (curve 6, figure 3). In summary, losses caused by re-emitted light af-

" ter reflection at the back contact account for up to 17% of J¢. losses in

planar junction cells and are a major obstacle to the achievement of Jge
comparable with that of textured junction:CdS/CuZS cells.
The key role of.the front Cu,S surface texture in the high pho-

" ton efficiency of the textured junction cell can be seen for A < 500 nm

(figure 2). There CdS absorption pfévents re-emitted light from contributing
and ‘total reflectance equals that of the front .cell surface which is 20%
lower for the textured cell. The majof part of the reflection lo$s’however,'
arises from the region A > 500 nm where for CujS thicknesses-= 0.1 pm the 4
contribution by re-emitted.light can be substantial. As we shall see in
what follows. a model of the cell as a specular, plane.paralJel_multilayer
structure yields reflectance values in total disagrecment with the data for
both planar and textured junction cells. The results can instead be ex-
plained by "light trapping"”. In tﬁis model, diffuse reflection at high
angleé at the Cu,S/CdS and;CdS/substrate interfaces, leads to total internal
reflection of outgoing photons at the CuS/Air interface. This "light trap-
ping' decreases the re-emitted component of reflectance, enhancing absorp-

tion in the Cu3S. The effect is minimized as either the junction or the



substrate are made more nearly planar:. A qnantitative‘analysis of reflec—
tance which can be uscful as a design tool for 1mproved photon collcctlon

in the planar cell follows.

MODEL FOR LIGHT TRAPPING'

The simplesf semi-duantitative model.that,embodiés all the fea-

~ tures neccessary to the analysis of texture effects is pictured in figure 4.
fn’this model the‘Cuzs layer (medium 1) is rgpresented as resting on a vir-
tual substrate (medium 2) which repiaces-the CdS/substrate combination of
'the real cell. Diffuse reflection of light will be assumed to occur at
this interface with an angular distribution f (0), independent of the angle
of incidencé. The fﬁnction f (0) reflects the mofphplogy of both, thelCdS/
CujS junction and the CdS/substrate iﬁfefface. " The CujS/Air interface (0o1)
will be assumed specular for the planar'junCtion cell, and the calculations
limited to this case. Finaliy, the variations in drientationAand thickness
of the polycrystalline layers which result in diffuse‘reflection will be

' Aassumed to cause incoherent addltlon of waves reflected from the various
cell interfaces. This assumptlon is con51stent with the absence of inter-

ference effects 1n reflectance.. The normal incidence reflectance is then

iven by: 4 oy ‘ '
grven by . (1 - Ro1) Iy exp - (a3d}) , -
R = + ————— e . =
01 . | R e : :
where : . w2 | | o - |
IN = 21y £ (0) [1- Ryp (8)] exp - (Tr=i5) sin ede:
| /2 o ' L . :
: ' 2ay3d1, .
I, .= 21fg £ (0) Ry (0) exp - (Egi‘%ﬂ sin 0do
R.. = (- n1)?
01
(1”\1)Z
: 2 - 2 (o -
Ryg () = sin (6 <] ') . tan< (0 o)
sin? (b + 0" ' tanz-(e + 0"
sin © ' = nj sin ©

and where aj, nj and d; are the absorption constaﬁt, refractive index and
thickness of the Cuzs layer. The contribution of the Cuzscextinctioﬁ-;oef-
ficient k) to R01 and Rjg (0) has been neglected. | |

Two ¢ases deserve attentjon. For a specular plane parallel
- multilayer structure equation (1) becomes:

(1 - Rm)2 R12 exp - (2°1d1) | ‘(é)‘

R = Rgy
01 * 1 - R ij cxp - (2u]d1)



where Ry, is the normal incidence rcflectance of the virtual interface. Ne-
g]cctingﬁCdS absorption and the small (v 0.02) CuyS/CdS interface reflec-
tance, Ryy cquals the reflcctance of the CdS/Brase interface.+ Fquation (2)°
has been evaluated with literature values for the optical constants of CdZS
(8) and Brass (3) for various CujS thicknesses (figure 5). Calculated values
of reflectance are much higher than those measured (figures 2 and 3) for ‘
either planar or textured'junctioﬁ cells of equivalent'CuéS‘"Skin" thickness.
This difference can be quantitatively explained by'this model of light trap-
A ping' calculatlng R in cquation (1) using a reasonable form for f(0)a cosO,

