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ABSTRACT 

. , 
. . ,  This r e p o r t  covers work.performed f o r  t h e  period February 26, 1979 t o  

June 15, 1980. 

. .  . Extensive,modifications were made t o  t h e  mu1,ti-source deposi t ion  apparatus. 
' 

. These include t h e  i n s t a l l a t i o n  of a larger'vacuum chamber on sthe e x i s t i n g  
. .  . 

pumping system. The new .chamber provides improved in ter -source  shie ld ing,  an 

improved s u b s t r a t e  mounting and heat ing system, and a vacuum in te r lock  f o r  

introducing subst ra tes .  

CdS r e s i s t i v i t y  con t ro l  by both'  I n  doping and off -s to ichiometr ic  deposi t ion  

has been invest igated.  Indium doping has been achieved both by d i f f u s i o n  from 

a pre-deposited I n  layer  and by using I n  doped spu t t e r ing  t a r g e t s .  R e s i s t i v i t i e s  

i n  t h e  range 0.1 t o  5R-cm have been obtained f o r  t a r g e t  doping l e v e l s  of from 

0.1 t o  1 a t .  percent of In. These r e s i s t i v i t i e s  were found t o  be c r i t i c a l l y  

dependent on t h e  H2S in jec t ion  r a t e ,  apparently because of compensation by Cd 

vacancies. Off-stoichiometry CdS coatings with solar- i l luminated r e s i s t i v i t i e s  

2 ' . 
of about 10 A-cm have been deposited,using a c y c l i c  r e a c t i v e  spu t t e r ing  process 

where t h e  H2S i n j e c t i o n  i s  pe r iod ica l ly  switched on and o f f .  

The CuxS deposit ion process was found t o  be s e n s i t i v e  t o  t h e  period of 

cathode operat ion p r i o r  t o  coating deposit ion,  probably because of t h e  condi- 
I. 

t ion ing  of cathode and sh ie ld  surfaces.  CuXS coatings deposited onto CdS under 

various condit ions have been found t o  have t h e  same proper t ies  a s  those deposited 

onto g lass  subs t ra tes  i n  previous s tudies .  

All-oputter-deposited Cd(Zn)S/C112S c e l l s ,  with Cd(Zn)S layers  deposited 

using a Cd-0.10 Zn t a r g e t  doped with 2 atomic percent  In ,  have yielded e f f i c i e n -  

c i e s  of -0.4%. Al l -sput tered  c e l l s  wi th  e f f i c i e n c i e s  of -0.6% have been f a b r i -  

cated,  using undoped CdS deposited by t h e  pulse i n j e c t i o n  process. Ef f i c ienc ies  

of-1.2% have been achieved f o r  ce l l s  with undoped sputter-deposited CdS and 

CuCl dry processed Cu2S. 



1. PROJECT DESCRIPTION 

1.1 Overall Objective 

The program objective is t o  invest igate  and evaluate the  application of 

cylindrical-post  magnetron react ive  sput ter ing for  the  production of so la r  c e l l  

qua l i ty  t h in  films of CdS/Cu2S fo r  large-scale t e r r e s t r i a l  photovoltaic energy 

conversion. The react ive  sput ter ing process is being investigated a t  Te l ic  

Corporation. The coating and device characterization is  being done a t  the  

Lockheed Palo Alto Research Laboratory (Contract No. XJ-9-8033- 1). 

1.2 Previous Work 

The program i s  a continuation of work which was begun i n  October 1977 as  

a subcontract t o  Lockheed under DOE Contract EG-77-C-03-1459,~ During t h a t  

work an apparatus eapable of fabr icat ing all-sputter-deposited so l a r  c e l l s  was 

assembled by mounting four cylindrical-post  magnetron sput ter ing sources of 

the  type shown i n  Fig. 1 i n  a small vacuum chamber (0.381~ ID) which was avai lable  

fo r  dedication t o  the  program. The apparatus is shown schematically i n  Fig. 2. 

Photovoltaic c e l l s  were prepared on glass  substra tes  by dc sput ter ing.  One 

sput ter ing source was used t o  deposit the  rear  electrode. Niobium was used fo r  

most of the  work. A second source was used t o  deposit CdS or  Cd,Znl,,S by 

sput ter ing from a Cd or  a Cd/Zn a l loy  ta rge t  i n  an Ar-H2S working gas. A t h i rd  

source was used t o  deposit the  Cu2S layer by sputtering Cu i n  an Ar-H2S mixture. 

The fourth magnetron served as  an auxi l i a ry  source fo r  doping by co-deposition 

and/or fo r  depositing a layer of modified composition a t  the  rear  e lect rode t o  

assure an ohmic contact. 

The f b l l w t n g  observations were made during the  course of t he  f i r s t  year 

of work. 

1) A tendency fo r  cathode arcing was observed t o  occur a t  high current 
dens i t i es  during the  CdS or Cd,Znl-,S deposition, par t i cu la r ly  a f t e r  
sustained periods of dc  operatibn i n  working gases containing a r e l a -  
t i ve ly  high p a r t i a l  pressure of H2S. The cause was ten ta t ive ly  ident i -  
f ied a s  a form of unipolar arc3 r e su l t i ng  from charge accumulation a t  
insulat ing deposits  on the  cathode surface. The use of r f  power e l i -  
minated t h e  arcing. Howaver, dc was used throughout most of t he  work. 
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FIG. 1 Schematic illustration of cylindrical magnetron sputtering source. 
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FIG. 2 Schematic diagram of multi-source deposition apparatus assembled 
during f i r s t  year's program. 



A t  the  substra te  temperatures of i n t e r e s t  fo r  the  CdS and CdXZnl,,S 
deposition (>200°C), re-evaporation was found t o  lhlt the CdS accumu- 
l a t i on  r a t e  t o  t he  extent  t o  which the  Cd could in t e r ac t  with t he  S f lux 
and form CdS. A t  low H2S inject ion r a t e s ,  the  CdS accunrmlation i s  ra te -  
l imited by the  avai lable  S flux.  A t  high H2S inject ion ra tes ,  the  CdS 
accumulation r a t e  is l imited by the avai lable  Cd flux.  The process is  
s imi la r  t o  three-temperature evaporation. Stoichiometric CdS tends t o  
be formed under a l l  conditions. 

3) The r e s i s t i v i t y  of both CdS and CdxZnl,xS coatings could be controlled 
by indium doping. The range of required doping levels  was established 
by co-deposition s tudies .  It was concluded tha t  a 2 atomic percent I n  
concentration could provide Cdo gZnO with a r e s i s t i v i t y  of about 
30a-cm and t h a t  0.3 atomic per&ent i n  could provide CdS with r e s i s t i v i t y  
of about la -cm.  

4) All-sputter-deposited so l a r  cell s t ruc tures  were fabricated with sput ter-  
deposited Cd0.9Zn0,1S and CuxS layers. Photovoltaic behavior was observed, 
but e f f ic ienc ies  were very low (-0.03%). Several deficiencies were 
iden t i f ied  i n  the  experimental apparatus which made precise control  over 
the  deposition process and therefore optimization of the  so la r  c e l l  s t ruc-  
tures  d i f f i c u l t .  These included (1) the accumulation of deposits on the 
cathode shields  and the  re lease from these deposits of ac t ive  species 
which can s h i f t  the  operating point of the  react ive sput ter ing process; 
and (2) the requirement for  be t t e r  control  over the substra te  temperature, 
par t icu la r ly  with respect  t o  time delay (-20 minutes) required fo r  sub- 
s t r a t e  cooling between the CdS deposition, which was typical ly  done a t  250- 
390°6, and the  Cu,S deposition, which was done a t  150% or  less .  

1.3 Work Statement 

The present program was PormulaLed t o  address the problem which were ident l -  

f i ed  i n  t he  f i r s t  year program. The work statement is given below. 

TASK 1: DEPOSITION PROCESS DEVELOPMENT 

1.1 The shielding around individual cathodes w i l l  be reconfigured t o  
reduce the area of foreign surfaces adjacent t o  the substrates.  

1.2 A vacuum inter lock w i l l  be i n s t a l l ed  so tha t  substra tes  can be 
inserted without exposing the  cathodes and shield  surfaces t o  
the atmosphere. 

?,-A. 
1 JB 

1.3 A subs t ra te  holder w i l l  be fabricated for  the multicathode coatingz'- ''- 

apparatus t ha t  incorporates provision for  heating and for  rapid 
cooling of the  substra tes .  



1 .4  An investigation w i l l  be performed of the  use of r f  power for  
producing (Cd,Zn)S coatings by react ive sput ter ing from2a metal 
t a rge t  t o  determine i f  high sput ter ing r a t e s  can be achieved i n  
the absence of arcing. 

TASK 2: (Cd,Zn)S, CdS AND Cu2S DEPOSITION 

2.1 An investigation w i l l  be performed of the  re la t ionship between 
Cd-Zn ta rge t  doping leve l  and the  resu l tan t  e l e c t r i c a l  r e s i s t i v i t y  
i n  Cdl_,ZnxS coatings deposited by cyl indr ical  magnetron react ive 
sputtering.  The course of t h i s  investigation w i l l  be based on 
coating characterization s tudies  made a t  Lockheed. 

2.2 An investigation of r e s i s t i v i t y  control  i n  (Cd,Zn)S and CdS films 
by off-stoichiometric deposition, annealing, post-deposition heat  
treatment i n  d i f fe ren t  ambient conditions, and Cu diffusion w i l l  be 
performed. A key decision w i l l  be made a f t e r  6 months as t o  t he  
most desirable  method of control l ing the r e s i s t i v i t y  of these films. 
The course of t h i s  investigation w i l l  be based on coating character- 
izat ion s tudies  made a t  Lockheed. 

2.3 The investigation w i l l  continue on the optimum method of deposit ing 
Cu2S film.. The course of t h i s  invest igat ion w i l l  be based on coat- 
ing characterization etudies made a t  Lockheed. 

TASK 3: DEVICE-MATERIAL PARAMETER OPTIMIZATION 

3.1 Multilayer so la r  c e l l  s t ructures  w i l l  be deposited onto g l i s s  
substra tes  during a l l  stages of material  and device development, 
The course of t h i s  investigation w i l l  be based on so la r  c e l l  
characterization s tudies  made a t  Lockheed. 

2. DEPOSITION PROCESS DEVELOPMENT (TASK 1) 

2.1 Apparatus Modifications 

Task 1 required t h a t  the  deposition apparatus be modified. The spec i f ic  

objectives of the modifications were to: 

1 )  Reconfigure cathode shielding t o  reduce the shield  surface area adjacent 
t o  the  sput ter ing sources and the substra tes  (Task 1.1). 

2) I n s t a l l  a vacuum inter lock so  t h a t  substra tes  can be inserted without 
exposing the cathode and shield  surfaces t o  the  atmosphere (Task 1.2). 

3) Redeeign the substra te  holder t o  permit rapid cooling of the  substra tes  
between the  CdS and the  Cu2S depositions (Task 1.3). 



The fomula t ion  of Task 1.1 is  based on the  f ac t  t h a t  vacuum chamber 

and sh i e ld  surfaces can in t e r f e re  with the reac t ive  sput ter ing process i n  

t he  following ways. 

1) By absorbing atmospheric gases (par t icular ly ,  water vapor) when they 
a r e  exposed t o  the  atmosphere during substra te  loading, and the re lease  
of these species when they a r e  placed under vacuum. 

2) By ac t ing  a s  c a t a l y t i c  surfaces fo r  reactions between the  sputtered 
f lux  and the  working gas. 

3) By releasing v o l a t i l e  reac t ive  species from accumulated deposits ,  
par t icu la r ly  under the  influence of heating. 

A l l  of these e f f e c t s  a r e  exacerbated by the accumulation of thick coating 

deposits .  Such deposits a r e  of ten porous i n  nature (because of changing deposi- 

t i o n  conditions) and therefore  present large surface areas for  t he  absorption 

and reac t ion  of gases. The close proximity of the  c i rcu la r  shields  shown i n  

Fig. 2 t o  t he  magnetron sources causes these deposits t o  be par t icu la r ly  th ick  

(1 man th ick  deposits  w e r e  rout inely removed during the f i r s t  year program.) 

Occasionally these deposits  break loose from the  shields  during exposure t o  the  

atmosphere (probably because of stress formation during exidation),  "and dump . - 

debris  onto the  cathode surface.  

Therefore it was concluded tha t  the  modified design should s ign i f ican t ly  

increase the  distance between t h e  sput ter ing sources and the  shields.  It was 

a l s o  concluded tha t  provisions should be made for  cooling the  shields  so t h a t  

the  re lease  of v o l a t i l e  reac t ive  species due t o  sh ie ld  heating could be suppressed. 

