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The most significant results of the Delaware team are sum-

~~~ marized . The CdS/Cu~ S band model is further developed , and the
space char ge re gion in CdS is analyzed. Field enhanced recom-
bination seems to limit the field near the interface. This and
po~ sibly other field effects force continuity of both quasi-
Fer i levels through the interface. The Cu~ S predominantly dc-

~~~ terJ~ ~nes the current; the CdS seems to ermine the open
cuit !~voltage behavior~’~of the cell.• 
IN~~ODUCT I ON ~

• CdS/Cu2S solar cells are being investigated by a team of
• researchers at the University of Delaware. The most significant

results obtained so far relate to a better understanding of the
cell conversion mechanism , the cell structure , an improvemen t of
the production yield and an increase of the life expectancy, and
are published in a sequence of reports (1) to the National Sci-

~ 
a.... ence Foundation , which sponsors major parts of the research.

C...) The cells have a 55 cm 2 CdS/Cu 2 S surface area and are
covered with photo-etched gold-plated copper grids of 4 X 24,

~ __j  8 X 8, 6 X 6 or 4 X 4 lines per cm , covered with a thin Mylar
film. Wider gr ids show hi gher currents substantially beyond cx-
pectation because of increased optical transparency. Spacing is
limited by the Cu2S sheet resistance p which , over a wide r ange

~~~~ of short circuit currents 
~sc’ 

is related as 
~sc ~ ~

,½ . F or
~~~~ cells of 4% conversion efficiency, a grid spacing of 6 X 6 is

nearly optimum (1)(2).

The cells can be made reproducibly in the 3-4% efficiency
range by evaporation of CdS onto a well cleaned zinc-plated cop-
per foil and by ion exchange of a 0.2 ~im thick surface layer
into Cu2S after a short HC1 etch , as long as care is taken to
avoid the presence of dival ent copper ions in the ion exchange
bath. Post deposition treatments in air and later in vacuum are
critical to achieve acceptable short circuit currents and fill
fac tors ( 3) .

Marked enhancements of efficiencies after additional copper
deposition and heat treatments , as reported by Bogus (4), have
been substantiated (3). All acceptable cells show exclusively
clialcocite structure and Cu 2S composition of the top layer

j wi thin the experimental error of the Auger-analys is (3). The
lattice constant d(600) of Cu2S w as re de te rmined ( 5) us ing
Moire frin ges on a CdS host lattice for reference and a new

J ~Suppor ted in part by NSF/RANN and by ONR .
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value of 1.996 * 0.003 , l.06~ lar ger than the previously estab-
lished value , was established (6). A reversible bulk allotropic
transition of chalcocite in contact with CdS at 1100 ± S°C is
observed (7).

Li fe tes t ing and acc e l e r a ted l i f e  tes ti ng su b s tan t ia te l i f e
expectancies in excess of 15 years for actual rooftop deploy-
men ts. No degradation is observed on an array. of 104 cells de-
ployed in ultra-pure N2 on Solar One within one year (8). Ex-
trapolated life expectancies of single cells for rooftop condi-
tions vary, dependen t on cell preparation . The best currently
measured life expectancy (at 56°C and in N2) is approximatelyl0o
years (3)(9).

Long term degradation in N2 seems to be associated with
diffusion of copper. Published data on diffusion rates are com-
patible with this hypothesis (l0)(ll).

De grada t ion in the pre sence of oxy gen an d water vapor is  at
least partially reversible after a 10-20 hr heat treatment in H2
at 130°C and consequent cell deposition in N2 for several weeks
(3)

The improved understanding of the cell centered around an
analysis of the I-V characteristics , which can be described near
room temperature by a parallel circuit of two diodes with a sim-
ple shunt and series resistance * (Fig. 1):

* 

I ’ = IOl [ exp ( A k T ) - 1 ] + I 02 [ e x p (
A k T

)_ 
~ - (1)

This picture is in approximate agreement with a band model first
suggested by Shiozawa (12) and shown in Fig. 2; however , it is
modified by a specific level R at 0.45 eV above the valence band
of Cu~S (13)(14). One diode seems to represent recombination at
this level with an activation energy for 101 of 0.45 eV (in the
l ight)afld A 1 ~ 2. This diode dominates at “low ” forward vol-
tages .** The other diode dominates at high voltages and seems
to represen t back d i f fus ion over the ba r r i e r  w it h an ac t iva t ion
ener gy for 102 of approximately barrier hei ght (1.1 eV) and
A2 1 in agreement with a simple leakage current theory (2)(1S).