| normalized in such.a way that the total reflectance of interface (12)

in the diffuse case equals its normal incidence specular value Ry, the model
.yields reflectances that are drastically lower than these given by the spec-
ular approximation, but are w1th1n a few percent of the planar cell results
(figure 5). This suggests that light trapping arising from substrate tex-
ture is a plausible mechan1smAto explain the reflectance of planar junction
cells. The relative insénsitivity of the computed relfectance to Cu,S thick-
ness, as compared to the specular case, is also in agreementfwith the results
: (figureSIS and 5). The low reflectance of the textured cell fer A > 550 nm
cah_be qualitatively analyzed in terms of variations in f (©) induced by A

~

CdS/CUZS junction texture.

CONCLUSIONS
Analysis and exper1ments show that cell. morphology is a dominant

factor in determlnlng the optical efficiency of thin-film CdS/CuZS cells. The
‘high photon eff1c1ency of the convent10na1 textured cell arlses from both,
light capture at its front surface and trapping caused by diffuse reflection
at the CdS/CujS and CdS/Brass 1nterfaces Removal of the CdS/CuyS Junctlon
texture, while increasing V., 1ntroduces losses which 11m1t the JSc of
planar cells to about 80% of that in textured cells.

' The primary contribution to reflection losses-of planar cells
is re—emiesion of light after reflection inside the cell. A simple model
for reflectance shows that light trapping limits re-emission losses of thin
plaﬁar devices to a fraction of their speculer value. Design and proceseing
techniques utilizing light trapping to improve photon collection of thin-film

polycrystalline CdS/Cu,S devices are under development at IEC.
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Table I. Achieved Voc and design analysis for CdS/Cuj,S cell.

: c 3 * Achievable**
€Cell Junction  Substrate Aj/At | Voc [mV] Voc[mv]' Efficiency[%]
690B13 Textured Rough 10 : 509 513 9.6
834B14 . Planar - Rough . 2 A 545 556 10.4

_ 686A24 Planar - Smooth -1 . 557 : 570 10.7

+ Measured at maximum Jses - Solar Slmulator Intensity: 0.83 mW/cm2
* -Normalized to Jg. (AM1) = 26 mA/cm? )
** At Jse (AMI) = 26 mA/em?, £ill facter = 0.72

Iggle II. Average Ref]ectance of CdS/Cuzs cells with S10 AR coatlng

| - e (AMI)
. t sC

© Cell Junction Substrate Reflection loss . [mA/cmZ]

690813 . - Textured Rough 77 0.04 % 0.03 24.8

686A14 Planar Smooth 0.17 + 0.03 ‘ - -20.5

462D1. - Planar Rough 0.12 + 0.03 20.2

tAfter subtracting grid reflectance.

Terrestrial Phatovoltaic Measurement Procedures, ERDA/NASA/1022-77/16.
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Appendix B

INTERFACE RECOMBINATION AND JUNCTION FIELD

STUDIES IN THE CUZS - CdS SOLAR CELL

LESLIE M. KILGREN .

Institute of Energy Conversion
4 -UniverSity of Delaware
Newark, DE 19711
' U.S.A.

Summary A _
~ In the CupS - CdS solar cell a significant part of the recombina-
tion losses are due to interface states in the junction. A technique has
been developed which directly determines the voltage dependence of the
interface recombination. An experiment is.described which allows one to
measure cell response to a modulated monochromatic source while the cell
-1is biased with an ‘applied voltage and illuminated by light of varying
spectral content and intensity. Phase-sensitive detection is used to '
measure the cell response to the modulated source. It has been determined
that the light-generated current is a function of the applied voltage.
Also, marked differencés in the fraction of current lost due to voltage-
dependent junction effects have been noted for cells of differing perfor- - ..
manceée characteristics. For cells of generally good.performance character- J
istics the changes noted as a function of spectral content and intensity
of the bias light are in good qualitative agreement with theoretical //*
predictions as well as conclusions inferred from capacitance and. current- ‘ '
voltage studies. - ' ‘