The vacuum inter lock was a l so  expected t o  help i n  reducing the  e f f ec t s  due t o  

t he  absorption of atmospheric gases. 

I n  evaluating the  requirements for  the  apparatus modification, it became 

immediately apparent t h a t  t he  coating chamber used during the  f i r s t  program was 

too small t o  permit the  expanded shielding and the inter lock t o  be insta l led.  

Once it was decided t h a t  a l a rger  chamber should be fabricated,  a number of 

design options became possibte. Therefore t he  apparatus modification was delayed 



i n  order t o  explore several  of these p o s s i b i l i t i e s  i n  d e t a i l .  For example, 

the  pos s ib i l i t y  of an extensive modification, t ha t  , .  would have changed the  basic  

configuration of the  apparatus and made it more l i k e  a production coating system, 

was examined i n  some d e t a i l ,  but concluded t o  be inappropriate fo r  t he  present 

program. The design t h a t  was f i n a l l y  se lected is very s imilar  i n  i t s  basic  

features  t o  the  one which was used during the  f i r s t  program. It is shown 

schematically i n  Fig. 3. Because of the  design delays c i t ed  above, the  modified 

apparatus was not placed in to  operation u n t i l  the  fourth quarter  of the  program. 

However, the  apparatus was tes ted  i n  the  fourth quarter  and found t o  function 

properly. 

The modification involved fabr icat ing and mounting a larger  vacuum chamber 

(0.64m I D )  and magnetic f i e l d  c o i l  system on the  same pumping stand t h a t  was used 

for  the  previous program. The new vacuum chamber is shown i n  Fig. 4. The basic  

design of t he  vacuum chamber and magnetic c o i l  system a re  shown schematically 

i n  Fig. 5. The magnetic f i e l d  c o i l s  a r e  located i n  the  annular space between a 

nonmagnetic (Type 304) s t a in l e s s  s t e e l  vacuum chamber wall  and a carbon s t e e l  

outer cylinder,  The chamber top and bottom p la tes  a r e  a l so  fabricated from 

carbon steel. Thus the  f i e l d  c o i l s  a r e  enclosed within a s h e l l  of magnetic 

material  which is  made thick enough so  t h a t  it is not saturated by the  magnetic 

flux. Magnetic f i e l d  l i ne s  pass through the  chamber and then re turn v i a  the  

shunt path i n  the  s t e e l  as  indicated i n  Fig. 5. With t h i s  configuration a 

magnetic f i e l d  t h a t  is  uniform i n  magnitude and d i rec t ion  can be produced within 

the  vacuum enclosure by t he  shor t  solenoidal  c o i l  system. Such a f i e l d  i s  

required i n  the  chamber f o r  operating the  cylindrical-post  magnetron sput ter ing 

sources. The c o i l  system is connected e l e c t r i c a l l y  as  three  c o i l  sets, s o  

t ha t  the  currents can be independently controlled. This adjustment permits the  

e f f ec t s  of perturbations,  such a s  the  holes i n  t he  top p l a t e  where t he  cathodes 

a r e  inserted,  t o  be compensated for .  Magnetic probe measurements a t  the  cathode 

mounting posit ions ver i f ied  t ha t  the magnetic f ield.  s t rength and uniformity were 

adequate f o r  r e l i a b l e  operation i n  cylindrical-post  magnetron sput ter ing sources. 
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FIG. 3 Schematic illustration of modified multi-source deposition apparatus 
assembled during present program. 



FIG. 4 Photograph showing modified deposition apparatus. The vacuum interlock 
can be seen a t  the left ,  

-9- 
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FIG. 5 Schematic illustration of chamber magnetic field coil system. 



A se r i e s  of shields  pa r t i t i on  the coating chamber i n to  four compartments, 

within which the individual magnetron sput ter ing sources a r e  located, as  shown 

i n  Fig. 3. The shields  a r e  located much fa r ther  from the  sput ter ing sources 

than i n  the  previous apparatus, and have provisions for  water cooling. 

Substrates a r e  loaded through a vacuum inter lock which is  located on the 

top of the  chamber. The substra tes  a r e  placed in to  a s t a in l e s s  s t e e l  frame of 

low thermal mass. The frame is designed t o  mount f i ve  25 nrm x 25 nm x 1.2 nm~ 

glass  substrates.  Typically only the lower three substra te  posit ions a r e  used 

because of deposition uniformity considerations with the cathode lengths which 

a r e  currently being used. The frame is passed through a door i n  the  inter lock 

chamber and attached t o  the  end of a loading rod. After the  inter lock chamber 

is evacuated, the rod i s  used t o  lower the  substra te  frame through a 2-inch gate  

valve and onto the carrousel-type mounting frame shown i n  Fig. 3. The loading 

procedure is shown schematically i n  Fig. 6. The carrousel frame permits the  

substra tes  t o  be rotated and passed i n t o  the  four d i f fe ren t  coating positions. 

Fixed subs t ra te  heaters a r e  located behind the  carrousel a t  each of the  coating 

poeitions. The carrousel has a low thermal mass, so  tha t  the  substra tes  can be 

quickly cooled by ro ta t ing  them away from a subs t ra te  heater t o  a cooling position. 

The cooling time is determined primarily by the thermal capacity of the  glass 

substrates.  Typical cooling times between CdS deposition at: 250°C and CuZS 

deposition a t  150°c a r e  about 3 minutes. The equivalent cooling times for  the  

old apparatus were i n  the  range from 13 t o  20 minutes. 

Dummy glass  substra tes  with imbedded chromel-alumel thennocouples a r e  mounted 

on the carrousel, adjacent t o  the  deposition substra tes ,  i n  holders iden t ica l  t o  

the  ones used fo r  t he  deposition substrates.  These thermocouples a r e  cal ibrated 

against  s imilar  thermocouple-containing-plates, which were placed a t  the  deposi- 

t i on  posit ions during heater tests. These cal ibrat ions  were made fo r  various 

combinations of emittances on the  substra te  and reference surfaces and a r e  used 

t o  estimate the  substra te  temperatures during deposition. See discussion i n  
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Section 3.1. (This is the same procedure t h a t  was used with the  previous appara- 

tus).  The carrousel and subs t ra te  holder a r e  shown i n  Fig. 7 a s  viewed from the  

posit ion of a sput ter ing source. The lower two subs t ra te  posit ions mount the  

plates  which contain the  reference thermocouples. 

2.2 Cathode Arcing 

During the  f i r s t  year of the  program a tendency fo r  cathode arcing was 

encountered when Cd was sputtered using H2S o r  Ar-H2S mixtures a t  high current 

densi t ies  o r  high p a r t i a l  pressures of H2S (see Section 1.2). The a rcs  have 

ten ta t ive ly  been ident i f ied  as a form of unipolar arc3 resu l t ing  from charge 

accumulation a t  insulat ing deposits on the  .cathode. Accordingly, r f  sput ter ing 

is  expected t o  reduce t h i s  tendency because the po la r i ty  reversal  reduces the 

charge accumulation on the  deposits. Preliminary experiments during the f i r s t  

year program ve r i f i ed  t h i s  conclusion. Additional experiments were conducted 

during the  present program t o  fur ther  examine the  use of r f  react ive sput ter ing 

(see Section 2.3). 

Obeervations on the  present program indicate  t ha t  the  arcing problem is 

not so severe as had been previously thought. A t  the  subs t ra te  temperatures 

being used (200 t o  300°C), no correla t ion has been seen between the  occurrence 

of arcing during dc react ive sput ter ing of CdS and the  properties of the  resu l t ing  

coatings. The only observed e f f ec t  is loss  of precise  control  wer deposition 

r a t e  (coating thickness) because of the  cessation of sput ter ing during an arc.  

The poss ib i l i t y  of v i r t u a l l y  arc-free,  dc react ive sput ter ing has a l so  been 

established. CdS and Cd(Zn)S coatings of the  desired thickness (3000 t o  6000 nm) 

have been deposited with less than one(non-sustaining)arc per hour (the occur- 

<;:-; rence of arcs  is monitored with a recorder) both with and without the  inter lock 
'a I . 

system. These observations permit several  possible causes for  the  insulat ing 

deposits t o  be excluded. I n  par t icular ,  the  occurrence of severe arcing has 

been found not t o  cor re la te  with: (1) the  vacuum chamber having been open t o  

the  atmosphere for  an extended period of time pr ior  t o  t he  run i n  question; (2) 



FIG. 7 Photograph with chamber l i d  raised showing carrousel type substrate holder. 
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the  number of deposition runs following a change i n  the  experimental configuration, 

including shie ld  cleaning, a t  l e a s t  fo r  sequences involving as  many as  ten runs; 

nor (3) the  presence of chips, f lakes,  o r  other debris on the  anode and on the  

cathode end flanges (see Fig. 1) .  

In  addit ion,  the  following has been observed. 

1) A cathode which has d r i f t ed  i n t o  a s t a t e  of severe arcing can be renewed 
and passed in to  a condition of smooth operation by simply operating f o r  
a short  period (several  minutes) i n  pure A r .  Presumably t h i s  A r  operation 
sput ters  the  offending deposits from the  cathode surface.  During the  
present program experiments have been conducted i n  which the  H2S in jec t ion  
has been per iodical ly  ceased i n  an attempt t o  promote the  formation of 
nonstoichmetric CdS deposits  (see Section 3.4). Preliminary observations 
indicate  tha t  typical  operating conditions selected t o  control  the  r e s i s -  
t i v i t y  a r e  a l so  e f fec t ive  i n  reducing the  frequency of arcing. 

2) Evidence has been found which indicates t ha t  the  Cd vacancy level  must 
be controlled i n  order fo r  the  doping t o  be e f f ec t i ve  i n  an In  doped 
CdS deposit (see Section 3.3). Thus it i s  necessary t o  careful ly  control  
the H2S in ject ion r a t e  a t  levels  which a l so  turn out t o  be favorable with 
respect  t o  reducing the  occurrence of arcing. 

3)  The modified apparatus with the  vacuum inter lock was placed in to  service  
during the  fourth quarter .  Therefore the  experience with t h i s  device i s  
limited i n  comparison with t h a t  which has been obtained with the  old 
apparatus. However, the  observations thusfar indicate  t ha t  arcing is 
l e s s  frequent with the  modified apparatus. 

Because of the  above considerations, the  r f  sput ter ing experiments described 

i n  the  following sect ion were carr ied out only i n  su f f i c i en t  d e t a i l  t o  iden t i fy  

the  usefulness of the  approach a s  a viable  future  a l te rna t ive .  Dc power i s  desired 

when it can be used. Accordingly, a new dc power supply with an improved a r c  

suppression c i r c u i t  was designed and constructed on an independent Telic-sponsored 

project .  This power supply has been placed in to  operation and has proven effec-  

t i v e  i n  largely eliminating the  occurrence of sustaining arcs.  

2.3 I n v e s t i ~ a t i o n  of rf Reactive Sputtexing (Task 1.4) 

The purpose of t h i s  task was t o  examine some of t he  considerations which 

a r e  important i n  applying r f  power t o  cylindrical-post  magnetron sput ter ing 

sources fo r  the  purpose of minimizing arcing during CdS reactive-sputtering,  as  

discussed i n  the  preceding section.  
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I n  r f  sput ter ing the  electrodes a r e  capacit ively coupled t o  the  plasm.  

A se l f -b ias  t h a t  is negative r e l a t i v e  t o  the  plasma poten t ia l  develops on any 

surface t h a t  is capacit ively coupled t o  a glow discharge. Consequently, both 

e lectrodes  i n  an r f  discharge develop a s ign i f ican t  negative potent ia l  r e l a t i v e  

t o  the  plasma poten t ia l  throughout most of the  r f  cycle and a r e  therefore subject  

t o  sput ter ing.  

Two approaches a r e  used i n  conventional sput ter ing sources t o  avoid unwanted 

sput ter ing.  The so-called "double ended'' approach makes both electrodes iden t ica l  

spu t te r ing  ta rge ts .  The "single ended" approach makes use of the  f a c t  t ha t  the  

voltage drop i n  each of t he  e lectrode plasma sheaths depends on the current 

densi ty  and sheath capacitances and therefore on the  electrode area8 ln contact 

with t he  plasma. An approximate analysis predicts  t ha t  the  r a t i o  of these sheath- 

voltage-drops var ies  inversely with the  electrode area r a t i o  ra ised t o  the  fourth 

power.6 Accordingly, i n  t he  s ing le  ended case, the  counter o r  non-target electrode 

i s  made la rge  enough so t h a t  the  sheath voltage drop is less than the sputtering 

threshold. 

I n  t he  present case we require  t h a t  the  same cylindrical-post  magnetron 

that was used fo r  the dc reac t ive  sput ter ing work a leo  be used fo r  the  rf s tudies .  

