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' 1. ABSTRACT

The CdS/Cuzé cell development effort has now shifted to the planar
junction cell. It has been shpwn that this junction gives a higher open
circuit voltage than thatlachiéved with the highly textured cell structure.
Optical measurements have shown th;t applying a two-layer anti-reflection
coating to the pianar cgll does not achieve the high photon economy shown
by'the textured structure. Total reflectance measurements have revealed
that this is due to the lack of light trapping in the planar structure.
Modified cell designs are now being developed with the planar junction
necessary for high open circuit voltage while achieving the necessary light
trapping. Workvon the (CdZn)S/CuZS cell has revealed that cell performance
ié extremely sensitive ‘to the methbd of Cuzs préduction. Appropriate struc-
tural studies have been initiated to identify the underlying reasons. Theore-
‘tical analysis and modeling of the current flow in the Cu,S layer'has shown
that the conventional one-dimensional analysis can lead to significant errors
in intefpfeting the effects of sheet resistgnce. A rigorous two-dimensional
éurrent:ahalysis is béing conducted. The importance of the changes in absorp-
tion coefficient of the CujS stoichiometry has been identified and the relation
between stoichiometry, resistivity and absorption coeffiqient derived. On the
basis of a review of the enéapsulation task in the large scale silicon array
program it has been determined that inorganic glasses are probably the only

viable eucapsulant for a CdS/CUZS cell.
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3. INTRODUCTION

Under the previous contract EG-77-C-03-1576 a broad-based research
:énd development ‘effort on thin film solar cells based on the CdS/CuZS junc—v
tion has beenlcarried out. The cell development efforts were divided into
two‘cell'development tasks onlCdS/Cuzs and (CdZn)S/CuyS. The third task
consisted of-theoretical modeling, and experimental‘and theoreticél'analysis
to direct aﬁd drive the cell development efforts. The foﬁrth task, af a
limited lével”of effort, was aimed at improving the knowledge and under-

standing of the factors controllingvlong—term cell stability.

As a result of the previous éffort a textured CdS/CuZS cell of
9.15% conversioﬁ‘efficiency had been developed. A total loss analysis of
that cell indicated that further improvements in efficiency with that design
would be very limited. Accordingly the present project is‘aimed at developing
a substantially higher efficiency cell with a‘planar structure instead of the

previous highly textured design.

The development of thebmixed sulfide cell had progressed to thé point
wﬁere efficiencies of over 7% had been realized. A substantial efforf had been
devoted to developing a controlable and reproducible technique for depdsiting
thin films of (CdZn)S with the electrical, optical énd'morphological properties

determined to be necessary from the research on the CdS/CuZS cell.

The level of understanding of the operation of the CdS/CugyS hetero=
junction has continued to improve and a basically quantitative description
has now been formulated. In order to determine the mechanisms taking place
in aﬁy particular cell a fange of specialized optical and ele;tronic techniques

have been developed and applied to the textured cell. Some effort has also been



devoted to applying the same type of anaiysis to the mixed sulfide cell,
but at the end of the previous contract the understanding of this cell‘.
was considerably less complete than that for the traditional CdS/CuZS

cell.

Expefiments on the influence of thermal treatments and oxidétion
or reducing atmospheres én the behavior of the édS/CuéS-cell Have served
to identify the oxidation of the Cu,S layer aé the primary cause of most
of the reported losses in cell performance. Previous modeling which sug-
gested that the.inter-diffusion of'ﬁoppet into the CdS layer would impose
a limiting usable life on the cell have tended to be disco@nted‘by the more
recent research. ‘The previous model was that as copper diffuses into the
CdS causing compensation the electric f{ield at the junction will decline
resulting in a loss in current collection. It has now been shown that,
altﬁough a dggreaée in dark.capacitance is observed with thermal treatment
of the CdS/CuZS cell,Athis effect is overwhelmed in the light by the trapping -
of holes at centers in thé CdS. The trapped charge restores the high fields
ét the junction,ahd in consequence good current collection is possible even

in cells that have been subjected to very protracted heat treatments.

During the first duarter of the present prégram the'work on planar
junction CdS/CuéS cells has shown that the anticipated higher open circuit .
voltages can be achieved. The initial assumption that a simple two layer
anti-reflection coating on the front‘surface.of the cell would give adequate
photon economy has been shown to be in error. It is now éppreciated that a
light trapping‘effect must -also be created in order to effectively absorb ‘the

longer wavelength light in the usable solar spectrum.

—6-



'Development of the (CdZn)S/Cuzs has continued with direqtion to the
research being provided by running a CdS/CujS cell in paraliel with the mixed
sulfide cells. It has been found that the behavior of the mixed éulfide cell
is particularly sensitive to the method of formation of the CuyS layer and the

need for further structural characterization of this cell has been delineated.

In the area of theoretical analysis and modeling the effects of the
two dimensional current flow in the CupS layer is being explored in detail.
P?eliminary results indicate that significant errors in assigning fundamental
mechanisms to the observed macroscopic current voltage behavior can occur when

using the published approximate solution to the current flow problem. Further

~direct measurements of the interface velocity on a range of cells are reported

using the analysis which couples light capacitance and spectral response.

‘The changes in short circuit curreﬁt which accompany the hedt
treatments have been shown to be related to changes in the absorption
coefficient of the Cuzs iayer. fhe absorption coefficient variations
are due‘to the degeneracy of the‘CQZS layer and the'changes in the po-
sition of the Fermi level as the stoichiométry of the CupS is modified

by the presence of the Cu,0 layer on its surface.

‘ A thorough review of the available information on cell éncapsulafion
studies in the large scale silicon array program and other thin film studies
indicates that an inorganic giass encapsulant is the only plausible route to
adequateAhermetic encapsulation fqr the CdS/CuZS cell. Experiments to prpduce

hermetic encapsulants-are being planned.