1. INTRODUCTION

There are many mechanisms whereby the current-collection capabili-
" ties of solar cells can_be limited. Besides the design and materials-
.production—related'losses such as grid shading, series resistance and shunt
.condnttance, there are'the'more‘involyedlcarrier—related phenomena'of sur-
face, bulk and interface recombination. For the'case of the CdS—ChZS
heterojunction solar cell,where the lattice mismatch is nearly 5Z in two of
the three dimensions, interface recombination can become the dominant ‘
) mechanism controlling current flow (1).  That this is the case can also be
- seen. from barrler height measurements of ‘these cells. Values consisténtly
”range between .85 eV ‘and .95 eV, which. are all much less than the 1.2 eV .
which would be required 'if significant numbers of carriers were passing
through the junction without recombining (2). An experimental technique -
has been developed'whicn Separatee out the voltage-dependent interface

losses and quantitatinely determines their significance.

2', THEORY

Follow1ng is the current—voltage relation for the CdS- Cuzs cell:

‘J' = J {exp [ (V - JAR )]— l} - JL

where JO is the saturation current, e is the electronic charge, k is

Boltzmann s constant, T-is the absolute temperature, A is the cell area,
) Rs is the series resistance, and J

. L
(3). ‘

is the light-generated current density

‘ Varying the applied vnlrage across a cecll will cause changes 1in
the width of the depletion region and in the Junction electric field, and
hence will infloence the amount of current lost due to interface recombina-
- tion. The present model of cell operation states that the interface .

recombination depends on the field at the junction as follows:

u
% o 5215 F
: 14252

where JLO is the light-generated current .density flowing into the junction

from the Cu,S; u, s the electron mobility in CdS, F, is the electric

2 2

field in the CdS at the junction, and St

bination velocity‘(ﬁ). The junction field itself is a function of. the

T T

is the effective interface recom-~ .



illuminatibn dn the cell as well as the applied voitagg across the cell.

Since efficiency is related to the ratio of J at the maximum power point

to JL ac V=0, (5) it follows that significait progress toward the under-
standing of efficiency-limiting mechanisms would be realized if an experi-
ment could be performed which would specify the voltage dependence of JL’
i.e., 1f an.experiment could be performed which would determine the magni-
- tude of the interface recombination current as a function of che applied

voltage. In what follows we w111 present such an experiment.

3. EXPERIMENT
3f1- Development
Our interest is in cell behavior undér normal operating condicién#,'
but a measurement of J undér AM1 bias at a given applied voltage different
from zero is insufficieht to déternmine the magnitude of JL. If, however,:
with a given non-zero applied voltage across the cell we add in a small
modulated signal via chopped light,'theq phase-sensitive-detection teéhé
niques can be used to separate out.the resulting AC current j frohithe.
much larger overall DC AMl current. We will be correct in calling this AC
cgrtent jL since only the lightrgeneréted current due to'tﬁe additional
chopped light will possess an AC component. Now 1if we have chosen this.
additional chopped light at a waQelength which does not affect the junc-
tion field; and we measure jL for different applied voltages, Fhen we have
succeeded in detgrmining_JL(V), since the functional form of JL(V) will be
the same as that of jL(V) for moderate light intensities. Also, if’
measurements of jL in far reverse bias yield a constant, then we will be
correct in calling that constant jLO’ and we have»every;hing we need to
determine what fraction of the light-generated current is lost due to

"interface recombination.

Qur concerﬁ about finding a wavelength which Yill:not cause
changes in the junction field is a valid one, and the success of the above
approach is depéndent-upon it., While actual band-to-band excitalivu in .
the CdS can occur only for wavelengths'less than 515 nm and in our cells
will account for less than 5% of the total collected current under AM1
bias conditions, (6) there are many stéces (vle traps, or deep centers)
in the CdS at the junction which can be. excited by a broad band of wave-
lengths, and which could thereby change the charge distribution within the