This d i c t a t e s  a s ing le  ended design. The requirements for  t he  counter-electrode 

a r e  : 

1) That it have an area which is la rger  than t h a t  of the  sput ter ing ta rge t .  

2) That it make contact with the magnetron plasma so tha t  the  required 
current can be drawn. 

3) That it operate without inducing a large voltage drop. This requires 
t h a t  it have an e f f ec t ive  electrode shape tha t  is  a l so  compatible with 
the magnetic f i e ld  applied to  the magnetron, 

CdS r f  react ive sput ter ing experiments were conducted with both the c i rcu la r  

cathode shields  (Fig. 2) and the  chamber walls serving along with the n o m l  dc 

anodes (Fig. 1 )  as t h e  counter electrodes. The arranpeute~~t8 are shown schematically 

i n  Fig. 8. The working gas was Ar-H2S injected under the  same general range of 
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conditions cnac was used i n  the  dc experiments. The following observations 

were made. 

1) The c i r cu l a r  cathode shields  formed an e f f i c i en t  counter electrode from 
an e l e c t r i c a l  point of view. The apparatus operated e f fec t ive ly  with 
the  plasma confined primarily within the  shielded cavity as indicated 
i n  Fig. 8A. However, t h i s  configuration is  obviously unacceptable as 
a production coating source, s ince most of the  sputtered f lux is  blocked 
by the  shield.  When the  shields  were removed, the  chamber walls and 
other surfaces within t h e  chamber were forced t o  serve as the  counter- 
electrode.  The a x i a l  magnetic f i e l d  offered a strong impedance t o  the  
r a d i a l  e lectron motion from the magnetron plasma t o  these surfaces. 
Consequently a discharge glow f i l l e d  the  e n t i r e  chamber, as  indicated 
i n  Fig. 8B, with br ighter  glows apparent on the  substra te  holder and 
other i n t e rna l  surfaces.  It is therefore  concluded t h a t  an e f fec t ive  
r f  apparatus design should provide a counter-electrode surface of s u i t -  
able  s i z e  below the  magnetron source, so t h a t  electrons can pass rela- 
t i v e l y  f reeely along magnetic f i e l d  l i nes  from the  edges of the  magnetron 
plasma t o  t h e  counter-electrode. 

2) The observation t h a t  rf sput ter ing grea t ly  reduced the tendency fo r  
cathode arcing (Section 2.2) was reconfirmed. However, mirror arcing 
was observed, even with the  r f  power, when the sput ter ing discharge was 
operated a t  r e l a t i ve ly  high working gas pressures ('$10 mTorr) and 
cathode current dens i t i es  (>  10 rn~/cm* - rms). 
Deposition r a t e  measurements confirmed t h a t  the  CdS deposition r a t e  per 
un i t  of discharge current for  r f  react ive sput ter ing i s  iden t ica l  t o  
t h a t  f o r  the  dc case when the r m s  r f  current is  equated t o  the  dc current. 
Coatings were deposited by r f  react ive sput ter ing a t  r a t e s  t ha t  were 
about 50% greater  than the  r a t e  (-0.5 nm/s) t h a t  was used i n  the  dc 
work. The use of rf power ehould permit the  deposition rate used i n  
previous work t o  be approximately doubled for  the  apparatus (pumping 
system) presently being used. (When arcs  a r e  eliminated, the  l imita-  
t i on  on deposition r a t e  becomes the  a b i l i t y  of the  system pumps t o  
remove the hydrogen tha t  is l iberated by the react ive sput ter ing accord- 
ing t o  the reac t  ion Cd+H2S + c ~ s + H ~  .) 

The r f  react ive sput ter ing work was not pursued beyond the  work described 

above because of the encouraging r e su l t s  which were obtained using dc power as 

t he  program progressed (see Section 2.2), and because the major t h rus t  of the  

program is t o  demonstrate all-sputter-deposited so la r  c e l l s  with high e f f ic ienc ies  

and not  t o  achieve high deposition r a t e s  per se. 



3 .  CdS, Cd,Znl_xS, AND Cu2S DEPOSITION (TASK 2) 

3.1 Effect of Substrate Emittance 

The glass substrates are heated by 500W tubular quartz heating lamps which 

are mounted in reflector assemblies located behind the substrate mounting 

carrousel, as shown in Fig. 3. The distance from the lamps to the rear of the 

substrates is about 3 cm. A similar configuration with a single lamp was used 

in the apparatus shown in Fig. 2. The substrate temperatures are implied from 

the temperature which is measured by using a thermocouple embedded in an iden- 

tical glass plate mounted below the deposition substrates, as indicated schematic- 

ally in Fig. 9. (See discussion in Section 2.1). Calibration data were generated 

with glass substrates containing embedded thermocouples located at the deposition 

positions as well. Tests conducted over the temperature range from 2 0 0 ~ ~  to 350'~ 

showed that the maximum variation in substrate temperature between the three 

deposition positions in the modified apparatus was about f 2%, and that the average 

substrate temperature at these deposition positions was about 10% higher than the 

temperature at the calibration position when all the substrates had identical 

surfaces , 

The temperature of a substrate is determined by the rate at which lamp 

energy is delivered to its rear surface and absorbed, and the rate of radiation i 

losses from both the front and rear surfaces. Glass has a high absorptance 1 

i 
for infrared radiation. We measured a room temperature total hemispherical emit- \ 
tance of 0.90 (consistent with handbook values) for the Corning 7059 glass plates, 

using an International Technology Ambient Emissometer. We therefore assume that 

virtually all of incident radiation energy from the lamp is absorbed in L l ~ e  glass, 

or at least that the net glass absorption is not sensitive to the presence of a 

reflecting coating on the glass front surface. Accordingly, one can write the 

following relationship between the equilibrated substrate temperatures, Ti and Tp, 

and the average front and back surface emittances , (E 2 and (€2, for two substtatat 
absorbing a common radiant flux from the lamp. To is the background temperature 

in the chamber. 
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Equation 1 shows that a substrate with a low emittance metallization on the 

front surface (low average € ) will equilibrate at a higher temperature than 

will the glass by itself. 

Equation (1) has significant consequences for the deposition of multi-layer 

coatings onto radiation-heated substrates in general, and for the calibration 

procedure in particular. This is illustrated by the following observations. 

1) The lamp current was adjusted to provide a temperature of 300°C on an 
unmetallized glass substrate with an embedded thermocouple. A 150 nm 
thick Nb coating was then deposited onto one surface of the glass while 
the lamp current remained constant, and the temperature was monitored. 
The glass temperature increased to 360°C. This temperature increase is 
consistent with predictions made using Eq (1) and the elnittance of 
sputtered Nb which was measured and found to be 0.14 for a 100 nm thick 
layer on the Corning 7059 plates. 

2) The calibration factor relating the average temperature of the deposition 
substrates and the temperature of the reference substrate was shown to 
be independent of whether the substrates were all uncoated glass or were 
all coated with Nb. The uncoated glass substrate temperature implied by 
a glass reference substrate with no Nb coating will be referred to in 
subsequent discussions as the "glass calibration temperature." When the 
deposition substrates were Nb coated and the reference substrate was 
uncoated, the calibration factor increased from 1.10 to 1.40, consistent 
with Eq (1). 

3) When Nb metallized substrates with embedded thermocouples were overcoated 
with a 1000 nm layer of reactively sputtered CdS at substrate temperatures 
in the 200'~ to 400°c range, the substrates were observed to decrease in 
temperature by an amount (typically 5 to 20'~) which is consistent with 
Eq (1) and with measured emittance values for Nb overcoated with CdS. 
In particular, the CdS coatings were found to have a relatively small 
infrared absorptance. Thus when a 500 nm CdS coating was deposited onto 
a sputter deposited Nb metallization layer, the emittance measured with 
the Ambient Emissometer increased only from 0.14 to 0.18. Similarly, 
when a 500 nm CdS layer was deposited directly onto a glass substrate, 
the measured emittance decreased only trom 0.90 to 0.80. 



The above observations show that, although the CdS coatings exert a mini- 

mal influence on the emittance and therefore the temperature of radiation heated 

substrates, large perturbations can be induced by the metallization layers. 

Furthermore, because of the relatively law thermal conductivity of glass, large 

temperature variations can occur across the surface of a glass substrate that .:A. 

" .. ? % _ 1 -  

has localized regions of metallization such as predeposited electrodes. Two - 
examples of this behavior were observed during the project. 

During a study of the electrical properties of sputter deposited CdS and 

(Cd,Zn)S, coatings were deposited onto glass substrates having pre-deposited Nb 

electrodes in a geometry designed to facilitate van der Pauw measurements (see 

Fig. 10). It was found that the thickness, structure, and surface topography of 

the CdS deposited over the Nb was different from that of the CdS deposited w e r  

the glass. It is believed that these observations were a consequence of local 

differences in surface temperature. Of particular importance was the discovery 

that the electrical properties of CdS deposited onto uncoated glass at a glass- 

calibration substrate temperature of 300°C was significantly different from the 

properties of CdS deposited onto Nb-coated glass substrates. Indium contacts 

were pressed onto the top surface of a CdS coating which had been deposited over 

both the Nb-metallized diagnostic electrodes and the unmetallized regions of a 

glass substrate, as shown in Fig. 10.~ Contacts over the glass (positions A and 

B in Fig. 10) yielded ohmic behavior when connected to each other or to the Nb 

diagnostic electrodes. However, In contacts located w e r  the Nb (positions C 

and D) were blocking in one polarity. The effect was observed for CdS, with and 

wtthout an In underlayer, and for Cdo.gZn0.1S deposited from a cathode doped 

with 2 atomic percent In. When the glass-calibration substrate temperature was 

reduced to 250°c, the In contacts were ohmic, independent of whether the under- 

lying CdS was deposited w e r  glass or w e r  a Nb metallization. These observa- 

tions, which suggest that an electrically active species may have been passing 

from the Nb metallization into the CdS at high substrate temperatures and influ- 

encing the surfa~e,~ were made during the first quarter of the program. 7 
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Therefore t h e  glass-cal ibrat ion subs t r a t e  temperature ueed .in c e l l  fabr icat ion 

was reduced f r m  , the  300 '~ value which had' been used *previously t o  a value of 

250°C (actual  surfacb temperature of a b m t  300°C for- substra te  with Nb r ea r  

electrode).  See Section 4.1. 

The second e%arnple of local ized substra te  temperature gradients r e l a t e s  t o  

the  func t ionabi l i ty  of pre-deposited electrodes.  Early s tudies  of the  e f f ec t  of 

I n  doping on the e l e c t r i c a l  properties of react ively sputtered CdS were made by 

deposit ing the CdS coatings onto pre-deposited Nb electrodes having the configura- 

t i o n  shown i n  Fig. 10. ' 9  ' 9  lo Glass-calibration subs t ra te  temperatures were ,  i n  

general ,  less than 25d°C, Bowever, au bsequent exa-t iane revealed evideace of 

a region having modified propertfes a t  the edge of the  electrodes,  where a tem- 

perature  gradient is expected t o  ex is t .  Accordingly, in the data taken with the  

modified apparatus and presented i n  t h i s  report ,  t he  Nb diagnostic electrodes 

were deposited a t  near-roam temperature on the top surface of the  CdS i n  a second 

pumpdown. 

I n  the  subsequent discussion reference is  made t o  the  glass  ca l ib ra t ion  

temperature,and estimates a r e  given for  the  t r u e  temperature when discussing 

data obtained with the unmodified apparatus. Data taken with the modified appara- 

t u s  were obtained using ca l ib ra t ion  factors  t h a t  include the emittance difference8 

between the  reference p la tes  and the  substrates.  Thus only the  actual  subatrate  

temperatures a r e  quoted fo r  these cases. 

3.2 Effect  of Substrate Temperature and HsS Inject ion Rate on CdS Res is t iv i ty  
and Depoaition Rate, 

Sputtering i s  characterized by r e l a t i ve ly  large deposition areas,  a s  compared 

t o  evaporation, but the  deposition r a t e s  a r e  lower. CdS react ive sput ter ing 

s tud ies  during the  f i r s t  year of the  program revealed t h a t  the r e l a t i ve ly  low 

sput te r ing  deposition r a t e s  make it d i f f i c u l t  t o  control  t he  coating r e s i s t i v i t y  

by the  same off-stoichiometry method t h a t  is  used i n  evaporation.' A t  the  sub- 

strate temperatures of i n t e r e s t  f o r  depositing coatings with reasonable crysta l -  

lographic perfection ( > 2 0 0 ~ ~ )  , the  CdS accumulation r a t e  i s  l imited by re-evapora- 

t ion.  I n  the  case of deposition by evaporation, the  f lux leaving the source is 



rich in Cd, and:coatings deposited at low. temperatures (<150°C) are dark in 

appearance and highly.conducting. As+the substrate:temperature is* increased, 

the excess Cd content is reduced by re-evapbration and the coating resistivity - 
increases. In depositing solar cell quality CdS by evaporation, a..substrate 

temperature of typically .about 230°C .i.s used to provide coatings with resistivi- 

ties in the 1 'to 3A-cm range.ll The .substrate temperature must be controlled 

carefully. Slight increases in temperature.result in large increases in resis- 

tivity. 