Th is mode l seems to be capa b le  of exp laining ma jor fea tures
of the barrier. However , a more detailed recent analysis indi-
cates that modifications are necessary . A summary of this ana-
lys is is the main topic of this paper.

BAND MODEL OF THE Cd S/ Cu 2S HETEROJUNCT I ON

* J~ and V’ are reduced parame ters exc l ud i n g ser i es and shun t
resistances.

**The boundary be tween the “low ” and “high” voltage range in-
creases wi th increasing light intensity and changes with other
cell parame ters. At AM 1 , 20°C , it is sli ghtly below Voc (open
circuit voltage).

A
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The model g i ve n In  F i g. 2 nceds to he refined by space
ch a r ge considera t ions cau s in g hand bending and fields , which in
t urn may in terac t wi th the space cha r ge v i a  f ie ld induced car-
r i er  t rans i t ions.  That such in te rac t ion is i ndee d pro bable  c an
be s t be seen by s epara t in g Cd S and Cu 2S an d i l lumin a t ing bo t h
stabs . In both slabs carrier and minority carrier densities
will then Increase to an extent g ivbn by excitation and rec om-
b ination ; two quasi -Fermi levels will split from the Ferm i-level
in each ma terial independent from each other.

When CdS and Cu,S are then brought together Into intim ate
con tac t , this Indepe ndence disappe ars. ‘this can bes t be seen by
analyzing the open circuit case.

Op en Circu it Cond it ions

Wi thou t  L.i g~ t. By some in lal charge  t ransport  betwe en
CdS and Cu 2 S alter j o i n i n g  t he t w o  m a t e r i a l s , t h e y  a re  connected
in such a way that  the  l~e r m I - l ev e l  ad jo i ns  at the I n t e r f a c e  (Fig.
2). In steady state t he  d e n s i t y  of c a r r I e rs * at both sides of
the interface Is given that no current flows

j i n • j
~ 

O~ (2)

For e l ec t rons , that moans that Richard son em i ssion from the Cu 2S
is exactly compensated by hack diffusion of electrons from the
CdS into and over the harrier.

Ins ide each ma t e r i a l  , a di flu ’. ion potentiaL near the barrier
compensa t es  e x a c t l y  for ca r r i e r  d i f f u s i o n .

dn
in e3l nI’ - ij kT 

~j  
0 (3)

For reas on of an est ima t ed hole dens i t y  in excess  of
io 18 cm 3, the influence of space charge effects near the inter-
face , on catr ior transport , is usually ne glect ed in Cu 2S.

In CdS , how ev er , the space charge nea r the b a rr ier se em s to
determ ine the died .’ behavior to a major ext ent. With a currently
accepted conduction band interconne ct at 0.85 eV above ~~ (Cu 2S),
and for properly conductive CdS (surp lus Cd) with l

~c
(Cd S

~ 
—

0.2 eV in the CdS bulk , a diffu sion potential of 0.65 volt
i s needed .