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

The majorAthrust of this task is to develop a high gfficiency planar 
cell, cépitélizing on the fact that such a junction has the potential for
higher open circuit voitages. The_junction formation process for the‘planar
cell eliminates the front surface texturing and results in a major increase in

photon loss. Accordingly a substantial effort has been devoted to developing

appropriate anti-reflection coatings for -use on the relatively smooth

CuZS surface.

4.1.1 Achievement of Improved Open Circuit Voltages

The achievable open circuit voltage is reduced by the area of the

actual heterojunction, A_, according to the following relation,

J

. .
AVOC = kT/q %n AJ./A_L

where (él) is the projected area of the cell. At least two factors influence

‘the- junction area, namely the morphology of the front surface of the CdS and

2

CdS on a gross scale reflects the surface of the metallic substrate and on a

the production of Cu,S down the CdS grain boundaries. The morphology of the

fine scale it is affected by the hydrochloric acid etch'normélly used to
texture the surface before reaction to CUZS. Thé gross morphology of the CdS
surface can therefore be influenced by selecting either the matte or smooth
sidé{of the copper substfate; Prior experience has shown that the éolution
reaction to form the Cu,S causes extensive intrusions qf CUZS which add

2

significantly to the junction area. Accordingly a series of experiments were

* The diode factor for heat treated high efficiency cells is always very
close Lu 1. ' :
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carried out in which CdS was deposited on either the smooth or matte side of
the copper substrate and the CdS surface was left in the as deposited state
or textured in the conventional way. The CuZS was produced by either solution

or solid state reaction. Table I shows representative results for the open

circuit voltages achieved following these.various preparation procedures.

Table 1
Substrate pCdS(Q—cmj Cu,S Reaction Substrate CdS Surface Voc Voc'
7448 5.0 Solution . ~ Rough Textured 0.486  .501
T44A 5.0 v. Solution Rough . Non-Textured - 0.491 .509
745A 3.6 : Solid State ' Rough Non-Textured 0.533 554
686 9.6 ~ Solid State - - Smooth . Non-Textured 0.564  .577

Voc' is the computed.open circuit voltage at 26 mA/cm2

Poor photon economy caused low short circuit currents and the voltages
were adjusted to a constant current to permit direct comparison. It is seen

that substantial'changes in open circuit voltage occur with the highest voltage

"achieved corresponding to the junction which would be expected to have.the

minimum area.

It must be stressed that these qompafisons can only be conducted

- with essentially equivalent CdS layers. 'The resistivity of the CdS layer

profoﬁndly influences the achievable open circuit voltage and would tend to

mask the voltage'changes seen in the table if this parameter was not controlled.



All CdS substrate material for the above tests were subject'to the established
screening procedure covering resistivity, photoluminescence behavior, and

morphology as observed in the scanning electron microscope.

4.1.2 Photon Economy Experiments

The low photon loss in the textured cell is in part due to the anti-
reflection effects of the textured_Surfaces. The high index of refraction of
CuZS will produce major first surface reflectionAlosses,witH'a planar surface
_ énd it has been clear for some time.thét the planar cell will require development

of a good anti-reflection téchnology. A single layer anﬁi—:eflection coating
can in princiﬁal achieve zero reflection at one specific wavelength but in the
absence of texturing it would not be expected to achieve the low photon lbssés
‘required for high efficiency cells. By using two layers it is poséiSIe in
principal to achieve zero réflectance at two wavelengths. By appropriatély
positioning theseAin the active photon range of the solar cell one can antici—
pate achigving the low overall reflectapce of less thanAabout 5% which is.
desired. Theoretical analyse; coupled to experimental measurements have been
carried out during this quarter iﬁ an attempt to develop a satisfactoéy anti-
reflection techﬂology. |

Two layer coatings previously reported in Rgf. 1 showed the expected
double minima for experimental cells and for theoreticai'célculations using'a
plaune parailel layer approximation. It_wés, however, pointed out in that wofk

. that the Cu S'layer thicknesses used in the experimental cells were substantially

2

larger than the values expected to be optimum for overall cell performance.
Measurcments conducted during this quarter on cells with Cﬁzs thicknesses that

have been shown to give high efficiency revealed that the expected double
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minimé were not océuring. Accordingly, a computer analysis was carried out

to determiné the reflectance behavior that would be expected for an:idealized
cell in which all the layers are planar gnd parallel and f;r CuZS thickneéses
that cover the useable range. Eigure 1 shoﬁs a computed curve for the total
reflectance frém such an ideal cell with a double layer ZnS/MéF‘A—R cOafiﬁg.

' Thislcurve is computed using published values pf tﬂg CuZS absorption coéffiéient
and values fo; the CdS layer measured at IEC. Normal incidence is assumed. It
is immediately apparent that the désired first minimum at about 500 nm.is being
achieved but that there is almost‘ho indication of the‘second minima which should
occur at abou£ 750 nm. To determine the origin of this effect, a second
computation was carried out for ;he first surface 1psses only, it being assumed
fhat all light that enters the cell is fully absofbed. The result is also

shown on Figure 1 apd does indeed reveal the anticipated double minima. It
becomes obvious that thellight reflected in the 750 nm region does not indicate -
the failure of a frontQSurface anti—refleétion effect but is in fact light

_béing feemitted from the cell after passage through the various layers and

" reflection from the metallic éubstrate. This effect would be ;educed as the’

Cu., '

2

during the two passes necessary before re-emission is possible. Indicated on

S layer thickness increases as progressively " more light would be absorbed

‘the figure is the magnitude of the second minima reflectance for a range of

,Cuzs thicknesses.