In the reactive sputtering sase, the arrival flux is low enough so that 

re-evaporation tends to 1imit.the CdS accumulation rate to.the extent to which 

the Cd can interact with the sulfur flux and form near stoichiometric CdS. Thus 

the reactive sputtering process was found to be similar to "three temperature" 

evaporation. This is shown by, the data in Figs. 11 and 12, which were obtained 

during shakedown tests of the modified apparatus. The cathode current density 

was - 4  mA/cm2. The deposition rates were determined from interfer~xh~tric 

measurements of the thickness of coatings about 500 nm thick using a Sloan Ang- 

strometer--Tolansky method.12 The reduction in deposition rate with increasing 

substrate temperature at a fixed H2S injection rate is shown in Fig. 11. The 

dependence of the deposition rate on the H2S injection rate at a fixed substrate 

temperature is shown in Fig. 12. At high H2S injection rates (A in Fig. 12) 

the deposition rate is limited by the available Cd flux. At low injections 

rates (B) the sulfur flux is rate limiting. An increase or decrease in substrate 

temperature shifts the entire curve downward or upward according to the type of 

relationship shown 'in Fig. 11. 

The coating Aterial which survives re-evaporation and accumulates, tends 

to approach to relatively stoichiometric composition and therefore to exhibit a 

relatively high resistivity. Figure 13 shows the resistivity versus substrate 

temperature for CdS coatings deposited using a 99.9999% Cd target with no attempt 

to obtain an off-stoichiometric state. The coatings were approximately 200 nm 
fl 

thick and were deposited using the unmodified apparatus shown in Fig. 2 at a 
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11 Dependence o f  CdS depos i t ion  r a t e  on substrate temperature a t  f i xed  
i n j e c t i o n  r a t e  i n  the  modified apparatus. 
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cathode current  dens i ty  of -4 mA/cm2. The H2S i n j e c t i o n  r a t e  corresponded 

approximately t o  t h e  knee of t h e  curve (point  C) i n  Fig.12. The r e s i s t i v i t y  

measurements were made by deposi t ing  t h e  coatings onto g lass  s u b s t r a t e s  having 

pre-deposited Nb d iagnos t i c  e l ec t rodes  i n  t h e  conf igura t ion  shown i n  Fig. 10. 

The coatings were h ighly  photoconductive, undergoing order-of-magnitude increases  

i n  r e s i s t i v i t y  i n  t h e  dark. The da ta  i n  Fig .  13 were obtained under labora tory  

f luorescent  l igh t ing .  Data repor ted  by Fraser  and Melchior , l3 f o r  coatings 

deposi ted by s p u t t e r i n g  from a CdS t a r g e t  i n  an Ar-H2S mixture and measured 

under a  microscope lamp, a r e  a l s o  shown, along with s i m i l a r  da ta  obtained by 

Muller e t  a l . l 4  A t  low s u b s t r a t e  temperatures (-50°c) a l l  t h e  da ta  a r e  i n  

approximate agreement ( r e s i s t i v i t y  10 t o  lo2 a-cm) . However, t h e  r e s i s t i v i t i e s  

of the  r e a c t i v e  spu t t e red  coatings exh ib i t  a  less dramatic rise wi th  temperature 

than do t h e  r e s i s t i v i t i e s  of o ther  coatings shown. 

The top  curve i n  Fig. 14 shows t h e  r e s i s t i v i t y  versus H2S i n j e c t i o n  r a t e  

f o r  undoped CdS coatings deposi ted a t  a  s u b s t r a t e  temperature of 250°c. The 

coatings were approximately 500 nm t h i c k  and were deposi ted onto g lass  s u b s t r a t e s  

using t h e  modified apparatus shown i n  Fig. 3. Niobium d iagnos t i c  e l ec t rodes  f o r  

making t h e  r e s i s t i v i t y  measurements were deposi ted onto t h e  top  su r face  of t h e  

CdS coatings i n  a  sepa ra te  deposi t ion  operat ion.  It is  seen t h a t  s t a r v i n g  t h e  

deposi t ion  f l u x  f o r  H2S does indeed reduce t h e  r e s i s t i v i t y ,  but t h a t  t h i s  reduc- 

t i o n  i s  not  adequate t o  provide t h e  r e s i s t i v i t i e s  of a  f ew  hundred n - c m  o r  l e s s  

t h a t  a r e  des i red  f o r  f a b r i c a t i n g  t h i n  f i l m  s o l a r  c e l l s .  

Thus it was concluded from da ta  obtained during the  f i r s t  year ,  and recon- 

firmed by add i t iona l  and more d e t a i l e d  da ta  obtained during t h e  present  program, 

t h a t  s p e c i a l  deposi t ion  procedures would be requi red  t o  provide t h e  des i red  re- 

s i s t i v i t y  con t ro l .  The development of these  procedures was a major p a r t  of 

Task 2 i n  the  present  program. 

3.3 R e s i s t i v i t y  Control by Indium Doping (Task 2.1) 

The ob jec t ive  of t h i s  t a s k  was t o  determine t h e  r e l a t i o n s h i p  between t h e  

Cd-Zn t a r g e t  doping l e v e l  and t h e  r e s u l t a n t  e l e c t r i c a l  r e s i s t i v i t y  i n  Cdl-xZ%S 
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coatings deposi ted by c y l i n d r i c a l  magnetron r e a c t i v e  spu t t e r ing .  CdS r a t h e r  

than (Cd,Zn)S was se lec ted  f o r  t h i s  work because of t h e  g r e a t e r  amount of 

a v a i l a b l e  da ta  on t h e  performance of undoped evaporated CdS s o l a r  ' ce l l s ,  and 

because of the 'need f o r  comparing performance between t h e  doped sput tered  ". , 

cells and undoped c e l l s  i n  order  t o  i d e n t i f y  any de le te r ious  e f f e c t s  on c e l l  

performance which might r e s u l t  from t h e  I n  doping. 

Two methods were used t o  implement t h e  I n  doping i n  t h e  present  program: 

1 )  Sput ter ing  from an I n  doped Cd t a r g e t  i n  an H2S-Ar working gas. 

2) Diffusion of I n  i n t o  a r e a c t i v e  sput tered  CdS l aye r  by deposi t ing  
t h e  CdS over an I n  coated subs t ra t e .  

General doping l e v e l  requirements were e s t ab l i shed  during t h e  f i r s t  year  

by co-sput ter ing  from Cd and I n  t a r g e t s . 2  These r e s u l t s  a r e  summarized i n  

Fig. 15. Note t h a t  a s u b s t r a t e  temperature of 300°C was used i n  t h i s  e a r l y  

work. Based on t h e  r e s u l t s  given i n  Fig. 15, Cd t a r g e t s  were obtained from 

Cominco American (Spokane, Washington) with o v e r a l l  p u r i t y  l e v e l s  of  99.9999% 

and I n  doping l e v e l s  of 0.1, 0.3 and 1 .0  atomic percent .  

F igures l4 ,  16, and 17 show t h e  r e s i s t i v i t y  versus H2S i n j e c t i o n  r a t e  f o r  

coat ings deposi ted from the  t h r e e  d i f f e r e n t  doped cathodes onto s u b s t r a t e s  main- 

ta ined a t  250°C. The coatings were deposi ted onto g lass  s u b s t r a t e s  using the  

modified apparatus with t h e  vacuum in te r lock .  The cathode current  dens i ty  was 

-4 m ~ l c m ~ .  Niobium d iagnos t i c  e l ec t rodes  were deposi ted onto the  top  su r face  

of t h e  CdS coat ings  i n  a sepa ra te  deposi t ion  operat ion.  The doping is  seen t o  

r a p i d l y  increase  i n  e f fec t iveness  a s  t h e  H2S i n j e c t i o n  r a t e  is  reduced s u f f i c i e n t l y !  

t o  pass i n t o  t h e  range (B i n  Fig.  12) where t h e  H2S f lux ,  and not  t h e  Cd f lux ,  

is. r a t e - l i m i t i n g  i n  t h e  deposi t ion  process. Microprobe measurements f o r  t h e  

1 a t .  percent  I n  case confirmed t h a t  t h e  high r e s i s t i v i t y  coatings deposi ted 

a t  l a r g e  H2S i n j e c t i o n  r a t e s  d id  indeed contain t h e  1 a t .  percent of In .  The 

high r e s i s t i v i t y  doped coatings were photosensi t ive.  The da ta  i n  t h e  f i g u r e  

were taken i n  labora tory  f l u o r e ~ c e n t  l igh t ing .  The low r e s i s t i v i t y  doped coatings 

were s l i g h t l y  photosens i t ive ,  undergoing r e s i s t i v i t y  increases  of .about 30"/0n 

t h e  dark. 
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FIG.  16 i . ~ e s i s t i v i t y  versus H2S injection rwte for CdS coatingo reactively 
sputtered from target containing 0 . 1  atomic percent indium. 
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IIC, 17 Re~ictivity versus H2S in jec t ion  r a t e  for  CdS coatings reac t ive ly  
sputtered from target  containing 0 . 3  atomic percenr indiu~ll. 
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The s t rong dependence of t h e  doping e f f i c i e n c y  on t h e  Cd/H2S f l u x  i s  bel ieved 

t o  be due t o  t h e  compensating e f f e c t  of Cd vacancies. The p r o b a b i l i t y  f o r  s e l f  

compensation is  r e l a t i v e l y  high f o r  l a rge  band-gap mate r i a l s  such a s  t h e  h ighly  

i o n i c  1 1 - V I  semiconductors. l6 Thus, i n  order  t o  obta in  a high conduct iv i ty  i n  

both undoped and doped CdS, it i s  necessary t h a t  t h e  Cd vacancy l e v e l  be mini- 

mized. l 7  Equilibrium ca lcu la t ions  ind ica te ,  , l8 and numerous experimental 

observations have confirmed, t h a t  a high Cd vapor pressure  over CdS c r y s t a l  

minimizes Cd vacancy formation and enhances t h e  e f fec t iveness  of I n  doping. 

Approximate ca lcu la t ions  based on reasonable acceptor  ion iza t ion  energies  p r e d i c t  

t h a t  compensation by doubly ionized Cd vacancies should be  a amjor e f f e c t  f o r  

the  p a r t i a l  pressures  of Cd and S2 t h a t  a r e  access ib le  i n  sput ter ing . '  Woodbury 

prepared doped CdS samples by d i f f u s i n g  I n  i n t o  t h e  c r y s t a l s .  l9 The I n  l e v e l s  

ranged from about 1017 cm'3 t o  1020 ~ m - ~ .  The c a r r i e r  concentrat ions were 

found t o  be much lower than t h e  doping l e v e l s  (e. g. , doping l e v e l  of 1020 cm-3 

yie lded c a r r i e r  concentrat ion of 8x10'' ~ m - ~ ) ,  unless  t h e  samples were f i r e d  i n  

sa tu ra ted  Cd vapor a t  800°C f o r  a few hours. With t h i s  extreme type of t reatment 

a 1:l correspondence was obtained between t h e  I n  content ,  a s  determined spect ro-  

scop ica l ly ,  and t h e  room temperature c a r r i e r  concentrat ion,  f o r  c a r r i e r  concen- 

t r a t i o n s  ranging from 1020 down t o  t h e  donor impurity l e v e l  of about 1017 

~ m - ~ .  I n  more recen t  work20 a CdS s i n g l e  c r y s t a l  was doped by press ing  measured 

amounts of high p u r i t y  I n  metal i n t o  t h e  su r face  and annealing a t  855O~ f o r  430 

hours i n  an evacuated tube containing m e t a l l i c  Cd. E l e c t r i c a l  measurements 

indica ted  t h a t  l e s s  than 3% of t h e  est imated 3,7x1018 cme3 I n  impurity atoms 

caused an e lec t ron  t o  be provided t o  t h e  conduction band. 