Ca pac i ta nc e  measuremen ts  o f smal l  s egments  ( .04  cm
2 ) of

these ~ol ar cc i  is ha ve show n two  l i n e a r  ranges  i n the I/ C 2 vs. V
plot .  This ind i ca tes  space  cha rge  d i s t r i bu t ion as given in Fig.
3. res u l t ing  in a ve ry  shar p i ncr ease ( \ l O O g )  of the f ie l d  to
about 20 kY/cm at about f l .3pm from the int erface and then a much

aTcarefu l i~~~~nii1ng of the d e n s i t y  at eac h energy s ta te  and
t r ans it ion  probaliiUt. y at  enc h s t a t o  t hroug h t he i n te r face  is
n .ce ss ar y.
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Lc~ s pronounced further increase of the fIeld (3) (In the scale
of Hg. 2 th is looks like a kink and a stra ig ht line rise of the
potential) . The field distribution has nearly step or domain
(lt~l - characters , Indica ti n g some fie ld limi t ing process near
0.bS Vo1t/0 .3~m 20kV/cm (treatment 70 mm at 150°C).

With Light. Again , both materials are connected in such a
way that the quasi -Fermi levels connect. However , since their
s e p a r a t i o n  in the hulk is f i x e d  by Independe nt means , a connec-
ti on of both qua si-Fermi levels needs an additional mechan ism
of matching this separation at the interfa ce and join ing proper-
ly from both ma ter ia ls ; such mechan i sm invo lv es probably recom-
b in atlon at the interfa ce. However , quasi -Fermi levels cannot
bond in an arbitrary fashion since the ir slope is connected with
the net current.

• ep~nF - • f.!! dtE Fn (4)
dx

and similarly for the hole current.

For open circuit conditions , one therefore obtains from

3 • j
~ + 3 • 0 (2.)

the condition (15)

:i _ o~4!~j~. (S)

Hence , the quasi-Fer mi level for holes must have an opposite
siope to the quasi-Fermi level for electrons , and the relative
slopes ar e proportion ate to the invers e ot’ the relative conduc-
t iv itie s (Fig. 4).