Curve 3 on Filgure 1 is the experimentally measured reflectance for
cell #757B12,  This curve(approxiﬁates réasonably well the shape which would
be expected for a Cu2

by solid state reaction on CdS deposited on the smooth side of the substrate

S thickness of about 2500 A. This cell which was produced

and had a measured Cu

o
2S thickness of about.1600 A.
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Effe'c? of A-—R‘.Coaﬁngs on Planar Cell
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Fig. 1  The influence of a two layer A-R coating on total reflectivity from a

- . planar Junctlon CdS/CuyS solar cell. Theoretical and experimental
results. '



The significance of these observations'and calculafions is that
the required~phot§n economy cannot be achieved by merély applying anti- -
"reflection coatihgs to.Fhe front surface of a planaf junction'CdS/Cuzs cell.
A significant portion of the useable light‘above a wavelength of 500 nm is not
absorbed by two passes through the Cu,S which is limited in'thickness b& the
achievable minority carrier diffusion 1ength.. It has become clear that the
A'high'photon economy of the textured cell was in substantial part due to light
trapping inddced'by the topography of front CuZS surfaée which results in
| multiple light passes through the active layer. During the coming qﬁarter the_
~options to induce the same degree of light trapping'without reverting to a
high junctién’area will be exﬁloféd and steps taken to implement the"goncepts

developed.

The original prbgram plap forlthis task envisioned a limited
development effort to achieve conventional two layer anti—peflection‘coatings
on the CdS/CﬁZS cell. Ié is now seen that‘significantly more éffo%t will be
necessary to achieve the ﬁhoton économy that previously resulted from light
érapping in ;he CuZS and chg,development'of the total anti—rgfleqﬁion system

will take longer than initially expected.

4.2 Development of (CdZn)S/Cuzs Solar Cells

Work conducted under the previous contract established a reproducible
system for depositing (CdZn)S layers of controlled compositibn and resistivity.
During the present program it is intended to run a CdS substrate in parallel

with a (CdZn)S.substrate in order to provide base line data for compagison.
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4.2.1 Influence of the ngS Formation Process on Cell Properties

A sequénce of cells was made on (CdZn)S substrates with approxi-
mately 197 zinc composition and on édS suBstrates run in parallel. Comparisdn
of the reéglting cells h;s revealed a numbér of first order "effects which will
be investigated further AUring the coming quarter. Table 2 gives the measured
current-voltage properties of the cells and also daté such as the light and
~dark capatitgnce. TheAperforménce of these cells has not been fully optimized
and no anti-reflection coatings were applied, which has a particularly strong

. effect on the currents and hence on the measured efficiencies.

' The listed parameters indicate significant differences in thé junctiéﬁ
strﬁcture for the (CdZn)S as‘compared to the CdS. The dark capacitances for. the
(CdZn)S/CQZS cells'are approximately twice those for the CdS/CuZS having the'same
treatment sequence. This could be interpreted as either a major difference in
the junction aréa,'or a consequence of slower diffusion of compensation copper
into the (CdZn)S. The degree of change of the open circuit voltage in the (CdZn)S
as the junction formation procedure changes is much more dramatic than for the
CdS. This suggests that the morphology of the juﬁction formed on the (CdZn)S is
much more sensitive to the formation procedure than is the CdS. All thelfiil
factors for the (CdZn)S/CujS cells -are less thén for the CdS/CujyS cellé and
assoéiated with this are higher shuﬁt conductances. Previbus experience with
tﬁe CdS cell has shown that high shunt condqctanceé afe related to defects in
fhe CupS-layer and it remains to be established whether the same is true for the

(CdZn)S cell.

Total reflection measurements were made on the various cells and are

shown in Figure 2. There are‘only small differences seen between the textured

~14-



"~ CdS or (CdZn)S

Cell Formatiou

Cu Substrate
CdS Surface
CuZS'FOrmation

Zinc Content

Cell Number

Component Properties|’

Table 2

CdS/CUZS and (CdZn)S/Cu284Céll Data

Resistivity(ﬂ-cm)

. [+
CUZS'Thickness a)

Cell Properties

VOC(V.)

Jg o (mA/cn®)

FF (%)

n (2 ‘
GSH(Q-cmz)_% x 10 ¢
C/A'Dark(nF/cmz)

C/A AM.1(nF/cm2)

Smooth Matte Matte o
Smooth Smooth Textured
Solid State Solid State Solution
0 18% 0 19% o | 19%
‘M161 'M160B M155A M1S4A M155B |M154B
2 20 6 15 6 15
900 490 2180 1370 3146 | 2480
.506 .682 500 .555 501 .616
10.0 7.7 11.0 9.35 14.5 | 10.8
71.3 60.9 69.1 66.0 1.1 | 66.0
3.61 3.21 3.82 4.05 5.18 |. 4.37
1.24 2.77 1.76 2.62 '1.98 | .3.11
6.1 11.0 7.2 18.0 16.0 | 33.0
95 55 59 65 . 24| 93
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Fig; 2 Total reflectance from CdS/CupS and (CdZn)S/CupS Solar Cells

- . IEC79024



CdS and (CdZn)S cells but a more substantial difference is seen for the cells
produced by the solid state process. As anticipated the total reflectance from

smooth layers of Cu,S are very high. The observed difference between the CdS

2

. and (CdZn)S cells has no immediately obvious explanation and will be further

investigated.

4.2.2 Time Dependent Open Circuit Voltage

It has been reported in the past that the (CdZn)S‘cells sometimes but
not always have open circuit voltages which decay with -time. .Until this period
no subétantial effort has been made to develop any systematic data on this
effect. Experiments conducted with cells manufactured by the solution
and solid state reaction have now been carried out and show quite substantial
differences in behavior. Figure 3 shows the open circuit voltage decay for

a number of cells that could be expected to have substantially different

junction structure. It is seen that the more stable cells are those expected

to have the most planar junction. This would suggest that the temperal
insfability is in someAway related to the morphology of the junction and this

point will -be explored by in depth structural studies during the coming quarter.