Figure 18 shows t h e  r e s i s t i v i t y  versus s u b s t r a t e  temperature f o r  CdS coat-  

ings deposi ted by r e a c t i v e  s p u t t e r i n g  from t h e  t a r g e t s  doped with 0.1, 0.03 and 

1.0 atomic percent  of In .  The coat ings  were about 500 nm t h i c k  and were deposi ted 

using t h e  modified apparatus shown i n  Fig. 3. The da ta  f o r  coat ings  doped with 

1 atomic percent  I n  a r e  compared with s imi la r  da ta  obtained with t h e  unmodified 

apparatus and seen t o  be cons i s t en t .  The coatings were deposi ted a t  a cathode 

current  dens i ty  of about 4 d l c m 2  and an H2S i n j e c t i o n  r a t e  (0.53 T o r r - l i t e r s l s e c )  
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whlch permits e f f e c t i v e  use  of t h e  I n  dopant (see Figs.  16, 17, and 18) without 

too  g r e a t  a l o s s  i n  deposi t ion  r a t e  (see Fig. 12). The r e s i s t i v i t y  values a t  

I n  contents  of 0,.3 and 1 atomic percent  a r e  cons i s t en t  with t h e  da ta  shown i n  

Fig. 15. The new r e s i s t i v i t i e s  a t  0 .1  atomic percent a r e  lower than previously 
. . .  . . .  ? . . , . . , , .. * . . .  

repor ted  v a l ~ e s , ~ , ~ ~  probably because of t h e  use of a more optimum H2S i n j e c t i o n  
. . 

r a t e .  

Van der  Pauw measurements were made on t h e  1 atomic percent  doped coatings 

a t  Lockheed. These measurements yielded e lec t ron  m o b i l i t i e s  of  about 10 crn2/v-sec 

and c a r r i e r  concentrat ions of about 7x1018 This implies t h a t  about 3.5% 

of t h e  I n  atoms contr ibuted  e lec t rons  t o  t h e  conduction band, a conclusion which 

is  cons i s t en t  wi th  r e s u l t s  repor ted  f o r  s i n g l e  c r y s t a l s .  2 0 

Figure 19 shows the  CdS f i l m  r e s i s t i v i t y  a s  a function of  s u b s t r a t e  tempera- 

t u r e  f o r  coat ings doped by t h e  t h i r d  method--diffusion of I n  from an In-coated 

s u b s t r a t e .  The coatings were about 5000 nm t h i c k  and were deposi ted using. the 

unmodified apparatus shown i n  Fig. 2. The t a r g e t  was a 99.9999% Cd cathode. 

The coatings were deposi ted over a 50 nm t h i c k  l aye r  of In .  I f  t h i s  I n  were t o  . 
be uniformly d i s t r i b u t e d  wi th in  t h e  CdS, it would correspond t o  a doping l e v e l  of 

r... 

2 atomic percent .  The method is  seen t o  be reasonably e f f e c t i v e  i n  pr'oducing 

doping l eve l s  i n  a d e s i r a b l e  range (10 t o  100 $2-cm) over the  substrat&kempera- 

t u r e  range of i n t e r e s t .  Van der  Pauw measurements a t  Lockheed yielded mobi l i t i e s  
2 of about 25 cm /V-sec, with c a r r i e r  concentrat ions i n  the  range from 3 x 1015 cm-3 

3.4 R e s i s t i v i t y  Control by Off-Stoichiometry (Task 2.2) 

Two approaches were examined t o  achieve r e s i s t i v i t y  con t ro l  by o f f - s to ich io -  

metry. 

1 )  Pulsed H2S gas i n j e c t i o n  

,2) Post-deposi t ion hea t  t reatment 

From an equil ibrium point  of view t h e  dens i ty  of Cd atoms absorbed on the  

surface  of a growing CdS coat ing ,  and thus the  Cd content  wi th in  the  coat ing ,  

a r e  r e l a t e d  t o  the  Cd p a r t i a l  pressure over the  surface .  I n  the  pulsed gas 



FIG. 19 Resistivity versus substrate temperature for CdS coatings doped by 
diffusion from pre-deposited In layer. 
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i n j e c t i o n  approach, t h e  H2S i n j e c t i o n  is  pe r iod ica l ly  terminated,  thereby 

permi t t ing  the  cathode t o  pe r iod ica l ly  de l ive r  a  high Cd f lux  t o  t h e  surface  

of the  growing CdS, coating. This f l u x  w i l l  l a r g e l y  re-evaporate but w i l l  cause 

t h e  time-averaged Cd adatom surface  dens i ty  t o  be l a rge r  than it would be under 

s teady s t a t e  H2S in jec t ion .  Studies of the  Cd accumulation and re-evaporat ion 

on heated CdS coated surfaces  were made through i n  s i t u  r e s i s t i v i t y  measurements. 9 -- 
Order of magnitude reductions i n  r e s i s t i v i t y  have been achieved f o r  coat ings 

deposi ted i n  the  250 '~  t o  300 '~  temperature range using the  pulsed H2S i n j e c t i o n  

method. The data  a r e  indica ted  by t h e  shaded region i n  Fig. 13. Solar- i l luminated 

2 r e s i s t i v i t i e s  of 10 A-cm and e lec t ron  mobi l i t i e s  of 20 cm2/v-sec have been 

measured f o r  these  coatings.  The r e s u l t s  of the  pulsed deposi t ion  s tud ies  a r e  

promising. However, the  r e s i s t i v i t i e s  s t i l l  need t o  be reduced by a  f a c t o r  of 

t h r e e  o r  more. Another point  r equ i r ing  a t t e n t i o n  is  the  observation t h a t  the  

r e s i s t i v i t i e s  of the  pulse-deposited coatings increased s i g n i f i c a n t l y  when the  

coatings were hea t  t r e a t e d  i n  H2 a t  350°C. Nevertheless, the  h ighes t  a l l - spu t t e red  

c e l l  e f f i c i e n c i e s  achieved t o  d a t e  have been f o r  devices f ab r i ca ted  with undoped 

CdS l aye r s  deposited using the  pulsed H2S gas in jec t ion .  See Sect ion  4.1. The 

e f f i cacy  of t h e  pulsed H2S i n j e c t i o n  r a t e  was f u r t h e r  i l l u s t r a t e d  by t h e  observation 

t h a t  low r e s i s t i v i t y  In-doped (1 a t .  percent In )  coat ings were obtained with pulsed 

i n j e c t i o n  a t  average H2S i n j e c t i o n  r a t e s  t h a t  would y i e l d  high r e s i s t i v i t y  coatings 

under s teady s t a t e  condit ions.  Pulsed i n j e c t i o n  with doped or  undoped cathodes 

can a l s o  reduce t h e  occurrence of arc ing.  

Various groups have reported success i n  reducing t h e  r e s i s t i v i t y  of CdS 

coatings by post-deposi t ion heat ing  i n  H2. 21, 22 I n  our work hea t  treatment fo r  

30 .min a t  temperatures of 2 5 0 ~ ~  and 350 '~  i n  an atmospheric pressure 'mixture of 

15% H2 - 85% N2 did not  s i g n i f i c a n t l y  change t h e  r e s i s t i v i t y  of t h e  sput tered  

coat ings .  Attempts t o  h e a t - t r e a t  t h e  samples i n  H2 plasma discharges a t  moderate 

temperatures (-350'~) were unsuccess fu 1 i n  producing s i g n i f i c a n t  reductions i n  

coat ing  r e s i s t i v i t y  without causing coating damage. lo Future work w i l l  examine 

higher annealing temperatures and the  e f f e c t s  of annealing i n  a  Cd vapor f lux .  



3.5  Cu2S Deposition Studies  (Task 2.3) 

A d e t a i l e d  s tudy of t h e  inf luence  of t h e  H2S i n j e c t i o n  r a t e ,  and t o  some 

e x t e n t  t h e  s u b s t r a t e  temperature, fo r  CuxS coatings deposi ted dnto g lass  s u b s t r a t e s  

was conducted during the  previous program. 2,23 It was determined t h a t  two types 

of copper s u l f i d e  coat ings  could be formed, depending on t h e  deposi t ion  condit ions.  

One m a t e r i a l ,  which formed pr imar i ly  on s u b s t r a t e s  a t  130°c, exhibi ted  a  r e s i s -  

t i v i t y  of about 102n-cm and a  r e l a t i v e l y  high dens i ty  of Cu nodules (severa l  

thousand nm i n  s i z e )  on t h e  su r face .  X-ray d i f f r a c t i o n  indica ted  t h a t  t h e  

m a t e r i a l  was p r imzr i ly  cha lcoc i t e ,  with a  small  d j u r l e i t e  content  which increased 

wi th  increased H2S i n j e c t i o n  r a t e .  The Cu nodule dens i ty  decreased with increas-  

ing  H2S i n j e c t i o n  r a t e .  The second mate r i a l ,  which formed pr imar i ly  on low 

temperature ( 3 5 ' ~ )  s u b s t r a t e s ,  exhibi ted  a  f e S 1 s ~ l v i c y  of about 10-~n-cm, a d  

a  much lower d e n s i t y  of nodules which v i r t u a l l y  disappeared wlth increas ing H2S 

i n j e c t i o n  r a t e .  X-ray d i f f r a c t i o n  showed t h i s  ma te r i a l  t o  be a  mixture of 

c h a l c o c i t e  and d j u r l e i t e ,  becoming pr imar i ly  d j u r l e i t e  wi th  increas ing i n j e c t i o n  

r a t e .  The absorpt ion  c o e f f i c i e n t s  of t h e  high r e s i s t i v i t y  ma te r i a l ,  and t h e  low 

r e s i s t i v i t y  ma te r i a l  deposi ted a t  low H2S i n j e c t i o n  r a t e s ,  were found t o  be i n  

e x c e l l e n t  agreement wi th  those  previously repor ted  f o r  cha lcoc i t e .  2 3  

Addi t ional  s t u d i e s  during t h e  present  program have confirmed t h a t  th'e same 

b a s i c  r e l a t i o n s h i p  between t h e  CuxS coat ing  p roper t i e s  and the  H2S i n j e c t i o n  r a t e  

and s u b s t r a t e  temperature a p p l i e s  a l s o  f o r  coat ings deposi ted onto CdS. The da ta  

a r e  summarized in  Fig .  20. High s u b s t r a t e  temperatures ( 1 3 5 ~ ~  and 1 5 0 ' ~  have 

been explored) promote formation of t h e  high' r e s i s t i v i t y  ma te r i a l ,  while low 

temperatures a t  high H2S i n j e c t i o n  r a t e s  genera l ly  produce t h e  low r e s i s t i v i t y  

copper s u l f i d e .  A s  a  geiieral,  r u l e ,  che high ,resis tivlty i i u t e r i a l  possessed a 
6 r e l a t i v e l y  high dens i ty  (5x10 /cm2) of the  Cu s u r f a c e  modules. An important 

observat ion  was t h a t  t h e  Cu nodules urider a Au contac t  g r i d  electrode d id  not 

r e s u l t  i n  a  c e l l  s h o r t .  

- The  da ta  given i n  Fig .  20 were obtained before  t h e  apparatus modificat ion 

d i s c r i b e d  i n  Sect ion  2  was completed. Evidence was seen t o  i n d i c a t e  t h a t  the  
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FIG. 20'- Schematic representation of dependence of r e s i s t i v i t y  of H2S injection 
rate  for Cu,S coatings deposited onto CdS during present program. 



accumulation of coat ing  m a t e r i a l  on s h i e l d  wa l l s  introduced a memory of previous 

depos i t ion  condi t ions  and the re fo re  compromised the  r ep roduc ib i l i ty .  (See 

d i scuss ion  of r o l e  of s h i e l d  surfaces  on r e a c t i v e  s p u t t e r i n g  i n  Sect ion  2.1.) 

Performance d a t a  on t h e  r e a c t i v e  s p u t t e r i n g  of copper s u l f i d e  wi th  t h e  modified 

appara tus  a r e  now being accumulated. 

4. DEVICE -MATERIAL PARAMETER OPTIMIZATION (TASK 3) 

4 . 1  C e l l  Fabr ica t ion  

Glass p l a t e s  (Corning 7059), 25 mm x 25 mm x 1.2 nun, a r e  used a s  s u b s t r a t e s .  

The c e l l s  f ab r i ca ted  dur ing t h e  previous program and during the  f i r s t  qua r t e r  

of  t h e  present  program were of t h e  general  form shown i n  Fig. 21. A Nb r e a r  

e l e c t r o d e  100 nm t h i c k  was deposi ted onto t h e  g lass  s u b s t r a t e s  i n  o separa te  

pumpdown. These precoated s u b s t r a t e s  were then sLuraJ ci~sd used ao rcquirod 

i n  t h e  mult i-source deposi t ion  chamber shown i n  Fig.  2. A s e t  of t h r e e  subs t ra t e s  

was coated a t  one time. Predeposi t ion pumping was t y p i c a l l y  t o  a  pressure  of 

t o  Pa (7 x 10 '~  t o  7 x 1 0 - ~  Torr ) .  I n  most cases t h e  CIS o r  CdxZnl.xS 

l a y e r s  were 3000 t o  5000 nm th ick ,  and were deposi ted a t  a  g las s  c a l i b r a t i o n  

temperature of 300 '~  ( s u b s t r a t e  temperature ~ 3 5 0 ' ~ )  aver an I n  l aye r  about 50 nm 

t h i c k .  The I n  l aye r  was used t o  a s su re  an ohmic contac t  t o  t h e  Nb e lec t rode .  

