Journal of Electronic Materials, Vol. 7, No. 1, 1978

FORMATION AND CHARACTERIZATION OF (CdZn)S

FILMS AND (CdZn)S/Cu,S HETEROJUNCTIONS
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The present status of (CdZn)S/CuyS thin film solar cells
is reviewed. A new source design has been used to improve
the (CdZn)S films. Light reflection loss has been reduced
to v 5% by texturing the (CdZn)S surface prior to Cus$S
formation. Using 907% transparent grids, current densities
over 16 ma/cm2 and open circuit voltages over 0.7 volts

have been obtained, with a best power conversion efficiency
of 6.297.
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INTRODUCTION

An energy band diagram for the (CdZn)S/CuyS hetero-
junction is shown in Figure 1. The major anticipated
advantage for this junction in comparison to CdS/CuZS is a
reduction in the height of the conduction band step at the
interface as a consequence of improved electron affinity
matching. The open circuit voltage is expected to increase
by the amount that the electron affinity mismatch decreases.

* Now at Department of Electrical Engineering, Virginia
Polytechnic Institute and State University, Blacksburg,
VA 24061
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2 S Zn,Cd S

Eglx) = (2424 0.49x + 0.43x%)eV

EG(x) = EG(O) + AEG

aX(x)~(0.2 —AEG)eV

Fig. 1. Energy band diagram for the CujS/
(CdZn)S heterojunction.

A substantial number of reports exist in the litera-
ture on the formation and characterization of (CdZn)S
crystals (1-4) and films (5-7). This material has also
been studied for photovoltaic applications at the Univer-
sity of Delaware (8-10) and elsewhere (11,12), V values
up to 0.58 v have been reported by other investigators (11)
and over 0.7 v has been measured at Delaware (8). We have
verified that the increase in V_ . is accompanied by the
expected increase in barrier height for the reverse current
(9,10). The dependence of Vg on zinc content is indicated
in Figure 2, with the Cu2S being formed using techniques
previously described (9,10). For cells made to date, the
short circuit current densities are less than for CdS cells
fabricated under similar conditions,

This paper addresses improvements in (CdZn)S film
formation, a reduction in light reflection and grid shading
losses, and the present status of (CdZn)S/Cu?S cells.
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Fig. 2. Dependence of open circuit
voltage on zinc content.

Film Deposition

A summary of the evolution of (CdZn)S film deposition
techniques used at Delaware is given in Table 1.

The first films made by evaporating powdered (CdZn)S
resulted in substantial composition gradients normal to
the substrate due to preferential disassociation and
evaporation of cadmium and sulfur. Evaporating from in-
dependently controlled CdS and ZnS sources gave usable
films, but cells were restricted to less than 1 cm in
width because of the large lateral composition gradient.
More uniform composition was achieved using three identical
in-line sources each machined from graphite and contained
in a cylindrical tantalum heater. However, toc achieve
composition control the evaporation rates had to be low,
necessitating low source temperatures (< 1100°C). The
film resistivity has been shown to increase at low
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temperatures, and as a consequence the three source method
places a lower bound on the reproducibly achievable re-
sistivity. To avoid this problem, a new type of source has
since been designed and initial depositions made. A cross-
section of this source is shown in Figure 3. The source

is machined from graphite and is surrounded by a cylin-
drical tantalum resistance heater. The filter is quartz
wool, contained in a small cylindrical graphite chamber.
This concentric design has the following advantages: 1)
the single resistanceheater gives better control and re-
producibility, 2) relative evaporation rates are deter-
mined by the physical parameters of the source (13) and 3)
higher source temperatures can be more easily controlled,
yielding lower resistivity films.
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Fig. 3. Cross-section of concentric graphite
source currently used for (CdZn)S
deposition.

Films in the 0-60% zinc range have been made using
this source. Mappings of the lattice parameter by means
of x-ray analysis (8) indicate that the lateral uniformity
in zinc composition is *57%. A resistivity of 1 @ cm has
been obtained for a 10% zinc film in comparison to a re-
sistivity of 50-100 Q@ cm produced using the multi-source
technique. The films produced to date show that 15-20%
zinc films with resistivities of 1-10 Q@ cm are achievable,
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Photovoltaic Junctions

Higher open circuit voltages for the mixed sulfide
cells have in general been accompanied by reduced short
circuit current (9). The reduced current can result from
four major causes: 1) a spike in the conduction band at
the interface, 2) reduced absorption coefficient and elec-
tron diffusion length in the copper sulfide (14), 3) re-
flection and grid shading losses at the cell surface and
4) inadequate electric field and mobility in the mixed
sulfide depletion region (15).

Referring to Figure 1, the (CdZn)S band gap dependence
on composition parameter X was found to be

By (x) = (2.42 + .49 + .43x%) eV

Assuming that the location of the ZnXCdl_xS valence band

edge is fixed (16), the electron affinity mismatch will de-
crease by about the same amount that the band gap increases
i.e.