This indica tes that the Interconnection of bands at a
heterojunctton under li ght is a severe restraint which forces
continuous current adjustment at and ne ar th e i n t erface (in and
3 are not zero) via generat ion and recomb inat ion . It is m di-

~~~~ t K~~i~ field -Induced redistribut ion of carr iers near the
interf ace could provide the necessary modification of the space
charge in such a way that via such feedback Fquation 5 could be
satisfied .

Experimentally it is observed (17) that the space charge
region shrinks with light and the differenc e in charge densities
decreases somewhat (Fig. 3); however , I t indic ates a similar
domain -like field distr ibution as i n the dark , possibly wi th a
somewh at lower field. The domain is a lso thinner , the di ffusion
voltage is smaller (reduced by approximately the open circu it
voltage - see Fig. 4).

Again , th. field in the domain can only be of the order of
20 kV/cm. Such fields are too small to explain marked tunnelin g
currents in the slab (18); however , they could cause field en-
hanced ionization (19) from levels distributed in a 0.2 ~m thick
slab in which the field adjustment seems to take place.

Th. observed behavio r has great simil arit y with field en-

~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ 
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hanced quench ing, an effect well-known and studied in CdS (20)
(21). Field quenching is ea sily able to adjust the space charge
over a wide range of densities , including all values shown in
Fig. 3, since centers on which such 9u enching operates are known

t to exist in CdS in excess of 3 X 101 cm 3. Such field quenching
also limits conveniently the field as can best be seen from the
fie ld of direction (21) for solutions of the Poisson and trans-
por t equa t ions , as shown in Fig. 5, which dep ic ts a poss ibl e
solution (curved arrow) between singular points II and I, hav ing
the domain character as indicated in the experiment. In the
case shown in Fig. 5, the field near the interface in CdS cannot
exceed the field at the point II which usually lies in the 15 to
50 kV/cm range (20).

Copper Di f fusion Cons idera t ion
/ _ _ _ _ _ _ _

It is known that the density of Coulomb-attractive , centers
can change markedly the f ie ld enhanced i on i za t i on  probabi l i ty
when the density of these centers becomes large enough so that
their Coulomb tunne ls overlap and reduce connecting saddlepoints
by 3iore than kT (19). This is the case at density already above
10~~ cm 3.

When such considerable overlap exists , the quasi-neutrality
curve n1 (x) in Fig. 5, and hence the critical fields at the
s ingular point II (F 11), can change substantially. Such changes
have directly been observed (22) for CdS single crystals doped

• with different densities of silver (Fig. b).

Copper as dopant. behaves very similar ly to silver and is
known to produce in CdS a Cou lomb-a t t r a c t i ve  center  for holes
when substituting a Cd la ttic ç ion. It can be incorporated into
CdS well in excess of L0 ’5cm~~ before saturation; hence a behav-

• ior similar to ~g-dope d CdS is expected.

This may present an alternative possibility to explain the
effects of capper diffusion in CdS (10) :  Wi th  increasing center

• densi ty, the high field limit 
~TI 

decreases , hence the thickness
of the slab (= thickn ess of l~ig 1~- f i el d  domain) must increase , as
observed.  A careful  ana lys is  of the d i f f us i on  k inet ics is nec-
essary before conclusions can be reached about the possible
val idity of the propo sed model. If SU I) S taf l t ia t e d , this model
could help to ex p la in  the d i f f e r e n c e s  in l i fe expectancy for
differently prepared (doped) CdS/Cu 2S solar cells.

Li ght Induced Current

It  is genera l ly  a c c e p t e d  that the major  f rac t ion of the
5 photovo ltaic current (short circuit current) is an electron

current generated in Cu,S. This conclusion is based primarily
on the optical absorption of the Cu S, its optimum thickness ,
and front- vs. back-wall cxpertment~ w ith thin -film cells. 

S

Observe~ shor t circuit current densities close to 30 mA/cm 2

• at 100 mW/cm AM 1 irra d iation indica t e collec ti on ef f ic iencies
at the interface in excess of S0’~ for a flat surface; that is ,
assumin g that ev e ry pho ton wi th an en e rgy lar ger than the gap
absorbed in til e Cu 2S produc es an elec tron/ hole pair , and more

--~l~~~ ~ - ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ 
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t han SOt of these electrons cross the interface before they
h.~ve tim e to recombine.

• This pr ovides an interesting base for some estimates for
(‘dS/Cu-,S cells in which such high current densities are observed :

1. Recombination at the outer surface must be negligible
since only under these condit i ons more than 50% of
generated carriers can leave a slab through one sur-
face (23). This may indi c ate the existence of a poten-
tial barrier at the surface of such cells with high
current densities .

2. It is unlikely that a drift field across the entire