The s u b s t r a t e s  were then allowed t o  cool  i n  H2S t o  1 5 0 ~ ~  (required about 20 mln), 

and t h e  CuxS layer  was deposi ted.  F i n a l l y  a  top  Au e lec t rode  was appl ied  i n  a  

s e p a r a t e  chamber. A n t i r e f l e c t i v e  top l aye r s  have no t  been used thus fa r .  

Table I summarizes t h e  performance of se lec ted  c e l l s  f ab r i ca ted  during t h e  

course of  t h e  program. C e l l  #274 is  represen ta t ive  of the  bes t  he terojunct ion  

devices  f ab r i ca ted  during t h e  previous program. The devices were charac ter ized  

by p a r t i c u l a r l y  low s h o r t  c i r c u i t  cu r ren t s  and f i l l  f ac to r s .  Cel l  {I274 had a 

3000 nm CdS layer  deposi ted a t  about 3 5 0 ~ ~ .  The l a y e r  was doped by co-deposition 

fr~m an I n  source t h a t  i s  est imated t o  have produced an I n  content  of about 0.3 

atomic percent  and a r e s i s t i v i t y  of about 3 A-cm. The low shor t  c i r c u i t  currenc 

i n  t h e s e  c e l l s  was due i n  p a r t  t o  t h e  fop e lec t rode ,  wl~lch was a small c i r c u l a r  
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FIG. 21 General configuration of sputter-deposited solar cells fabricated 
during the first quarter of the program. 
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Au pad ra ther  than a gr id  array.- 

Cell  1401 is representative of the  best  c e l l s  ' fabricated during the  f i r s t  

quarter of the  present program. This c e l l  has a 4500 nm thick In  doped Cd(Zn)S 

layer which was deposited a t  about 350 '~ (cal ibrat ion temperature of 300'~) 

by react ive sput ter ing from a Cd ta rge t  containgng 10 atomic percent Zn and 

2 atomic percent In.  The 150 IUD thick Cu2S layer was  deposited a t  1 5 0 ~ ~  a s  

described above. Cells i n  t h i s  group had Au gr ids  consist ing of 1000 nm thick 

l i nes ,  0.05 n m ~  wide, spaced on 0.75 nun centers (see Fig. 21) which were sput ter-  

deposited using a mechanical mask. The short  c i r c u i t  current is  seen t o  be 

s ign i f ican t ly  improved over the  c e l l s  fabricated during the  f i r s t  year. 

During s tudies  of the  CdS deposition process (see Section 3.1) it was 

discovered tha t  when a metallized glass substrate,  is  heated t o  -250-300% a t  

the  deposition s ta t ion ,  t he  ac tua l  temperature is about 50°C greater  than 

the  cal ibrat ion temperature fo r  a glass substra te .  The difference r e s u l t s  from 

the  reduced emittance of the metallized surface. Evidence was a l so  seen which 

indicated tha t  a subs t ra te  temperature of 3 5 0 ~ ~  (cal ibrat ion temperature of 3 0 0 ~ ~ )  

r e su l t s  i n  the passage of an e l e c t r i c a l l y  ac t ive  impurity from the  Nb in to  the 

(Cd,Zn)S. Therefore i n  subsequent c e l l  fabr icat ion the  glass  ca l ib ra t ion  

temperature for  the  CdS deposition was reduced t o  250°C (substra te  temperature 

300 C). When t h i s  was done it was found t h a t  the  I n  layer shown i n  Fig. 21was 

no longer required t o  provide an ohmic contact t o  t he  Nb rear  electrode. There- 

fore  use of the I n  layer was discontinued. 
f 

About the  end of the  f i r s t  quarter,  it was decided t h a t  CdS ra ther  than 

(Cd,Zn)S c e l l s  would be fabricated for  the  remainder of the  program. This was 

done because a great  deal  more data a r e  available on the  fabr icat ion and perfor- 

mance of so la r  c e l l s  with evaporated CdS than with (Cd,Zn)S. These data form 

a useful basis  for  comparison i n  optimizing the performance of the  a l l - sput te r -  

deposited ce l l s .  

C e l l  #653 is representative of several  c e l l s  t h a t  were fabricated midway 

through the program. The CdS layers were nominally about 4000 nm thick and were 



deposited a t  a substra te  temperature of about 3 0 0 ~ ~  (calibration temperature of 

2 5 0 ~ ~ )  using the pulsed gas inject ion method discussed i n  Section 3.4. No In 

base layer was used over the  Nb rear  electrode. The C%S layers were deposited 

a t  a subs t ra te  temperature of 150°c. These c e l l s  have prwided the best  perfor- 

mance achieved thusfar f o r  a l l - sput te r  deposited ce l l s .  The as-deposited c e l l s  

exhibited shor t  c i r c u i t  currents of about 1 m ~ / c m ~  and open c i r c u i t  voltages of 

about 0.27V under a so l a r  simulator a t  an incident power of 107 mr/cm2. Anneal- 

ing i n  H2 a t  200°C fo r  2 minutes ra ised the  open c i r c u i t  voltage t o  about 0.43V 

and the short  c i r c u i t  current t o  about 3 mli/cm2. The I V  charac te r i s t ic  for  c e l l  

Y1653, which had a e f f ic iency  of about 0.6%, is shown i n  Fig. 22. Additional 

annealing fo r  2 min a t  200 '~ caused a drop i n  short  c i r c u i t  current t o  about 

2.5 m~/c$. 

A few c e l l s  with In-doped CdS layers having I n  concentrations of from 0.1 

t o  1 atomic percent were fabricated. Deposition temperatures were i n  the  range 

from 250°c t o  300°C. I n  t he  1% I n  case the as-deposited c e l l s  did not exhibi t  

a ba r r i e r ,  probably because of electron tunneling, since the  depletion layer 

thickness is  estimated t o  have been of the  order of 10 nm for  the  high conductivity 

CdS (see Fig. 18). Annealing i n  H2 a t  2 0 0 ~ ~  did not develop the barr ier .  The 

c e l l s  doped with 0.1% I n  exhibited excellent as-deposited diode character is t ics  

with open c i r c u i t  voltages of about 0.1V.l However, annealing for  two 60 m i n  

segments a t  lSO°C i n  an H2-Ar atmosphere did not improve the  photovoltaic perfor- 

M F C B  

C e l l  41917 i s  representat ive of cells which were fabricated with the  composite 

CIS s t ruc tu re  shown i n  Fig. 23. The composite layers were formed by sput ter ing 

i n  sequence from doped (1  a t .  percent In)  and undoped cathodes. The thickness 

of the  undoped region adjacent t o  the junction was varied between 100 and 500 nm 

thick.  The highly doped material  ( ~ . O . l h r c m )  extended from t h i s  region t o  the  

r e a r  electrode.  The subs t ra te  temperature during CdS deposition was 300 '~ 

(glass ca l ib ra t ion  temperature of 250°C). The react ively sputtered Cu2S layers 

w e r e  about 150 nm thick.  They were deposited a t  a substra te  temperature of 150°C. 
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PIG. 22 Current-voltage characteristic for best all-sputter-deposited cell which 
was fabricated during present program. 
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FIG. 23 General configuration of sputter-deposited cells with composite CIS layer. 



The doping profi les  of the composite CdS layers were investigated a t  Lockheed 

using capacitance-voltage measurements. 24 The measurements show car r ie r  con- 

centrations of about 5x10-l3 cm3 i n  the undoped regions and verify a large 

increase i n  car r ie r  concentration (0w1017 cmm3) a t  distances below the junction 

that  a re  consistent with the deposition thicknesses for  the  undoped layers. 

The ce l l s  were s l igh t ly  photovoltaic i n  the i r  as-deposited s t a t e  (Voc-O.05V). 

Annealing the ce l l s  for  three 60-min periods a t  175 '~ i n  H2 raised the open 

c i r cu i t  voltage and short  c i r cu i t  current, i n  the case of c e l l  #917, t o  0.32V 

with a ~ h o r t  c i r cu i t  current t o  2.5 mli /cm2 as indicated in  Table I. 

A ser ies  of re la t ive ly  thick (5000 t o  11000 nm) reactively sputtered CdS 

coatings were deposited onto Nb-coated glass and sent t o  the I n s t i t u t e  of Energy 

Conversion (IEC) a t  the University of Delaware, where Cu2S layers were applied 

by both the w e t  and dry CuCl processes. The objective was t o  obtain an improved 

understanding of the differences between the evaporated and sputtered CdS layers. 

The CdS coatings were deposited from undoped Cd ta rge ts  and from targets  doped 

with 0.1 atomic percent of In. The ce l l s  t o  be given the wet process were heated 

for  30 sec i n  boiling H20 and then textured by hmersion i n  a 25% (by volume) 

HC1 solution a t  60°c for from 5 t o  10 sec. (The texturing of the c e l l  doped 
L 

\ with 0.1 atomic percent In was terminated a f t e r  5 sec because of a severe reaction 

with the HC1 solution.) Following texturing the c e l l s  were processed for  10 sec  

in  the standard IEC CuCl "wet process" bath tha t  is used fo r  evaporated ce l l s .  25 

The dry CuZS layers were formed by evaporating enough CuCl t o  react  t o  an appro%- 

h a t e  Cu2S thickness of 250 nm. The reaction t o  form Cu2S from the CuCl was 

accomylLrhed by placing the sample i n  flowing H2-Ar gas a t  70°c for  5 minutes. 

After cooling i n  t h i s  atmosphere, the samples were rcmoved and the  CuC12 rinsed 

off using da-ionised water. Finally the samples were dried i n  an H2-Ar flaw. 

The ampletad heterojunctions were then returned t o  Te'lic where Au grid 

el act rode^ UP the type ~ k m  i n  Fig. 21 were applied. Finally the  c e l l s  were 

sent t o  Lockhead for  teeting and heat treatment. 



The wet processed c e l l s  a l l  exhibited a high conductaace! from the grid 

l i nes  through t o  the  Nb r ea r  electrodes, although some photwoltaic  respohse 

was recorded. The dry processed ce l l s  exhibited good as-deposited diode charac- 

t e r i s t i c s . '  The dry processed c e l l s  with the  0.1% In-doped CIS exhibited a 

low open c i r c u i t  voltage (-O.1V) which did not imprwe signif icant ly on heat 

treatment a t  150 '~ i n  N2-H2. This r e su l t  is similar t o  tha t  which was observed 

fo r  all-sputter-deposited c e l l s  with 0.1% I n  doped CdS as described previously. 

C e l l  #967 i n  Table I is representative of the hybrid c e l l s  with the dry processed 

Cu2S on the undoped CdS. The CdS layer for  t h i s  c e l l  was about 5000 nm thick. 

It was deposited a t  300°C (cal ibrat ion temperature of 250°c) . The as-deposited 

open c i r c u i t  voltage was ~ 0 . 3 2 V .  However, a f t e r  60 min of annealing i n  H2-Ar 

a t  150 C, the open c i r c u i t  voltage and short  c i r cu i t  current increased s igni-  

f icant ly .  When several gr id l ines  that  covered regions of compromised perfor- 

mance were removed, the remaining area (2.8 cm2) yielded an open c i r cu i t  voltage 

of 0.40V and a short  c i r c u i t  current of -7 mA/cm2. This hybrid c e l l  is  the  

most e f f i c i en t  device fabricated during the program (71%).  The low f i l l  factor 

is believed t o  be due t o  the re la t ive ly  high r e s i s t i v i t y  of the CdS, which was 

deposited with no part icular  attempt t o  control i t s  r e s i s t iv i ty .  

Several c e l l s  with: the  composite s t ructure shuwil In Fig. 23 ware fabricared 

as  par t  of the  shakedown on the modified deposition apparatus. These c e l l s  w e r e  

deposited with e reduced In  content (0.1 rather  than 1 atomic percent) %n the 

doped CdS v*back-up" layer. The as  -depos i t e d  ce l l s  yielded open c i r cu i t  v 6 l ~ a g e s  

of about 0.2V and single-grid short  c i r cu i t  currents of about 0,lmA. Subsequent 

heat treatments a t  150'~ did nbt imprwe Ll~e  pl~otovalteio parfonnance, 1 

4.2 Cel l  Fabrication Techniaues. 

A t  the  beginning of the program a problem of shorting due t o  pin holes 

was encountered on the Au gridded ce l l s .  Imprwed handling and storage of the 

pre-metallized substrates was found t o  great ly  reduce t h i s  problem. By the  

midpoint of the  program the fabrication techniques had improved t o  the  point 

where it was canmron t o  have no grid-to-rear-electrode shorts among the 31 grid 

l ines .  26 



C e l l  fabr icat ion with the  modified apparatus (Fig. 3) is ju s t  beginning. 

