SERI/STR-211-3350
UC Category: 271
DE88001169

Research on
Amorphous-Silicon-Based
Thin-Film Photovoltaic
Devices

Semiannual Subcontract Report
1 July 1987 — 31 December 1987

W. Bottenberg

K. Mitchell

R. Wieting

ARCO Solar, Inc.
Camarillo, California

D.L. Morel, Project Director

SERI Technical Monitor: W. Luft

May 1988.

Prepared under Subcontract No. ZB-7-06003-3

Solar Energy Research Institute
A Division of Midwest Research Institute

1617 Cole Boulevard
Golden, Colorado 80401-3393

Prepared for the
"~ U.S. Department of Energy
Contract No. DE-AC02-83CH10093



NOTICE

This report was prepared as an account of work sponsored by the United States Government. Neither the
United States nor the United States Department of Energy, nor any of their employees, nor any of their
contractors, subcontractors, or their employees, makes any warranty, express or implied, or assumes any
legal liability or responsibility for the accuracy, completeness or usefulness of any information, apparatus,
product or process disclosed, or represents that its use would not infringe privately owned rights.

Printed in the United States of America
' Available from:
National Technical Information Service
U.S. Department of Commerce
5285 Port Royal Road .-
Springfieid, VA 22161

Price: Microfiche AO1
Printed Copy A06-

Codes are used for pricing all pubiications. The code is determined by the number of pages in the publication.
Information pertaining to the pricing codes can be found in the current issue of the following publications.
which are generally available in most libraries: Energy Research Abstracts. (ERA); Government Reports
Announcements and Index (GRA and |); Scientific and Technical Abstract Reports (STAR), and publication,
NTIS-PR-360 availabie from NTIS at the above address.



SUMMARY

Objective

The primary objective of this contract is to develop 13%
aperture area (850 cm?) efficiency four-terminal hybrid tandem
submodules. The module design consists of a copper indium
diselenide (CIS) based bottom circuit and a semitransparent thin
film silicon hydrogen (TFS) based top circuit.

Discussion

During the first six months we have made significant progress
toward achievement of the project goals and objectives. The
efficiencies which we have achieved to date are summarized in the
tables below.

4-terminal tandem cell (4 cm?) performance.

Eff. Jsc Voc
Device (%) (mAicm?) (mV) FF
Semitransparent TFS | 962 | 158 | 862 | 705
Filtered CIS 455 176 392 66.0
Tandem 14.17%
Stand-alone CIS 8.71 33.0 411 64.2

*ASTM air mass 1.5, global 100 mW/cm?2, 25°C.

4-terminal tandem module performance.

Power | Area** | Eff. Ise Voc
Type W) (em2) | (%) | (MA) | (V) FF

Semitransparent TFS 7.69 843 9.1 | 262 | 43.45 | 0.675

-

Filtered CIS 2.66 843 3.2 | 228 | 19.15 | 0.608
Tandem 10.35 12.3
Stand-alone CIS 7.62 844 9.0 | 611 21.15 |.0.590

*ASTM air mass 1.5, global 100 mWicm2, 25°C.
**Aperture area.



These results have been measured at ARCO Solar using existing
SERI calibrated references for TFS. We are working with SERI
toward improvement of references and procedures for CIS and the
more complex tandem structures.

A key element in the progress for TFS has been the development of
Zno. For the devices reported in the tables above, ZnO is both
the front and rear transparent conductor. There is a large

component of diffuse scattering in the performance of ZnO due to
film texturing.

The performance of CIS devices is in many ways more conventional
than TFS. The biggest uncertainty is in the nature and location
of the junction. We have begun fundamental measurements of our
current devices and development of an operative model.
Preliminary results indicate a built-in potential of about 0.93

volts for devices which generate 0.45 volts under standard one
sun conditions.

While the TFS and CIS component devices operate well
individually, tandem devices made from these are experiencing
additional optical losses. Preliminary analysis indicates that
major contributions to this loss are coming from reflections at
the top TFS and CIS interfaces. The resulting "filter
efficiencies" for TFS of 35-40% are below the expected values of

45-55%. Improvement of optical coupling is a key element of
future work. '

Conclusions

¢ High performance sémitransparent TFS devices and submodules
have been fabricated using 2ZnO0 as the front and rear
transparent conductor.

@ High performance CIS devices and submodules have also been

fabricated. The location and nature of the junction is not yet
understood.

® Representative four-terminal hybrid tandem devices and
submodules have been fabricated from TFS and CIS component
circuits. Optical coupling between the circuits is lower than
expectations due to reflection losses at key interfaces.

- ii -
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INTRODUCTION

Objective

The primary objective of this contract 1is to develop 13%
aperture area (850 cm?) efficiency four-terminal hybrid tandem
submodules. The module design consists of a copper indium
diselenide based bottom circuit and a semitransparent thin film
silicon hydrogen based top circuit.