4.3 Electro-Optic Analysis and Modelling

The routine testing of cells and the provision of feedback to the
cell development efforts continues. During this quarter the analysis and

experimental studies of collection efficiency effects in the CdS/Cuzs cell

were summarized and prépared for publication. The deduced interface

recombination rates are in agreement with published analyses which are,
however, relatively simplistic. In the area of theoretical modelling and analysis

a rigorous analysis of two dimensional current flow in the Cu,S layer has been

2
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Time Dependent Vg in (Cd7n)‘3/Cu?_S

Solar Cells
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Fig. 3 Time dependent decay of open circuit voltage for (CdZn)S/CuZS
Solar Cells of Various Designs.
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started. The influence of stoichiometry on the optical behavior of Cu,$ and

2

the associated changes in cell behavior have been analyzed theoretically and

the results of the analysis applied to available experimental data.

4.3.1 Two dimensional Current Flow in the CdS/Cu,S Cell
T - [4

In the previous report it was shown that a lumped circuit analysis

of the current voltage behavior of a typiéal CdS/Cu,S cell,vwhile mathematically

2

~possible in terms of linear series and shunt resistances, gave physically
unacceptable parameters. In order to explore the reasons for this a complete

two dimensional analysis of current flow in the Cu,S layer is being conducted.

2

During this quarter it has been shown that published analyses of the relation
between sheet resistance and fill factor are approximations to the exact
relations. The recent analysis by Wyeth(z) gives the following relation

R, = R L2/12
S ‘0

where RSAis the measured series resistance, R[] the true sheet resistance-and

L the spacing of a simple parallel grid. . This relation is s;rictly correct
| (3)

only at the open circuit voltage point. The earlier analysis by Wolf

-which leads to the relation

is strictly correct only at a current value equal to the light generated current
or at approximately the short circuit position. Table 3 reveals the sensitivity
of the fill factor calculated from these approximate relationships and the

exact value, at various sheet resistances.
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Table 3
Comparison of Influence of Sheet Resistance on Fill Factors
Calculated Using'an Exact Analysis and the Approximations of References 2 and 3

‘ Fill Factor (%
Sheet Resistance 1 (%)

" t. Ref. 2 Ref. 3
RD(Q/D) Exac - e |
6.0 x 10° 78.4 77.6 . 78.5
2.5 x 10 72.1 69.3 72.9
5.0 x 10% '63.6 58.8 . 65.7

~ It is seen that quite significant e;rors would be introduéed, particularly at
high sheet resistances.

During the course of this analysis it'became clear that a totally.
indepéhdent way of'measufing the sheet resistance of the CuZS layer on an
active cell would be of great benefit. An interdigitated grid has‘noﬁ béen
designed and masks ordered which will allow this type of measurement to be

'
made and will also allow operation of the cell in a normal manner. Ihe
significance of the results obtaingd to date is that utilizing Ehe conventional
lumped circuit analysis to deduce the linear resistance terms can lead to a
deduced shunt resistance which doec not in fact have any physical'réality.
It would clearly be undesireable to base cell improvement meésures.on such

erroneous conclusions.

4.3.2 The Influence of Cu,S Stoichiometry on Optical Absorption
il 4

Data exists in the literature (4,5) indicating that the absorption

coefficient of CuZS varies with stoichiometry. There is abundant data(6)

indicating thal .the short circuit current.of the CdS/Cu.S solar .cell varies

(7)

2

with the stoichiometry of the Cu S.layer. From previous work it is known

2

that the stoichiometry of the Cu,S layer can be wvaried by oxidation in air

2
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or reduction by heating in a féducing atmosphere. Changes in both sheet
resisténce and short circuit current accompany.these:tfeatments. The purpose
6f tﬁe wérk repprted here is to explore the relation of the absorption'COef;
ficienp of CUZS an& ité carrier density, and the relation to the sheet
reéistance of the layer.

The effect which is most likely to cause changes in the CujS absbrp—
tion coefficient as its cérrier denéity changes is the Burstein-Moss shift(s)
which occurs in a degenerate material. It is basically}a'Shift in the effec—
tive band gap éf the semicénductor.uAIn general, 6ne expectsAthat the absorption

coefficient can be written as (9.10)

w(hv) = A(W) (b - B - BE)® W
where a(hv) is ‘the wavelength or photon .energy dependent absorption coeffiqieﬁt
A(hv) a wavelength dependent factor, hv the energy of the inciden£ photon, Eg
the band gap of the absorbing semiconductof, EF' thevposition of the Fermi
ievel above the conduction band minimum in n-type material or below thé valence
band maximum in p-type matérial,.Bs a constant which depends,upon the effectivé

N ()]

masses and s an exponent which.is 1/2 for direct gap material and 2 for
indirect gap'maéerial. |
The relation befWeen Ep' and the carrier density is through'thé
Fermi integrals(ll)
p = N, Fy/p (Eg'/kT) (2)
where N, is given by N, ; 4.83 x 1015 '1’3/.2 (mv*/mo)3/2 and FI/Z(EF'/kT) is
(8) ) (12)

tabulated function. For Cu,S, m*v/m is not known accurately , hence a
value of -unity is a reasonable starting assumption.