depletionAregion and hence change the junction field. That there are a



significant number of these hole traps can‘be‘scen from capacitance meca-
surements of CnS—Cuzs.cells, where thejdifference between light and dark
-capaeitance c¢an be as much as two orders of magnitude (5,7). Because of
the complexity of the kinetics involved, those changes in j which are a.
result of changes in the depletion region (and hence Junction field) due to
-"excitation of these deep centers will not be in phase with the changes
which result from the interface recombination losses, and we therefore have
a means by which we can finn the appropriate wayeleng;h for our chopped
light. All we need fo do 1is to pick some convenient applied voltage and
.measure the out-of-phase conponent of jL as a fnnction of the wavelength
-of ‘the chopped 1light. Any wavelength from the range where the out-of-
phase component gees to zero will then serve our‘purposes. That such a
nwavelength range exists can be seen from data on the opfica14quenching of
photocapaciﬁanee (2,8). Wavelengths in the 650-700 nm range suffice for
" our cells. ' '
3.2 Technique
Figure I shows a schematic representation of the experimental set—-up

which is used. Light from a DC-powered tungsten source passes through a
grating monochromater and an image of the exit slit 'is focused on the’
surface of a silvered light—chopping blade placed at 45° to the path of
the incoming light beam. 'The transmitted beam 111um1nates the cell under
test through an apprqpriape lens system. The beam reflected from the .
chopper is suieably'monifored'to give a continuous measurement of the
: primary beam intensity. ‘The light-chopper cdntrol provides-a reference
signal for the lock-in amplifier which is used to measure the AC output of
the cell An ELH tungsten—iodide lamp driven by a stabilized DC supply '
provides the bias light. The cell under test is mounted on a thermo-
electric temperature-controlled block Witn the necessary electrical: con-
nections to allow for application of a bias voltage and measurement of
1ce11 output. 'Output from the leek-in amplifier and the voltage-bilasing
_power supply are fed to an x-y recorder for display. '

4. RESULTS _ | .

' Marked differences in‘the fraction of current lost due to voltage—
dependent junction effects have been noted for cells of differing perfor—
mance characteristics. Eigure IT shows JL/JL at AMl as a function of

bias voltage for two cells of significantly different performence. A

x . :
AMl 1s set on the ELH lamp simulator using NASA standard reference cells.



table of'curfent-voltage‘parametera has been included and 1t can be seen
-that while the open- circuit voltages (V ) are within 5% of each other,
and the short-circult currents (J ) are within 3%, the fill factor (FF)
of cell M169B2-2 is nearly 20% 1ess than that of cell M169B2-1. Ihis
disparity in f11ll factor is clearly mirrored by the JL.behavior of the two
cells, o ‘ _

For cells of generally good perfornance characteristics the variation
of JL with voltage 1is not so pronounced under‘nérmal AM1 conditions. For
theae cells, however, it is possible to induce strong voltage dependence
by varying the junction field via the bias light. Figure III snows‘JL/JLO
vs. voltage for cell #810A1-4 under three different conditions of bias
fllumination. The top curve was taken under standard AMJ, wnile the two
bottom curves Qere obtained using color filters which limit the shorter
‘wavelength portions of the spectrumji From the included table of current-
voitage parameters measured under corresponding bias light conditions we
see that the JL/JLo behavior clearly mirrors the progressiye'loss‘in f111
factor observed for longer wavelength illumination. This lowering of the
f111 factor, along with corresponding changes in photocapacitanee, has been
reported previcusly (5). Even more pronounced dependence of JL on.voltaée
‘may be observed if we reduce the junction field by lowering the intensity
of the bias light. Filgure IV shows corresponding data for 0.1 AM1 illum-
ination, while Figure V shows the results for 0.01 AMl. It should be
noted that as ne proceed to lower and loner light intensities the differ-
ence between the two filtered measurements decreases. More specifically,.
adding back in some of the removed shorter wavelengths now has less of an
ability to enhance JL' This foliows from :the fact that the.bluer light,
which 1is better able to affect the CdS at the junction and hence modify the
depletion region and the fieid, now has less of an effect as far as
increasing JL '
set due to the decreased bilas intensity.