When t h i s  apparatus is  used, the  Nb r ea r  electrodes a r e  deposited in -s i tu  a s  

par t  of the  c e l l  deposition process. This procedure reduces the subs t ra te  

handling pr ior  t o  depositing the  semiconducting layers and should fur ther  reduce 

the frequency of flaws i n  the ce l l s .  

The mechanical deposition masks a r e  held i n  close contact t o  the  substra tes ,  

using the magnetic hold-down method shown i n  Fig. 24. Additional work is required 

t o  improve the  mask contact and therefore the  width of t he  gr id  l ines .  The 

thickness of the glass reduces the magnetic f i e l d  s t rength a t  the mask plane t o  

the  point where the magnetic force has d i f f i c u l t y  i n  overcoming forces generated 

i n  the  mechanical mask by cold working. 

4.3 Analysis of Cell  Performance 

Table I1 sununarizes the performance of one of the  best  al l-sputter-deposited 

c e l l s  prepared on the present program with t h a t  for  a high performance planar 
, . ,  

CdS c e l l  fabricated a t  the  I n s t i t u t e  of Energy ~ o m r e r s i o n . ~ ~  The IEC cell !- , 

should probably be considered as  a "nearly planar" c e l l ,  s ince a s l i g h t  e tch of ;; 4 
:j 

the  CdS was used pr ior  t o  the  deposition of the  Cu2S by CuCl evaporation and ion 

exchange reaction. The estimated optimum performance of a t r u l y  planar cell is 

a l so  shown for  comparison. This estimate is  based on: (1) top gr id  electrode i '$, 
system with 90% transmission, (2) Cu2S layer thickness of 150 nm,(3) Mulder's 4 
s ing le  c rys ta l  Cu2S opt ica l  data,  28 (4) zero recombination on the Cu2S f ron t  a 
surface, (5) t o t a l  re f lec t ion  a t  t he  Nb r ea r  electrode,  (6) a Cu2S minority 

ca r r i e r  di f fusion length of 100 nm, (7) a f i l l  factor  of 0.8 ( a rb i t r a r i l y  selected) 

and (8) an open c i r c u i t  vulLclge of 0.54V (assumed). See Fig. 36 of Ref. 2. 

The difference between the short  c i r c u i t  currents i n  the  IEC c e l l  and the 

idealized planar c e l l  is believed t o  be indicat ive of the  l i g h t  trapping which 

occurs i n  the  IEC c e l l  because of the  s l i g h t  surface texture  which is b u i l t  in to  

these c e l l s .  The sputtered c e l l s  have a very planar s t ruc ture  because of the  

smooth glass  s t a r t i n g  substra te  and the absence of an etch sequence between the 

CdS and Cu2S depositions. This is  apparent i n  the intense CdS and Cu2S interference 
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TABLE I1 

COMPARATIVE PERFORMANCE OF SELECTED SOLAR -CELLS 

Cell deposited using pulsed H2S 
injection method c e l l  653 

Institute of Energy Conversion 
planar cell with evaporated CdS. 
Cu2S deposited by dry process after-  
s l ight  each. (From Ref .- 27) 

Estimatedoptimumperformancefor . i ; - -  .15.5 .. . 0.54 0 .8  6 . 5  
'8, "' "' planar c e l l  with Ln i '100 am. (See 

Ref. 1) 

-- -- - - 

2 * Based on illumination -intensity.of 100 mA/cm . 



p a t t e r n  which has been obseryed i n  the  sput ter -deposi ted  c e l l s .  29' ' Theref of& ' 
. . .  . . . . . . . . . . . 

an assessment of t h e  performance of the sputter-deposited c e l l s ' c a n  probab'lji ' 
' 

. . 
. . ,  

b e s t  be made by. comparing the i r .  performance with t h a t  of t h i  idea l i zed  pla*ar.  

c e l l .  ,P icking Jsc -3 d / c m 2 , . .  Voc u 0.4V, and FF .r 0.4 .as being r e p r e s e ~ t a t i v e  
' 

of t h e  b e s t  spu t t e red  c e l l s ,  w e  conclude t h a t :  

Jsc f o r  spu t t e red  c e l 1 . i ~  -20% of planar c e l l  goal,  

Voc f o r  spu t t e red  c e l l  i s  ~ 7 5 %  of planar c e l l  goal ,  

FF f o r  spu t t e red  c e l l  i s  -50% of planar c e l l  goal .  

C e l l s  wi th  spu t t e red  CIS and CuCl dry processed Cu2S yielded Js,- 7  d / m 2 .  

Nevertheless,  it is  c l e a r  t h a t  t h e  primary problem wi th  t h e  sputter-deposi ted 

o c l l ~  i s  the  ].ma .TSc. The second most ser ious  problem is  t h e  low f i l l  f a c t o r .  

There a r e  t h r e e  f a c t o r s  t h a t  can cause a  low Jsc: 

1) F a i l u r e  t o  absorb r a d i a t i o n  and produce photocarr iers  because of a  l o w  
a b s o r p t i v i t y  i n  t h e  Cu2S. 

2) F a i l u r e  of the  photocarr iers  t o  reach t h e  junction because of a  high 
f r o n t  su r face  recombination v e l o c i t y  o r  a  low minori ty c a r r i e r  d i f fus ion  
length  i n  t h e  Cu2S. 

3)  F a i l u r e  of the  photocarr iers  t o  pass over t h e  ~ / n  junction because of 
i n t e r f a c e  recombination. 

Measurements of the  s h o r t  c i r c u i t  current  s p e c t r a l  response f o r  a  cell 

(#824), with t h e  conf igura t ion  of c e l l  #917 and a  shor t  c i r c u i t  cu r ren t  of 

3.7 d / c m 2 ,  i n d i c a t e  t h a t  a l l  of the  photocurrent is  generated wi th in  t h e  Cu,S 

l aye r .29  This is cons i s t en t  wi th  previous work23 which showed t h a t  che absusp- 

t i o n  c h a r a c t e r i s t i c s  of Cu2S layers  deposi ted using c y l i n d r i c a l  magnetrons a r e  

equivalent  t o  those repor ted  f o r  cha lcoc i t e ,  and with t h a t  of o ther  workers 

who have fab r i ca ted  c e l l s  with e f f i c i e n c i e s  of seve ra l  percent  using s p u t t e r  

deposi ted Cu2S l aye r s  on s i n g l e  c r y s t a l  and evaporated CdS. 30?31 These observa- 

t i o n s  imply t h a t  t h e  problem is a t  t h e  p/n junction.  Neglecting shunt cu r ren t s ,  

one can write 

J s c  - L 



where JL is  t h e  l ight -genera ted  current  reaching thd junction !from t h e  Cu2S 

and 7, is  t h e  junction c o l l e c t i o n  ef f ic iency.32 I f  w e  use a Jsc. of..3 rol\lcm 2 

f o r  the  sput ter -deposi ted  cells, and assume t h a t  t h e  JL -- 15 mAlcn2 ( i d e a l  

planar c e l l ) ,  we obta in  Tc - 0.2 from E q  (2) .  Col lec t ion  e f f i c i e n c i e s  f o r  

high performanc; evaporated c e l l s  a r e  about 0.95. The JL f o r  t h e  spu t t e r -  

deposited c e l l s  i s  undoubtedly a l i t t l e  less than 15 m ~ / c m ~ .  However, t h e  

indica t ions  a r e  t h a t  t h e  primary problem with the  sput ter -deposi ted  c e l l s  is  

t h e  l o w  junction c o l l e c t i o n  e f f i c i ency ,  which is  perhaps about 0.25. 

According t o  t h c  theory of f ie ld-a ided c o l l e c ~ l u u , ' ~  one has 

where SI is  t h e  i n t e r f a c e  recombination v e l o c i t y  f o r  i n t e r f a c e  s t a t e s  crea ted  

by the  Cu2S/CdS l a t t i c e  mismatch, p i s  t h e  e l ec t ron  mobi l i ty  i n  CIS, and E o ,  

i s  t h e  e l e c t r i c  f i e l d  s t r eng th  a t  t h e  junction.  

For a  uniform doping l e v e l  t h e  junction f i e l d  is  given by 

where VD is  the  d i f fus ion  p o t e n t i a l ,  V i s  the  ex te rna l  junction vol tage ,  and 

W is t h e  deple t ion  l aye r  width. The deple t ion  l aye r  width can be w r i t t e n  a s  

w l ~ e r e  q i s  t h e  e l e c t r o n i c  charge, eo is  t h e  d i e l e c t r i c  constant  of f r e e  space, 
* 6 is the  r e l a t i v e  d i e l e c t r i c  constant  of CdS ( - l o ) ,  and ND is  t h e  e f f e c t i v e  

donor dopant dens i ty  (assumed uniform). 

The low values of qc f o r  t h e  spu t t e red  c e l l s  imply t h a t  Eo<4SI/)A. When 

Eqs (2) through (5) a r e  combined, one obta ins  t h e  following r e l a t i o n s h i p ,  i n  

t h e  limit of E,<< S I / p ,  f o r  the  case of a small and negative b ias  V. 



2 The J v s  V dependence implied by Eq (6) has been confirmed f o r  c e l l s  653 and 

917 i n  ,the low and negat ive  b ias  regime. 29 These measurements the re fo re  support 
/ 

t h e  conclusions t h a t  most of t h e  photocurrent reaches the  junction and tha t  

EO<< S 1 / p .  

A more complete p i c t u r e  of the  e l e c t r i c  f i e l d  a t  t h e  junction,  and i t s  

in f luence  on t h e  s h o r t  c i r c u i t  cu r ren t ,  i s  provided by capacitance-versus-voltage 

s t i i d i e s  made af t h e  I n s t i t u t e  of Energy Conversion on c e l l s  with evaporated CdS 

l a y e r s  and a t  Lockheed on t h e  sput ter -deposi ted  c e l l s . 2 9  Table I11 compares 

d e p l e t i o n  l aye r  widths deduced from these  capacitance measurements f o r  c e l l s  i n  

t h e i r  a s - fabr i ca ted  s t a t e ,  a f t e r  heat  t reatment and during subsequent exposure 

t o  s o l a r  i l luminat ion .  The as-deposi ted deple t ion  l aye r  thicknesses f o r  the  

evaporated c e l l s  a r e  c o n s i s t e n t  with predic t ions  made us ing Eq (5) and measured 

donor d e n s i t i e s .  The spu t t e red  c e l l  da ta  a r e  f o r  c e l l s  with t h e  composite s t r u c -  

t u r e  shown i n  Fig. 23, The deple t ion  l aye r  implied by the  capacitance measure- 

ments corresponds, a s  wouldjbe expected, t o  t h e  width of t h e  undoped l aye r  and 

t h e r e f o r e  confi'rms t h e  con t ro l  which was maintained during t h e  deposi t ion ,  a s  

r epor ted  i n  Sect ion  4.1. During heac treatment the  deple t ion  l aye r  widtha 

increased i n  both cases and, i n  the  s p u t t e r i n g  case ,  extended t o  about the thick- 

ness  of the  c e l l .  The s i g n i f i c a n t  observation i s  t h a t  under s o l a r  i l luminat ion  

t h e  dep le t ion  layer  width i n  t h e  evaporated c e l l s  decreased by approxituately an 

order  of magnitude, while i n  t h e  spu t t e red  c e l l s  t h e  decrease was much less .  

Using W = 200 nm and VD = 0.8V for  t h e  evaporated c e l l s  y i e l d s  Eo 5 8 x 1 0 ~  

~ / c m .  Recent es t imates  f o r  high performance evaporated c e l l s  place S I / p  i n  

3 t h e  range from 1 .3~10 '  t o  4 . 5 ~ 1 0  ~ / c m . ~ ~  Using Eq (3) and S I / P  = 3 x 1 0 ~  V/cm, 

we ob ta in  rc = 0.96 f o r  t h e  evaporated c e l l s .  The I2 vs V p l o t s  ind ica te  t h a t  

t h e  d i f f u s i o n  p o t e n t i a l s  f o r  t h e  spu t t e red  c e l l s  ere a  l i t t l e  l e s s  than 0 , 8 1 7 . ~ ~  

3  Using VD = 0.5V and w = 3000 rim f o r  t h e  spu t t e red  c e l l  y i e l d s  Eo = 3 . 3 ~ 1 0  V/cm. 



A s  deposited 

TABLE I11 s 

DEPLETION LAYER WIDTHS 

Evaporated CdS 
Wet procegs Cu2S 
Inst .  Energy Conv: 

After heat treatment CY 10000 nm 

Under soiar illumination - 170 .nm 

Sputtered CdS 
Sputtered Cu2S 
  el i c ~ ~ o c k h e e d *  

* Cell with composite structure shown i n  Fig. 23. 