The resistivity of non-degenerate semiconductors 'is related to the

carrier concentration through the relation

o = (qupL | (3)

=21~



5

" theoretical estimate for the s = 1/2 case

Cwhere g is the electronic charpe and pothe mobility, which may Ptac it be
dependent upon the c.'.lrrfw.r'dcnsity. In the carrier density vange ol
’ . 19, 3 - -.25 3 .
interest p > NV 2 x 1077 /em™, “p Mo (p/po) '~ has been reported(lz) with

~ 2 ' : 19, -3 . -
Mo 5 cm /V—sec and Py = 107" /cm™. This apparent variation may be due to

-applying'Eq. (3) in. the region of degeneracy where it is not valid. Since this

(13)

empirical relation exists and is seen by other workers we can use it

without inquiring és to its fundamental cause(4).
"From;the form of Eq. (1) independent of the valie of s there will

be a cutoff wavelength above which a should fall to zero.. This cutoff

wavelength is given by.
A= 1. + '
c 1 24/(Eg B, Epl)

with A, in ym and EF'in eV. If no other absorption process occurred
Eq (4) could be used to determine BgEy'. _ Unfortunately free carrier

on(4510) \ - mo ~
absorption which occurs for EF > 0 and rises as A with m.- 2-3 obscures

the cutoff of the band to band transitions.

In order to see how a(hv) is expected to vary with carrier concentra-

tion or p we calculated.the variation of a with p using Ed. (1) with A(hv) =

constant B = 1 and p determined by the empirical relation

Lo .42 x 1002 7.42 x 1072 ohm-cm
- 3/4 - : , 3/4
/W) [F, 5 (B /K1) ]

 Fig. 4 shows the variation p, p and a(EF')/ OL(EF = 0) at A = 0.75 um for

s =1/2 and s = 2. In fig. 5-7 we have plotted the calculated results in

the form p/d versus a, with d.='1.5 X 10_5 cm and A(hv) = lO5 for

A = 0.65 um, 0.75 um, 0.85 um, and s = 1/2 and s = 2, along with absorption
. (5)

and sheet resistance data deduced from the work of Windawi . The-value

A = 105 gives the right order of magnitude for o and agrees with the

o (18)

299~

(4)

(5)
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calculation using an AM 1.5 spectrum indicated that a SOZIdecrease in o at all
wéﬁelengths would reduce the short circuit currént by ~25%. In actual éells
heating in air which lgéds to low p/d values, réduce‘sjSC by as much(ls) as.
40%. Some of this decreése may be associated with changes in diffusion length

or interface properties. HoweVer, it is clear that a substantial part of the

loss results from changes in the absorption coefficient.

4.3.3 Measurement of Interface Recombination Velocity in CdS/Cuzs Héterojunctions

" The determination of the interface'recombinatipn velocity by the analysis
of intensity-capacitance and intensity-collection efficiencv data has been applied
to a number of CdS/Cu S cells. This work has beeﬁ.published and is avppended to this

(a7 It has been found that interface recombination velocity which would

_report.
be deduced from a relatively simple analysis qf lattice misfit appears to apply
.to actual celis;‘Further refinements have been made to the experimental set-up
to give continuous monitoring of the illumination intensity falling.op the

cell. This technique is a particularly powerfgl tool for explofing the detailed

behavior of the junction region in both the CdS/CUZS and (CdZn)S/CuZS cell

and further studies will be carried out.

~4.3.4 Trap and Defect Levels in Cds -

on the CdS side of the junction the available transient and thermally stimulated
capacitance techniques are being reviewed. It is anticipated that a technique
- or-a combination of techniques will be identified which will be applicable to

the Cds'/c_u‘zs cell.

—27-~



4.4 Encapsulation for Improved Stability

The pést repofts from the L.S.S.A. project haveAbeen reviewed
and current feports are monitored as they are issued. :Tﬁe preliminary conclusion
is,that.only an inorganic glass'ﬁill combine total hermetic sealing, high
transmissivity énd residénce to.long germ weathering and degradation. Accordingly
non infegral éncapsﬁlatidn experiments will be carried out behind sheet glassA .
‘and a design for a suitable enclésure is now in preparation.

The poSsibleAtechniqU¢s for applying an integral eﬁcapsulant include
electron beam evapération and sputtering. .The former requires a suitable foil
or powder as starting stock and sources for these are now being identified.

A support 'structure for roof top exposure of cells has been

assembled. This will allow easy insertion and removal of cells under test

to permit periodic measurement agreement on the solar simulator.

-28-



5. Future Developments

The major‘thrust in the CdS/Cqu fask will ge aimed at producing
light trapping in_én éffgctivély planar CuZS.layef. Two approaches appear
to merit investigation. ‘The first is.to texture:the surface of a layer
deposited‘on top of a planar CujS layer. This could be for example a
final encapsulating'glassllayer. An alternative aﬁproach would be to tex- o
Furé a smooth métallic substrate on a scale sufficiently fine so Fhat fhe

surface of the deposited'CdS'remains-essentiélly smooth.

Cell development efforts willlcontinue on the (CdZn)S/CupS junction
with particular attention being focused on the structure of the junction and

its effect on'cell behavior.

Experimental and theoreticél analyéis of the achieved photon economy -
will continue with the plénar CdS/CUZS cell. Understanding and control of the
hole traps will be sought using both photbluminescence and transient capacitance

techniques.

Trial encapsulations will be made on CdS/CuZS cells and the resulting

optical and electronir effects measured.