AX (x) = (0.2 - AE) eV
with an electron affinity mismatch of 0.2 eV between CdS
and CupS being assumed (17).

These relations, and open circuit voltage and barrier
height measurements, indicate that a conduction band spike
should occur in the 25-307% zinc range. For higher zinc
content, the current density decrease is caused primarily
by the conduction band spike at the interface. (The
levelling off of V,, in Figure 2 at “25% zinc is caused in
part by the sharp decrease in short circuit current that
occurs). Since our CusS has good stoichiometry (x > 1.996
in Cu_S) with resistivity » 0.1 @ cm, mechanism two, above,
is probably not significant. The lower currents for zinc
content less than ~257 are thus apparently due to mechan-
isms not associated with the band spike or bulk properties
of the CuZS.

The principle remaining mechanisms are related to the
reflection and shading losses, and to the electrical pro-
perties of the mixed sulfide. For cross comparisons
between (CdZn)S and CdS current densities, the optical
effects can be made constant by using the same type of
grid and surface texturing on both materials. However, it
must be verified that the (CdZn)S surface can be textured
in a manner similar to CdS, thus reducing reflection loss,
before the other loss due to mechanisms in the mixed
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sulfide can be identified. With respect to the anti-
reflection egfects produced by an HC1l etch (55% HCl by
volume at 60 C), we have shown that the two materials
behave in a similar manner. This is indicated in Figure

4 and Table 2. The effect of the etch on the surface
topography is seen in the micrographs and is verified by
the total reflectivity values given in the table. After
the formation of the Cu,S on the etched surface, the re-
flectivity is about 5% (4 sec etch - no grid or AR coating
present).

Table 2

Total Reflectance Data for CdS and (CdZn)S Surfaces

Before Etch After After
Sample % Zn Etch(5) Time(sec) Etch(%) Barrier (%)
465 0 25 4 15 5
424 12 21 4 10 5
490-2 21 22 2 12 7
490-4 21 22 4 12 5

The substantial effects of post-gridding heat treat-
ments for mixed sulfide cells are evident in Figs. 5 and
6. In Figure 5 it is seen that I-V parameters (Vge, Jsc,
fill factor and efficiency) and stability are dependent on
heat treatment history, as is the case for the CdS cell.
One result of heat treatment that appears different for
the two materials relates to the diffusion of copper from
the Cu2S into the n-region. The strong dependence of
CdS/Cu2S junction behavior (both light and dark) on the
compensated region in the CdS has been established (15,18).

Junction capacitance values for mixed sulfide cells
do not decrease as rapidly with heat treatments as do
those for CdS/CujS cells, indicating that copper diffuses
more slowly into the mixed sulfide from the Cu?S. The
dependence of light generated current on the compensated
(copper diffused) region is expressed by the relation (15)

. s uF

I T dwo wF + s
where jL = light generated current collected

jLO = light generated current with no interface re-
combination
u = electron mobility in n-region depletion layer
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)

Fig. 4. Scanning electron micrographs of
textured (CdZn)S surfaces. Etch times

were none (a), 2 sec (b), and 4 sec
(c) and (d)
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Fig. 5. Effect of heat treatments in 10% hydrogen-
90% argon and vacuum (V.H.T.) on response
and stability of mixed sulfide cell.
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F = electric field at edge of depletion layer
S = interface recombination velocity

jLO is generated almost entirely in the Cu,S and the
question is whether the other terms are significantly diff-
erent for the mixed sulfide. The electric field is deter-
mined by the junction charge profile, which is controlled
by the bulk resistivity as modified by copper compensation.
Reduced electron mobility could be expected in the mixed
sulfide, but the effect on current density is dependent

on the relative magnitudes of uF and S. The improved
lattice match at the (CdZn)S/Cu)S interface should reduce
the interface state density and hence S, but the electron
capture cross section may also be varying. Even for the
more extensively studied CdS/Cu2S junction, these para-
meters have not been determined to the precision necessary
to predict Jg. to better than * 10%, thus the role they
play for the mixed sulfide junction remains obscure. The
quantitative analysis of current loss mechanisms in the
mixed sulfide cell has not yet reached that of the CdS cell,
but a major effort is currently underway at Delaware to
develope this analysis.

Current-voltage characteristics under actual sunlight
for two of the best mixed sulfide cells are given in
Figure 7, for Vy. values of 0.64 and 0.68 volts. The grids
on these cells are only about 907 transparent, and no AR
coatings were used. Previous experience shows that appli-
cation of our best gridding and AR techmology to these
cells will result in more than 10% improvement in
efficiency.

The currents and voltages achieved to date show that
the present cell design is capable of power conversion
efficiencies over 7.5%. The application of advanced
gridding and AR technology developed for the CdS/CuyS cell,
along with further optimization of the mixed sulfide,
should results in further improvements in cell efficiency.
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Fig. 7. Current-voltage characteristics for
two of the best mixed sulfide cells.
Grids are v~ 907 transparent and
cells have no AR coatings.
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