This e l e c t r i c  f i e l d ,  along wi th  4 Ic N 0.25, implies t h a t  SI N 1 . 3 ~ 1 0  Vlcm. 

a  va lue  t h a t  i s  t h r e e  t o  four  times l a rge r  than t h e  values f o r  t h e  evaporated 

c e l l s .  The higher S I / p  i n  t h e  sput tered  c e l l  may be due t o  a  g rea te r  degree 

of d i so rde r  on t h e  s u r f a c e  of t h e  spu t t e red  CdS (no e tch  is  used t o  place the  

junc t ion  wi th in  t h e  CdS) . 
The above ana lys i s  can be summarized a s  follows: 

1 The major reason f o r  t h e  poor e f f i c i e n c y  of t h e  sput ter -deposi ted  c e l l s  
i s  a  poor junct ion  c o l l e c t i o n  e f f i c i ency ,  which r e s u l t s  from a  low 
e l e c t r i c  f i e l d  and an elevated SIl) l .  

2) A major d i f f e r e n c e  between the  c e l l s  f ab r i ca ted  using evaporated CdS 
and those f a b r i c a t e d  thus fa r  by s p u t t e r i n g  a t  T e l i c  is t h a t  the  deple- 
t i o n  layer width i n  t h e  sput tered  c e l l s  does not  decrease s i g n i f i c a n t l y  
under s o l a r  i l lumina t ion .  

The low e l e c t r i c  f i e l d  is  p a r t i c u l a r l y  important. The dependence of 31, 
on Eo and S I / p  is shown i n  Fig .  25. The range of s I / p  observed f o r  evaporated 

c e l l s  is  indica ted  by t h e  shading. Note t h a t  i f  t h e  e l e c t r i c  f i e l d  i n  t h e  sput-  

t e r e d  c e l l s  were increased t o  a  value.comparable t o  the  evaporated c e l l s  (Eo = 

8 x 1 0 ~  Vlcm) , then 1, f o r  t h e  sput tered  c e l l s  would be about 0.9, wi th  no improve- 

ment i n  S I l p .  

The genera l ly  accepted model f o r  junction formation i n  t h e  evaporated c e l l s  

i s  t h a t  t h e  heat  t reatment causes Cu acceptors  t o  d i f f u s e  i n t o  the  CdS junction 

region.  The compensating e f f e c t  of these  acceptors  causes the  space charge 

reg ion  t o  inc rease  i n  width. However, under i l lumina t ion  L l ~ e  space cl~argc region 

sh r inks  by an order  of magnitude because of t rapping of photogenerated holes  by 

t h e  Cu acceptors .  32 

The explanat ion  f o r  t h e  f a i l u r e  of t h e  deple t ion  l a y e r  width t o  decrease 

under i l lumina t ion  i n  t h e  sput ter -deposi ted  c e l l s  may be r e l a t e d  t o  an enhanced 

Cu d i f f u s i o n  i n t o  CdS when I n  doping is present .  Enhanced d i f f u s i o n  a f  I n  and 

Cd i n t o  CdS containing I n  has  been m e a ~ u r e d . l ~ * ~ ~ , ~ ~  The usual  explanation is  

t h a t  charge n e u t r a l i t y  r e q u i r e s  t h a t  one Cd vacancy be present  i n  t h e  c r y s t a l  

l a t t i c e  f o r  every two I n  atoms, and t h a t  these  vacancies promote those  d i f fus ion  

processes which occur v i a  a  vacancy mechanism. The copper d i f f u s i o n  i n t o  CdS 
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i s  expected t o  proceed by a vacancy mechanism. Therefore, fo r  a given heat 

treatment, it i s  possible t h a t  much more Cu passes i n to  the  In-doped sputtered 

coatings than passes i n t o  the undoped evaporated c e l l s .  Different heat  treatment 

procedures a r e  undoubtedly required for  In-doped c e l l s .  Thus it was seen tha t  

sputter-deposited c e l l s  having CdS layers with 0.1 atomic percent I n  doping 

and Cu2S layers formed by e i t h e r  sputtering or the CuCl dry process did not 

improve i n  open c i r c u i t  voltage and short  c i r c u i t  current when given heat t r e a t -  

ments of from one t o  four hours a t  1 5 0 ~ ~  i n  a H2-Ar atmosphere. See Section 4.1. 

The performance of s imilar  c e l l s  without I n  doping improved s ign i f ican t ly  when 

given heat  treatments typ ica l  of those used for  evaporated ce l l s .  However, the  

use of In  doping is  not considered t o  present a fundamental problem i n  i t s e l f .  

Cells  having e f f ic ienc ies  of 6% were fabricated on the Clevite program using 

evaporated CdS layers doped with 111.36 

5. SUMMARY STATUS 

The multi-source deposition apparatus has been modified t o  provide a vacuum 

inter lock,  improved inter-source shielding, and improved substra te  heating and 

cooling (Tasks 1.1, 1.2, and 1.3). Shakedown t e s t s  have been completed. The 

ca l ib ra t ion  procedure which r e l a t e s  the  substra te  temperatures t o  the tmperaturcs  

indicated by reference thermocouples has been improved t o  more accurately account 

fo r  t he  e f f ec t  of the  subs t ra te  emittance. Substrate temperature var ia t ions ,  

r e su l t i ng  from var ia t ions  i n  Llle substra te  emittance, have been shown i n  the 

present program t o  have a s ign i f ican t  e f f ec t  on the properties of CdS coatings 

deposited on these substrates.  

The vacuum inter lock w i l l  s ign i f ican t ly  increase the frequency with which 

heterojunctions can be fabricated i n  support of future  research. T h u ~  an auxi- 

l i a r y  sput te r  coating chamber has been assembled using par t s  from the old m u l t i -  

source deposition system. The auxl l lary chamber w i l l  be u m i t t c d  t n  the  program 

fo r  use i n  depositing gr id  electrodes and an t i - re f lec t ive  coatings. 



An. inves t iga t ion ,o f  cyl fndr ica l -pos t  magne t ron . r f* reac t ive  s p u t t e r i n g  has 

reconf.irmed tha,t. '+he 'use'  of r f  power e f  fect ' ively .redudes the  occurrence of: , 

cathode arc ing (.Task 1.4).  However, dc. :react ive spueter ing  work during t h e  

pas t  yea r . ind icd tes  t h a t  t h e ' a r c i n g  problem is  not  so . severe  a s  had been.thought. 

A new dc power supply with an improved a r c  suppression c i r c u i t  has been placed 

i n t o  operat ion.  It i s  an t i c ipa ted  t h a t . f u t u r e  work w i l l  be done using dc power. 

CdS r e s i s t i v i t y  con t ro l  by I n  doping has been inves t iga ted  using both 

d i f fus ion  from pre-deposited I n  layers  and r e a c t i v e  spu t t e r ing  from In-doped 

Cd spu t t e r ing  t a r g e t s  (Task 2.1). The use  of In-doped t a r g e t s  shws p a r t i c u l a r  

promise. However, t h e  H2S i n j e c t i o n  r a t e  must be c a r e f u l l y  con t ro l l ed  t o  mini- 

mize the  l e v e l  of Cd vacancies. When t h i s  is  done, t h e  f r a c t i o n  of I n  donors 

which con t r ibu te  e l ec t rons  t o  t h e  conduction band i s  s i m i l a r  t o  t h a t  which has 

been reported f o r  CdS s i n g l e  c r y s t a l s .  Thus r e s i s t i v i t i e s  i n  the  des i red  5 t o  

10.Q-cm range can be achieved with doping l e v e l s  of about 0.1 atomic percent  In.  

CdS r e s i s t i v i t y  con t ro l  by off-stoichiometry has been achieved using a  

c y c l i c  r e a c t i v e  s p u t t e r i n g  process where the  H2S i n j e c t i o n  r a t e  i s  pe r iod ica l ly  

switched on and o f f .  R e s i s t i v i t i e s  of +out 1o3fi-cm under laboratory l i g h t i n g  

and about lo2 A-cm under s o l a r  i l luminat  ion have been achieved using t h i s  method. 

These r e s i s t i v i t i e s  a r e  wi th in  a  range which makes the  CdS s u i t a b l e  f o r  use i n  

c e l l s  which incorporate t h i n  CdS layers  (1000-2000 nm). 

Progress has been made toward improving t h e  procedures f o r  deposi t ing  Cu2S 

by r e a c t i v e  s p u t t e r i n g  (Task 2.3). It has d e f i n i t e l y  been es tab l i shed  t h a t  the  

CuxS layers  deposi ted onto CdS exh ib i t  t h e  same property-deposi t ion condit ion 

re l a t ionsh ips  t h a t  were previously observed f o r  CuxS coatings deposi ted onto 

g lass  subs t ra t e s .  The CuxS deposi t ion  process i s  vulnerable t o  process d r i f t s ,  

because t h e  deposi t ion  time i s  s h o r t  compared t o  the  t y p i c a l  times requi red  t o  

condit ion cathode and deposi t ion  surfaces .  The modified apparatus should be 

p a r t i c u l a r l y  u s e f u l  i n  permit t ing improved con t ro l  over t h e  CuxS deposi t ion  

process. 

The e f f i c i e n c i e s  of a l l - sput ter -deposi ted  photovoltaic devices have been 



improved from l e s s  than 0. l % . , t o  ab,out - 0.6% .during the  preselit . con t rac t  period . 

. (Task 3) .  Considerable progress has b e e n . ~ d e  i n  improving the  general  tech- . . 

niques of c e l l  f a b r i c a t  ion.. .,.Most c e l l s  -present ly  being fabr ica ted  a r e  photo- 

v o l t a i c  i n  t h e i r  as-deposited s t a t e .  The number of pinhole flaws.which a r e  

present  i n  Au gridded c e l l s  has been g r e a t l y  reduced,.and it i s  not  uncommon 

t o  now form c e l l s  wi th  zero  flaws among t h e  31 g r i d  l ines .  I n  general ,  t h e  

h ighes t  e f f i c i e n c i e s  have been achieved w i t h . c e l l s  having CdS layers deposited 

wi th  o f f  -stoichiometry r a t h e r  than I n  doping a s  a means of r e s i s t i v i t y  con t ro l ,  

al though an e f f i c iency  of 0.4% was obtained with a (CdZn)S c e l l  (107'n) which 

was doped with 2 atomic percent  of In. Open c i r c u i t  voltages a r e  t y p i c a l l y  

0.35 t o  0.43V (see Table I ) .  The primary deficiency of t h e  sputter-deposited 

c e l l s  i s  a low s h o r t  c i r c u i t  current  (values a r e  t y p i c a l l y  about 3 rnA/cm2). 

The second most se r ious  problem is  a low f i l l  f ac to r  (values a r e  t y p i c a l l y  about 

0.4). The cause of t h e  low s h o r t  c i r c u l t  current  appears t o  be due primari ly 

t o  a low junction c o l l e c t i o n  ef f ic iency.  

Future work w i l l  concentrate on increasing t h e  e l e c t r i c  f i e l d  i n  t h e  

v i c i n i t y  of t h e  junction.  This w i l l  be done using techniques such a s  t h e  forma- 

t i o n  of composited c e l l s  which control  t h e  doping p r o f i l e  by placing a t h i n  

undoped Cd(Zn)S l ayer  a t  t h e  junction and a th icker  I n  doped CdS layer  a t  t h e  

r e a r  of t h e  c e l l .  Special ized heat  treatments both before and a f t e r  junction 

formation w i l l  a l s o  be examined. The d i f fe rences  between t h e  a l l -sput ter -deposi ted  

c e l l s  and t h e  more conventional evaporated c e l l s  w i l l  be investigated by fabricat- 

ing  hybrid c e l l s .  Thus c e l l s  w i l l  be fabr ica ted  which combine sput tered  CdS 

with Cu2S layers formed by t h e  w e t  or  dry CuCl process. Other hybrid c e l l s  w i l l  

incorpora te  sput tered  Cu2S with evaporated CdS layers .  I n  preliminary work 

s h o r t  c i r c u i t  currents  of ~7 m~/cm* and e f f i c i e n c i e s  of over 1% have been 

achieved by hybrid c e l l s  which combine an undoped sput tered  CdS layer  with 

Cu2S layers  formed by t h e  CuCl dry process. 
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