-29-
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Appendix A

MEASUREMENTS OF INTERFACE RECOMBINATION VELOCITY BY

CAPACITANCE/COLLECTION'EFFICIENCY VARIATION IN CUZS/CdS HETEROJUNCTIONS

by

N. Convers Wyeth and A, Rothwarf
Institute of Energy Conversion

University of Delaware
" Newark, DE 19711

ABSTRACT

The interface reCOmbination velocity, SI’ in the CUZS/CdS heteréjunction
has been measured by a néw fechnique using_junFtion céﬁacitance and collection
efficiency. The method capitalizes on changes in the junction field strength due
to the photo-charging of traps in the depletion region, as measured by junction
éapacitance. The variation in junction collection efficiency is related to the
field strength chaﬁges to obtain SI values of order ~3 x lO5 cﬁ/sec. These
compare wéll with estimates from.Othe; éxperiments and simple theoretical

predictions. This measurement technique could be applied to other systems.
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~ faces (Journal ufl Vacuum Science and
Technology 16 , July/August 1979)



I. INTRODUCTION

The CUZS/CdS heterojunction is currently being studied for its

‘promise as a low-cost, thin film photovoltaic solar cell. The p-Cu,S is

_ : 2
degeneréte and the junction space-charge region 1ies almost entirely in the
'n—QdS. In operation photo—generated electrons in the CUZS diffuse to the
junction and are swept into the CdSiby the field to be;éme majority carrier
current flow. Any loss of these carriers by recombination at the interface
direcfly diminisheg the output current. Hence measurement of the interface
recombinatiop velocity and its dependence on cell form;tion conditions is
importaﬁt to the achiévemeﬁt of improved conversion efficiency. Thig inter-
face is also attractive for basic studies Because the CuZS is formed by a
topotaxial ion-exchange process which producés the junction within the

original bulk CdS and hence free of the usual surface contamination problems.

Heat{treatments to optimizé cell efficiency cause diffusion of Cu
acceptors into the CdS junctiqn regibn. "Dark capacitance measurements show
the expected increase in the space charge width. .However under illumination
the capacitance increases by up to two orders of magnitude, due to trapping
of photo?generated hoies by the Cu acceptors and the consequent increase in .
_the CdS space-charge density. Thus, using the illumination intensity, the
field strength at the jﬁncfion can be varied over a yide range at a fixed
junction bias voltage. By modeling the relations between the junction.capaci—

tance C, junction field Fz, and the current collection éfficiency n.> the value

(1,2)

of the interface recombination velocity S_ can be deduced. The values of

I

SI obtained, 105—106 cm/sec, support the hypothesis that the interface states

are dangling bonds on the misfit dislocation that exist by virtue of the lattice

(3)

mismaleh across the interface.



Although it is the particular defect structure of the Cu compensated
CdS layer that makes the photocapacitance and collection cfficiency of the
CdS/Cu,S junction so scnsitive to light, similar defects could be introduced

into other systems allowing this method of determining Sy to be applied.



11.° THEORY

In semiconductor heterojunctions betweén materiéls which différ
in lattice constant, ghere usuallyvexists a network of misfit‘dis]oc;tions.
The dangiing bonds associated with these dislocalions forﬁ the . jnrnrfnce'_
states. The total density per unit area of such stateé'NI is proportional
to the difference in iattice constant, but the distribution of these states
in energy is not known;.Cerent flow aérosslan interface éan be dominated
.by'the interface states. - For thé CuZS/CdS_heterojunction with the band
diagram illustrated in Fig. 1, the competing electron flow mechanisms froﬁ.:
CdS to CujS are (i) diffgsion(of electrons with energy aboﬁé Ecy; (2) recom-
bination of electrons with energy a£ or above Ec)(x=0) through interface
states, and (3) tunneling of glectrons with energ? less. than Ecp(x=0) to
interface states. Since AX =.0.2 eV the density of elecfrons at the interface
favor méchanishs (2) and (3). Mechanisms (2) and (3) yield the following
expression for the current, in the dark, for an ideal junction (no séries or -

shunt resistance effects):

L v
1, = qu Ncy Sy exp —_¢/kT(exp %T - 1)

x¢H)
johj [exp(qV/kT) - 1]

wberé Aj is the junctionvéfea, q the electronic charge, Ncp the effective °
density of states at the Cds cnndnnrinn.band edge (v 2 x 1018 Cm;3), St the
pffective interface recomhination velocity, and ¢ the effective barrier height
giyen by

¢ = Egy - AX - Vp, - & (2)

with Egllthe bandgap of Cuzs; AX the difference in electron affinity between

‘Cuzs and CdS, Vpp is the band bending in Cu)S and §; the position of the Fermi



level relative to the Cu,S valence band. (See. Fig. 2)

In the Cg compensated region of CdS a number of defeet levels
lie above the Fermi level (see Fig. 2). The charging of these levels
produces a time aependent_experimental cerrent—voltage (1I-v) curQe in the
dark, with time constants on the order of hqers.' This effect makes the

use of Eq. (1) for studies of Sy from the dark I-V inappropriate.

Under ‘illumination the CuyS/CdS exhibits photovoltaic propertieé;
" The light éenerated current is produced piimariiy b; the absorption of pho-
tons in ehe Cu,S layer. However, the light reachlng the CdS layer plays a
'very important role in’ gatlng" the flow of electrons through the interface
region. In Steady'state,the injected electron current density, ji0, the current
density lost at the interfeceAthrough interface'recombination,jLR, and the
chrren& density which paeses through‘the external circuit,jt,are determinee

through the relations

Jro. = Jwr * Ips (3)

jir = dn1 Sq, . (4)
and

' jL = qn1‘“2F2 = qny vp ‘ ' A (5)

for vyFy less than the-saturation velocity Vp < V., These equations can be

L o142
solved to yield

s = “12__2. = s . b

with Ny the density.of light injected electrons at the interface, UZ the
mobility of eleettons in CdS, and F2 is the field at the interface and ny

the interface collection factor.