5. CONCLUSIONS ‘ ' B

Our results clearLy indicate that JL is a function cf applied voltage.
They are in good qualitative agreement not only with theoretical predic -
,tions of tne effect of the junction field on interface recombination, but
. with conclusicns'inferred from other analysis techniques, such as current-
voltage and capacitance studies.: It is apparent that the present
‘fCorning sharp cut orange filter C.S.3- 68(507 nm <A< 574 nm) and sharp cut
red filter C.S$.2-73(558 nm <A< 618 nm).

, since the junction fieldjis‘significantly‘lower at the out-



techniqﬁe provides ‘a ﬁoweffdl means of monitoring junction-related changes
in celi'reSPOnse'correspondingAtb vartations in cell production parameters.
" We feel that furtherISCUdies are extremeiy important- in that they will aid
"~ in refinement of present theory and thereby'provide insight into cfitical
'efficiency-limiting loss mechanisms. It-must‘be stressed that previously
all 1nformatiop about juhctidn—related‘effecﬁs had to be extracted from
current-voltége studies and capacitance measurements, and hence fhac'the
. present ‘work is a large step forward in that it allows for the first time
direct determination of- J as a function- of ‘applied voltage. One must
also stress ;he broad applicability of the technique, as it can easily
"'be applied to the study deény current—coliecting photovoltaic device.
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Experimentai Equipment.

Light generated current as a funétion of the applied voltagé
for cells #M169B2-1 and #M169B2-2 at AM1 intensity.

Light generated current as a function of the applied voltage
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AM1 equivalent intensity.~

Light generated current as a function of the applied voltage
for cell #810A1-4 at three different blas illuminations of

.0.1 AM1 equivalent intensity.

Light .generated current as a function of the applied voltage

for cell #810A1-4 at three different bias illuminations of

0.01 AM1 equivalent intensity.
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Appendix C

*
OPTIMAL MATERIAL PROPERTIES FOR CdS/CUZS SOLAR CELLS
ALLEN ROTHWARF

Institute of Energy Conversion
University of Delaware

Newark, DE 19711 USA

1. Summary

The .CdS/CuyS solar cell has been studied for a number of years(l).
.The properties reported for these cells have shown wide variations in
_efficiency as well as in phenomena exhibitted by the cells. The material
properties of cadmium sulfide and copper sulfide have also displayed a -
wide variety, with significant changes in properties occurlng with heat
treatment of the materials.

A heterojunction model proposed previously (2) accounts for many of
the properties of. the cell, and has been used to guide modifications of
cell production and design to achieve improved efficiency (3,4). Here we’
present a review of the model with emphasis on the role of the material
properties of the CujS-and CdS layers, and experimental confirmation of -
predicted effects. The combined experimental and theoretical results indi-’
cate that the donor density Np in CdS and the acceptor density Np in
Cuzs are the crucial material properties. Optimal operation of the cell
requires Np =1016 - 1017/cm3 and Np = 100 Np.

*
This work was supported in part by the Department of Energy under
contract EG 77 C 03-1576.



2, THE HETEROJUNCTION MODEL AND MATERTIAL PROPERTIES

The equation derived to describe the current voltage relationship
of the CdS/CuS solar cell is (2,3) "
1 = qAJ.N sIexp(+¢/kT] {exp[q(V—IRS)/AkT]—l} 22

iy e o (1)
J_Lo S H,F,

c2

where q is the electronic charge, and N the effective density of states

c?
at the band edge of the CdS (2x1018cm'3) It is based upon the band model

for the cell under illumination illustrated in Fig. 1.
The parameters which are involved and the relation to material

‘properties are as follows:

1. SI’ the intcrface recombination velocity is related to the mis-
fit dislocation density at the interface between the CUZS and CdS due to

the lattice mismatch Aa across the junction. SI is given by the relation

* *
SI ='Vtha‘NI where NI =2 A_a/a3 is the effective density of interface

states and o the capture cross section of the interface states. The

expected range of SI is 105—5 X 106 cm/sec.