~~2 S s lab  e x i s t s  wh ich  p rov ides  such e f f i c i e n t  carr ier
t r anspo r t .  From a simple drif t current estimate one
concludes that the ni p~~ duc~ would have to exceed*
1016 V / cm 4. For n < 10 cm (see below), it follows
that F ? 1O 4 V /cm , or across the slab of 2000 R thick-
ness a potential drop of 0.2 eV must be sustained . For
a hi ghly degenerated Cu2S , this is too high. It is
questionable that a properly graded variation of the
degeneration towards the surface can he achieved. Hence
it is suggested that carrier diffusion , ra ther than
drift , accounts for the current within the Cu 2S.

3. The diffusion length will be of the order of the thick-
ness of th e Cu,S slab , which in turn must be of the
or de r of 1/K (~ • “average ” absorption constant at

• 5 ,000 < X < l0 ,000~~). With an cx~ er i men ta 1l y observed
“optimum ” slab thickness of 2 ,000X , one es ti ma tes a
minority carrier lifetime of rn ~~ iO~~

0 s~~~. !ith a
generation rate (AML , U > 1.2 eV) of IO”/~a s , oneconcludes that a bulk density of n ~ lO’2 cm i s ex-
pecte d.

4. Such minority carrier density requires a quasi-Fermi
level at - 1F~ 

u 0.4 eV in the Cu,S hulk. Rich.ard-
son emiss ion of ele~~ ron~ into CUS r~quircs a density
of approximately 10 cm~~ at the interface and yields
a proper magnitude of the diffu sion current sustaining
the Richardson emission:

• j~ /u~ kT An /AX l0 18 cm 4 for “bu lk 
lO Ucm

_ 3
,

indicating that the value estimated in the previous
sec t ion i s abou t correc t , and pr obably an upper bound.
The quasi-Ferm i level at the intotfaco , however , has to
be not more than 0.S2 eV from the conduction band of
Cu2S in order to provide the observed current.

5. In open circuit conditions the t ilting of the electron
quas i-Ferm i level from the bulk to the interface is

qssu.ing ~~~ 20 cm 2/vs

C. 
.
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e~ sentia11 y eliminated , hence htre U - ~~~ must he smaller
than 0.52 e~ and probably close to ois eV (corresponding to
n l0~~ cm~~ )

Consideration of Re combina tion in CdS

if the above assumptions arc correct and the electron
quasi -Fermi level would stay horizontally in CdS for open cir-
cuit conditions , one would expect an open circuit voltage of
Cu 2S gap minus 0.45 cV , i.e. of 0.75 Volt. This is substantia 1-
ly above the highes~. currently observed open circuit voltage
(0.53 Volt) at AM1 , 2S°C.

It is necessary to assume r ec omb in at ion at the interface
p 

if a downwards  s lope  of F j ;
11 

i n CdS towa rds t he interface is re-
quired (see Fi g. 4). SUCh slope wou ld  indeed reduce the open
circuit voltage below t h e  theoretical limit of 0.75 Volt .

However , it is improbable that a redu ct i ’~;~ of more than
0.2 eV is possible for the m ajo rit~ quasi-Fermi level as long as
Equation 5 holds. l i e l d  induceUcharge transport through the
i n te r face  must be ca re fu l l y  a n a l y z e d  to account for additional

• r ecombinat ion.  Such ana l ys i s  could be the key for further cell
• improvement above 10% conversion e f f i c i e n c y .

SUMMARY AND CONCLUSIONS

In a CdS/Cn~ S solar cell , the Cu~ S pro v ides the major frac-
tion of the photovo ltaic carriers and is responsible for the
short circuit current. In efficient cells more than 50% of the
photons absorbed in the Cu-~S produce e le c t r o n s  wh i ch  contr ibute
to the current.

The CdS seems to de te rmine  the recomhinat ion  responsible
for limiting the open c ircuit voltage. Forced recombination
via field effects Is probab ly a major effect at heterojunctions
to permit continuity of both quasi-Fermi levels at the interface.

Field quenching in fluences the distribution of trapped
charg es , a•nd evidence is obtained that such mechanism may limit
the field near the interface in CdS .

A band mod el is g iven ;~hich describes part of the observed
behavior. Further studies of fie ld enhanced charge transitions
through the interlac e and a critic a l reevaluation of currently
accepted assumpti on ; are nc-essa ry before further conclusions
are reached. Presently, a considerable improvement of cell per-
formance beyond current achievements seems possible.
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Fig . I: Equivalent Circuit

~f the CdS/Cu .S Cell

F ig . 2: Band Model of a CdS/
Cu ,S Ileterojunc tion (energies
to scale; no light); D1 :L)iode
I leakage current; D2 : Diode
2 leakage current; M 1 and N1 :
Metals -

• ~~~~~~~ 
Space Charge Distri-

but ion as Obtained from Mea -
• sured .Barrier Capac i tance

Curves (1/C 2 vs. V). The
slab width increases linear-
ly from 0.25 to 0.65 lim with
treatmen ts from 1 to 3 hrs
at 150°C.

Fig . 4: Barrier Region with
Optical Excitation Quasi-
Fermi Levels near the Inter-
face are Drawn Schematically
with Slope Ratios Not to Scale.

• 
~!g.. L. Field of Direction.
n1 (F):Quasi-Neutrality Curve
(p (F)~~O) and n2(F):Drift-Curren t Curve (nF~ j/e~i).
Straight Arrows Symbolize
Quadr an ts of Poss ib le D i rec-
tions.

Fig. 6: Field-Dependent
Carrier Density. Decrease
Caused by Field Quenching.
Doped wi th Ag to Given ppm
and Partially Compensated •

w ith Al.
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