The full current4voltage relation under illumination is given

A _ p
by combining Eqs. (1) and (5) to obtain
I = I; - Aj - SRR ¢)

The junﬁtion field Fy .is directly related to the total poéitive
charge stored in the CdS space charge region. Under illumination the deep
compensating Cu centers gtore holes. The mechanisms leading to hole storage.
are illustrated in Fig. 2. The consequence of such'hole storage is to shrink
the width of the space charge region increasing the capacitancé of the junction
as illustrated  in Fig. 2. Under the assumption of uniform density_and charging
of the deep levels under iilumiﬁation the junction field is given by

_2Vp 2V C | .
FZ w EE€Q A . i (8)

where VD is the diffusion voltage, w the width of the space charge region
under illumination, € the dielectric constant of CdS (v~ 10), €0 the permit-

tivity of free space (8.85 x 10-14 F/cmz), and C the total capacitance of the

junction.

When the'juncfion is illuminated with a known photon flux ¢, the
collection efficiency ne is given by nc = j;,/q¢ and using Eq. (6) one can

obtain a linear form for the relationship between.F2 and “c; This relation

is
-1 '
-1 nQ -1 St :
F =. =L - G 9
where nq = jLo/q¢ is the quantum efficiency of the cell and includes all

photon and electronic losses other than those due to the interface. _Both‘C
and e thange with 1ight intensity. Ey.(9) when used. to analyze the data

yields Sy/¥2 and nQ-



111.  SAMPLE PREPARATION

All samples were prepared on electroformed copper foil N,ZS pum
thick; plated with ~ Q5 um of Zn. CdS powder is éyaéorated from a graphite
source at ~ 1050°C.6nto the,heatéd.substrate n ZSObC. The_CdSAlayer formed
is v 25 ym thick, has regiétivity of 1 to 10 ohm-cm, with crystallite diamefer

1 to 5 pm, .and oriented with the ¢ axis perpendicular to the substrate.

The Cuzé layer is prepared_either by dipping the CdS layer into

a cuprous ion solution at ~ 95°C for 5 to ldlsec, or by the deposition of -
. CuCl onto the surface and heating for ~ 2 min. atA2006C, followed by a

rinse in water or,methanél. For the first method the equivalent thickness

of CuyS is ~ 1500 - 3000 A iﬁcluding material formed down grain boundaries

to a deptﬁ of 1-2 uym. TFor the secbnd method the thickness is 1000-1500 R

with little grain boundary fofmatjon'of Cu,S. The samples reported here wereA
prepared on the smﬁoth side of the'electroformed copper‘Qith‘source temperature
106dbc; substrate temperature ZOSbC,.CaS thickness 17 um, CdS resistivity

2 ohm-cm, Cu,S thickness 1200 Z by method fwo. Previous fesults(l) 'were‘for

CuyS prepared by method one.

The top contact to the'CuZS is a fine grid (32 lines/cm) evapérated
through a shadow mask. .The width of a grid line is 20 pym and its thickness

1-2 ym. A gold plated tab makes contact to the grid fingers.

In the process of optimizing cell efficiency the samples are sub-
jected to heat treatments in CO, Hz;Ar, and vacuum (50 ym) at 170°9C for a
number of hours (10-100). These treatments convert the Zn plated substrate
to brass, reduce Cu20.oﬁ the surface to Cﬁ, and diffuse Cu into the CdS layer.

This last aspect can be seen by the steady decrease of the dark capacitance



as the Cu compensation progresses into ;hc CdS layer. The initial value

of the dark cébacitnﬁce depénds upon -the resistivity of the édS layer with’
typical'initial dark C/A_vélues of 50-100 nF/cmZ; after heat treatment values
of 1 - 10 nf/cm2 are seen in the dafk. Capacitance vaiueé under illumination

depend-ﬁpon the intensity and.spectral content of the iight.



IV. EXPERIMENT

The basic measuréments made are junction collection efficiency
and junction capacitance as a funcgion of illumination intensity. The celi'
under tést islmounted on a temperafure—controlled block (28°C) with aﬁ |
adjacent silicon monifar'cell,'and is illuminated through a diffuser by a
tungsteﬁ ELH lamp to simulate AM1 spectral distribution. The intensity of -
light on the block is varied by_interposing'neutral density filters which
preserve the relative spectral éontent transmitted. The short-circuit
current'bf the éilicon‘monitof cell varies linearly with intensity, as does
the electron fluxlarriving<at the. junction ffqm the-CuZS.‘ Thus a relativg
measure of the junction collection efficiency is obtained by dividing ghe
ngS/CdS cell current by the siliéon cell current.  The test cell'is‘held
at zéro bias by a bipolar power-supply and thé current measured by an oper-

ational amplifier circuit.

The capacitance of the junction is measured using a phase-sensitive
detection,system(4)" which can ﬁandle moderate parallel condpcfancés;} A small
a.c. voltage (10 mV rms at 10 kHz) is applied to the cell through the bipolar -
‘supply and the qb° out-of-phase current component is measured by a lock-in |
amplifier. The capacitancé is then easily calculated énd normalized to the

test cell area. The system is calibrated using a standard capacitor, and the

measurements are reproducible to n * 1%.

At any giveﬁ level of illumination, the capacitance of the junction
can be measured as the bias is changed from zero using the bipolar supply.

Thus plots of c"? versus V can be obtained.



V. RESULTS AND ANALYSIS |

The relative collection efficiéncy and éapacitance for a range of .
illumination intensity wefe measured on three similar cells. A typical result
~is shown in Figure 3; for comparison withlﬁqs.,(B) and (9) the reciprocal
éapacitance is plotted versus reciprocal‘éollectioh efficiency. Noté that if
relative collection efficiency is used, nQ cannot be found but the y-axis infer—
cept will still yield SI/ Hye Figgre 3 shows a linear region with a bending
over at low intensities, indicating that the simple model breaks'dOWn’as dark
conditions are approached.- Equation (8) assuﬁed Qniform space charge density.