2. A, /Ai_is the ratio of the junction area to the planar area of
the cell; and depends on the grain size in the CdS and the method of prep-
aration of the Cu,S: Aj/aL ranges from 1 to greater than 10, and reduces

2
the open circuit voltage by an amount(5)AV (AkT/q) 1n Aj/al:.-Two

oc
effects influence the junction area. One arises from intentional texturing

2”
grain boundaries, cracks, or other defects in the CdS layer. By use of

of the surface with Aj/AI *2.5; Lhe other from the formation of Cu,S down
CdS grown on a smooth substrate and formlng the Cuzs by a solid state reac-
tion (CuCl on CdS), on the untextured surface A, /ai— is near unlty'and the
measured VOC is increased by 0.06 V. ‘'The planar structure 1S$ more highly
reflecting from the front surface (6) and does not trap light effectively(7).
3. ¢ is the activation energy or barrier height to electron flow

between the CdS and CuéS sides of the 1unc£ion. It depends on the handgap
of the copper sulfide,the difference in the electron affinity between the
two materials, Ay, the position of the ?ermi level in the Cuzs and the
extent of band bending in Cu,S.The latter two parameters in turn depend upon

the density of carriers in Cu,S and the ratio of the density of carriers in

Cds, ND to the density in Cuzs, NA' The equations of importance are (2):
¢ = Egl - qVDp - 61 - AX = (Egl—Ax —61 + 62(A+1))/A : (2)
N N N N
- v - _c2 A+ D
61 = kT In N 6, kT 1n R N (3)



v . = V . . = [ RS a4 A . ' ’ . 4
A D ‘

Vp = Bg - AX- & - 5, - )

QVOC = A (¢+ ‘kT '1.nAIjL/q NCZSIAj) : . ) | (6)

The maximum value for ¢ for non-degenerate Cu, S is "1 eV when,VDP
and 61 are zero, and as low as 0.5 eV depending upon the values of NA in
Cu,S and N_ in CdS. For degenerate_CuZS (plelg/cm3), 8

2 D 1
and ¢ can exceed Eg1 - 8x. The upper values of' ¢ = 1 eV, reported on

will be negative

cells, may include a small contribution from negative 61 values.

4. A - The diode ideality factor depends directly upon the ratio
of the carrier conéentfation in the Cu,S and the CdS, or assuming the
acceptors and donors to. be fully ionized ND/NA. The expression for Alis
given in eq (3) for N, 2 ND. Hence A ranges between 1 and 2.

5. R_ is the series resistance to the extent that a series resis-

tance writtei in the form given in Eq. (1) is representative of the effects
nof resist1v1ty in the varlous 1ayers An adequate expression for RS 1s(8)

RSA = Pys /12dl, with Py the re51st1v1ty of the CUZS layer, dl its thlck—

ness and s the spac1ng between parallel.grid line. The ‘values of pl/d ‘the
sheét resistance in good cells are 3 - 10 x 103 ohms .per square. The sheet
resistance depends very strongly upon the formation of a thin copper ox1de

_layer on the surface of the Cu S(9) " Since the oxide thickness seems to be
self limlting the magnitude of plls determined by the thickness of the:

dunderlylng CUZS layer. The grid spacing (4) that gives opt1mal ‘shading and
-1/3

" £111 factor goes as (pl/dl) . The property of the eell affected direct~
ly by RS is the fill factor FF. The loss in FF associated with RS(A) is
. .
AFF_. = - —— j_ RA o (7)
" Rg. Voc - scRs J_ ,

where c is°70.9. However, other terms particularly- the voltage dependent

'part of JL can influence FF as strongly as R In Fig. 2 we have plotted

S’

the theoretical dependence of FF on NA with VOC = 0;5 v, My = 6 cm” /V

sec and s = 3.2 x 10 cm,, assuming a loss of 0,05 from the voltage depen-
dence of jL Table I illustrateS»effects of heat treatment on the fill
'factor and other cell parameters.

6. is the light generated current density arriving at the

LO

junction. Theoretical expressions for JLO in terms of  the modes of

operation of the cell, absorption coefficient, .thickness of the layers,

‘and diffusion length have been derived and presented elsewhere (3).



Fig. 3 shows the collection efficiency, ncp11, and jpg is the integral of
Ancoll over the appropriate wavelength range, allowing for reflection and
grid absorption losses at the front surface. EXpérimentally;reducing heat
treatments in Hy-Ar or CO increases the short circuit current, while heating
in air or allowing the cell to remain unprotected in air decreases fhe short
circuit current. The changes are reversible (see Table I). The sheet re-
sistance of the CuyS is also modified. The strong dependence of both jgc
and the sheet resistance on stoichiometry is\weli dqcumented'(IO) and may
result'from modifications in the absorption coefficient, (11) the lifetime,
or_the,electron mobility (12).  Diffusion length values afern the order of
0.3 'um t13,14) with one report of 2.7 um (15). <CQmparisuu of experimental

. and calculated speétial response curves indicate that our cells have

L < 0.3 um (5).

7. ﬁzAis the electron mobility in the CdS layer near the interface. .
It'can.depend upon impurity levels in the CdS, dislocation densities, grain
éize, stacking faults, etc. wujp is expected to range from the 300 cm2/V sec
seen in single crystal material down to as low as 20 em2/vV reported in poly-
crystalline material (16). The true mobility in polycrystalline films is
obscured by difficulties in interpreting Hall measurements and because the

resistivity may vary through the thickness of the layer.

8. Fy, the junction field is given by Fp = (zquN.D*/EEOA')%, with
Np* the effective donor density in CdS (4,17). The ionization state of the
deep levels in CdS as détermined by the light reaching fhem controls Np*, .
and hence Fp. In Fig. 4 current-voltage curves under various spectral illu-
minations are illustrated and ‘Table II lists the éorresponding photocapaci-
tance and Fy values. Both the capacitance and collection efficiency have
been shown to.be'depéndént‘(17) upon the intensity and spectral content of
the light reaching the CdS layer..‘Photoéapacitance and collection effi-
.ciency experiments (17) have established the accuracy of the Fy term in
Eq. (1).  The results yield typiéal Sy values of '3 x 10° cm/séc, assuming
p) = 100 cm?/V sec. '

. 3. INTERRELATIONSHIPS OF CELL AND MATERIALS PROPERTIES

~In this section: the détailed relations betweenvthe cell parameters.
isc,Voc and FF and the material properties of CuyS and CdS are treated.
A. Short circuit current - JQC is the last term in Eq. (1), thus we

can write an cxpression for the expected short circuit current as a function



of both Nj and Np, and in Fig. 5 we have illustrated a plot of j¢¢ versus
Np assumlng Jio =20 m/\/cm2 for Np = 1019/cm nnd ito .= 15 mA/cm2 for
NpA = 2x ]()19/(,m3 based ron Table 1. o

B. Open-c1rcu1t voltage. Vgc is given by Eq. (6). Fig. 6 indi-

" cates the dependence of Voc on both Np and Np. . The bars are the best values
of Voc taken from the 11tcrature (18), with the correspond1ng donor density -
"deduced from the resistivity rcportcd (uz = 100 cm?/V sec assumed). - Values

" for recent IEC cells are indicated by ®.

In Fig. 7 we show the current-voltage felationship for a cell made

with very thick Cu;S, 0.85 um as compared to 0.1-0.3 ym used in ordinary

- cells, While the thick layer cell .is clearly nof of interest for high

eff1c1ency 1ts propéerties allow us to test key features of the model. The

“thick layer minimizes the effect of the thin natural oxide layer which is

built up on the cell when it is exposed to air. Consequently the copper,

" sulfide has high stoichiometry and the open circuit voltage of the cell

(curve 1) is extremely low.  The air énd‘Hz-Ar heat treatments modify Np

through the Cu,0 surface layer; changing Voc in accord with Eq (6). Similar

curves were.réported by TeVelde -(19).

When cell 748A1-2 had ah AM1, VOC value of 0.368 V and jsc = 1.4 mA/

cm? its I-V characteristics at various white light ihtensities (.1-1 AM1)

‘were obtained. From the Voc vs 1n intensity plot an'A—faetor of 1.3 was

. deduced. Since p2 for this cell was 1.1 ohm-cm, Np © 5.7 x. 1016/cm3 is

deduee& and hence Ny = 1.9 x 1017/Cm The observed value of Vg agrees
qultc wcll w1th the 0.39 V. predlcted by bq -(6) using Sy = 3 x 105 cm/sec

‘and AJ/Al = 1

The variation in reverse bias 111ustrated in Fig. 7 stems from the

fact that JLO becomes voltage dependent due to the higher collcctlon in thé

.space charge region on the CujS 51de of the junction.