If a deep trap level exists in the cds depletion region and crosseé fhe electron
quasi—Férmi.level, its contribution to cépacitance and juﬁctionvfield will vary as’
‘the width of the‘depletion!region varie;.(s) Such a: level would also affect the
capacitance-bias voltage rela;ion. Figure 4 shows how the extrapolated voltage
ihtercept from C_2 vs V piots moves from higher values toward the expected value
(0.6 - l.Olvolts) as intensity is increased. Tﬁis is

D
the predicted effect of a trap level crossing(s) and will be explored in detail

of diffusion voltage V

in future work. It suffices for this work to note that where the linear behavior

of C-l vs.n -1 occurs, the values of VD are reasonable and the assumptioﬁ of

a wniform space charge density in Eq. (R) is justified,

Table I shows the reduced data from the three cells from plots like

Figure 3. The C—1 vs. n occurs, the values of VD are reasonable and the
assumption of a uniform space charge density in Eq. (8) is justified.
Table I shows the reduced data from the three cells from plots like

Figure 3. The C—1 axis intercept is found by extrapolating the linear fegion,

SI/.u2 calculated through Eq. (8) with VD = 0.9 volts, and SI deduced assuming



V . the thermal velocity of the electrons. Using

p = 100 cm /V—seq.(6) The three cells shows relatively small variation among

2 .
themselves. An estimate of SI can also be made from the reverse saturation

current, jo’ measured from the cell current-voltage characteristic. The

relevant equations are (1) and (7). The measured values of jo obtained

- under illumination are listed in Table I along with values of SI calculated

using Eqs. (1) and (2), assuming VDp =0, 6. =0 and (Eg1 - AX) =1 eV. The

1

values of S_ from jo are generally larger, indicéting that a separate measure-

I

ment.is‘needed to determine. ¢ accurately. Either internal photoelectric

emission from the CuZS to the CdS at the interface is used, or the temperature

variation of jo.
It should also be noted that in some systems the interface recom-

bination mechanism may not dominate the diode equation, i.e. drift and diffusion

(7)

of carriers to the interface may be the rate limiting step.’ In sﬁch_systems
the variation of jL with field may be the only reliableAtechnfque available.
A further point to consider is that for the values of SI obtained

the upper limit on S_ of ;/4 is being approached, at which all the carriers

I

.with velocity components toward the interface are captured and recombine there.

A simple theoretical model(s’g’lo) can be used to estimate S1 for a

given heterojunction from the lattice mismatch. The expression is

) §; = NI Vth o o (10)

%
I
process, o is the mean capture cross section of the interface states, and

(lo)‘NI = 2Aa/a3 with Aa the

where N_ is the density of interface states effective in the recombination

th



differénce in létticé'constant across fhc interface and a the "average
]atticé constﬁht, the 4}5% lattice mismatch in the’CdS/CuéS system yields

N1 = s x 1013/cm2. Estimates(g) give o = 10714 - 10-15/cm?. - llence with

Vih = 107 cm/sec, Sy is expected to be in the range 5 x 105 - 5 x 106 cm/sec.

The observed values are indeed within this range,

From Eq. 10 one can write

~2_("1 Vth Aa _ ' ’
3 2 . (11)

SI =
a
Since o and the lattice constants vary only slightly, v, should be nearly
independeht of materials; thus Sy will vary linearly with s, the strain -across
the interface due to lattice mismatch. Suppdrt for -such an hypothesis is

(4)

obtained from adding our results to those of Ettenberg and Olsen on the

InyGaj_xP/GaAs system.as. shown in Figure S.



VI. SUMMATION

A new methéd'of:measuring interface recombinafion velocity has
been described, and its‘appiiéafion to an'important heterojunction system
demonstrated. Values measured by’thié technique agree with'otﬂer experi-
mental and theoretical estimates.. The method capitalizes on.the thanges
in junction field'strength which-can bg obtained by'photo—charging depletionA
region traps, and thus can in principle be applied to other‘systems in which

such traps are present or can be introduced.
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Fig.1

Fig.2

Fig.3

Fig.4

Fig. S

FIGURE CAPTIONS

. Band diagram-of the CuS8/CdS hecterojunction (in the dark)

Band diagram of the CdS space charge region indicating optical
processes which can produce hole storage in deep centers. (1)

Band to band transition. (2) Valence band to unoccupied gap
state, followed by cecnter to valence band transition. (3) Direct

excitation from center to conduction band. (4) Excitation from
center to unoccupied gap state. Change in space charge region

from dark to light and currents in light are also shown.

Reciprocal capacitance versus reciprocal collection‘efficiency'
(relative) for typical cell. The straight line was fitted to
the linear region to allow extrapolation to n-l=o0.

Variation of the extrapolated intercept of C-2 vs. V with~

“illumination intensity for typical cell.

i

Interface recombination velocity versus lattice parameter mis-
match, including theoretical curve from Ref. 9, data from Ref. 3
on InxGal_xP/GaAs, and the averaged data from the present work on

CuyS/CdS.



Cell

M161B1-1
M161B1-2

M161Bl-4

Table 1.

Values of SI Calculated for the Four Cells

Measured. SI (Co) Values Were Calculated Assuming My = 100 cmZ/V—s

1.83

2.22

SI/ b1

(V/cm)

1.37 x 10”.

3.70 x 10

4.48 x 10

3

3°

3

s; (€) }jo , s; (3)
(cm/sec) (mA/cm”) '(CT/sec)
1.37 x 10° 3.17:x 1078 5.0 x 10°
.3,76 X 195 3.5 x 107 5.6 x 10°
448 x 100 6.29 x 1078 9.9 x 10°
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