.C. Fill-Factor. The primary dependence of the fill factor .on NA is
given by Eq. (7) and Fig. 2. The fill factor also depends on Nj due to band

- bending in Cu,S which tends to cause a greater current collection. FF de-

pends upon Ny and the charged acceptor levels in CdS through the effect
111ustrated in F1g 4,

4. OPTIMAL MATERJAL PROPERTIES

There are six material properties of interest. In CujS in addition

. to NA, un which affects the diffusion length and up . the series resistance



are important; If up were greater than the 2-10 cm2/V sec range (12) and

cells.

_ Mn scalcd with up thicker Cu)S could be used to obtain higher efficiency

In CdS, Np, uz and the deep level acceptor density Npo together

affect VOC» jSC’ and FF, with Np ~ Np2 and Np* = Np assumed at AM1 inten-

sities. In présent cells the u's are not controlled. Np is determined by

. growth conditions, with Np and NAQ controlled by heatAtrcatments. The

calculated and experimental results indicate that for high efficiency cells
Np ~ 1016 - 1017/cm3, (p, = 1-10 ohm-cm), and Ny = 100 Ny, (p; = 0.1-1 ohm-

cm).

This corresponds to CuyS with x 1. 9995 - 1.99995. The thlckness of

CuyS indicated (neglectlng that -in grain boundarles) is 0.1 um.

That this range of propertles produce high eff1c1ency cells (20) 15

illusfrated in ‘lable 111I.
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Table I. Effects of Heat Treatmcnt on Ccll Parameters at Simulated AM1 |
" Cell jsc(mA/cmz) Voc. FF(%) n(%) dj(m) p;/dj(ohm) Heatlng
'393C2 14.9 -~ 0.500 71.9 5.4 0.19 6 x 103 ‘lAr 120°C
p=2.3 9.3 ©0.471 69.2 3.0 0.19 2.4 x 103 “Air 150°C
S581A2-1  20.1 0.502 72.1 7.27 0.36 ' .
p=7.8 -14.8 . 0.498 73.8 5.42 - 0.36 . : “Air 170°C
: 21.4 0.491 67.1 7.06 0.36 B "Ha-Ar 170°C‘
'Table I111. Characteristics of High Eff1c1ency Cells Under Colllmated
: ‘Sunlight Illum1nat1on
: Area S . g
Cell JSC(mA/cm Voc - FF(%)  n(%) d;(um)’ (cm?2) Intensity mW/em
690B1-3 21.8 .516  71.4 9.15 0.3  0.884 : . 87.9
p=4.8 o o " K . )
695A1-4 20.8 ~.500 73.1 8.88 0.3 1.26 ' . 85,7,
p=1.8 o ' o :
Table . 1I. Fill‘Factor<ahd Photo-
capacitance Changes With Spectral
,Content Cell 675B1-4 p=8.3 ohm-cm
"C/A Fp
I1lumination FF(%) nF/cm2 (104V/cm)
AM1 (ELH Lamp)  66.2  46.8 7.9
. Blue X<0.59 um 67.7 45.8 . 7.7
Orange A>0.54 ym 61.2 18.7 3.2
Red A> 2.7

0.58 ym.  56.9°  16.0
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FIGURE. CARTIONS

Band d1agram of the CdS/CujS solar cell undeéer 111um1nat10n

The calculated fill factor of the Cuj,S solar cell as a functlon
of carrier concentration in Cu2$S (p = Na)

Calculated collection efficiency jgc/qé (A) as a function of -
absorption coefficient a, thickness d, diffusion length L, and
surface recombination velocity S.

Current voltage curves for cell 675 B1-4 indicating dependence
upon - spectral content of illumination (see Table II).

Calculated dependence of Jgc on the .donor density Np in CdS, with
Sy = 106 cm/sec.

Calculated dependence of V4o on Nj and NDAWith éxperimental data.
Current voltage curves of speciul CdS/CujS cell illustrating
pronounced effect of heat treatments on cell characteristics.
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