This report discusses work completed for the period 07/01/87
through 12/31/87. It is divided into three parts. The first
covers progress on transparent thin film silicon hydrogen (TFS)
and focusses on results achieved with symmetrical 2ZnO/TFS/ZnO
device structures.

The second section covers progress with copper indium diselehide
(CIS). Detailed - analysis of device microphysics is presented

along with an assessment of factors 1limiting module 1level
performance.

The third section is divided into two parts. The first presents
the latest performance results for tandem cells and modules. The
second part is a more extensive study and discussion of the
_problem of optical coupling between the two components of the
four-terminal hybrid tandem structure. Effective optical
coupling is a key to the success of this technology.



SECTION 1.0
TFS PROGRESS

1.1 INTRODUCTION

This section summarizes progress and status with thin film
silicon (TFS) devices and materials for incorporation with
copper indium diselenide (CIS) devices into tandem modules.
While a significant fraction of the work reported here was
performed under the ausplces of the SERI contract, work which
preceded the contract period is also included in order to present
background for a coherent perspective.

The first division of this section reviews progress in TFS cell
performance. Discussed in this section are developments in
transparent conductors and contacts, results of parametric
variation of TFS cell structure, and the status of TFS doped
layers with enhanced microcrystallinity.

The next division summarizes the development status of 30x30 cm
submodules based upon these cell structures. The circuit design
and consequences of different patterning alternatives are
reviewed. Experimentally measured submodule performance is

compared to modeled performance projected from performance of
individual cells.

Photostability (i.e. Staebler-Wronski stability) of TFS cells
and submodules is discussed throughout this report. Generally,
stabilized as well as initial device performance 1is charac-
terized in the various experimental investigations. In addition
to these results, a summary of "standard" device stability and
comparison between outdoor and simulated solar exposures is made.

A final section briefly discusses optical characteristics of TFS
devices relevant to TFS/CIS tandem devices and presents a summary
of the impacts of device structure varlatlons reviewed in the
previous sections.

1.2 TFS CELL PERFORMANCE PROGRESS

1.2.1 Transparent Conductors, Contacts and Cell Structure
Options

It is in the area of transparent conductors and cell structure

that some of the most important new developments have occurred.

Two alternative structures are compared (Fig. 1-1): glass/tin

oxide/TFS(pin)/zinc oxide and glass/zinc oxide/TFS(pin)/zinc

oxide.

Use of zinc oxide (Zn0O) for the front transparent conductor
contact in place of the "traditional" tin oxide (TO) provides
significant gains in TFS device current generation while still
allowing for good filter quality. This yields corresponding
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Fig. 1-1; Cross section of TFS cells.

gains in cell efficiency as shown in Fig. 1-2, where efficiency
versus cell thickness is plotted for groups of cells with these
two structures. (This is discussed in more detail below). The
TO used in these experiments is the best commercially available.
Its properties have been optimized in terms of overall commercial
viability and not just in terms of a single property, such as
texture, which might result in improved performance for small
laboratory cells. The ZnO discussed here is also considered
commercially viable, including highly textured samples.

Optical transmission of TO and ZnO films representative of those
used in these devices is compared in Figs. 1-3 and 1-4. While
transmission of the ZnO film is higher across the 300-1300 nm
wavelength range of interest (despite its greater thickness),
the improved current generation in the ZnO-based devices appears
to be more a consequence of the favorable morphology of these
films. In scanning electron micrographs (Figs. 1-5 and 1-6), ZnO
films exhibit a much coarser surface texture than do TO films.
(Additional analysis revealed these features to be rooted in
columnar grains of corresponding size). A coarser surface
reveals itself in a greater degree of "haze" or "milkiness" in
the appearance of the film. This attribute can be quantified by
appropriate optical measurements. One method uses a "Hazemeter"
which allows average diffuse and total transmission to be
measured. Figure 1-7 shows the roughly linear increase in TFS
cell short-circuit current with increased diffuse transmittance
of the ZnO front contact layer.

In addition to the impact of front contact morphology, other
aspects of the cell structure can have important and interesting
effects on current generation. A relative ranking of different
cell structures is given in Fig. 1-8. While not directly
relevant to tandem structures, it is interesting to note that
substitution of a metal in place of ZnO for the back contact
conductor of a TFS cell actually results in lower generated
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current density. This is illustrated more quantitatively in
Fig. 1-9, which shows cell performance parameters for a set of
otherwise identical TFS cells with various back contacts: use of
the "transparent" back results in more than 10% additional
generated current (and 2-3% higher voltage). This result
suggests that 1light trapping as well as scattering is an
important mechanism for high current generation in ZnO/TFS/Zn0O
cells. The optical reflectance coefficient at a silicon/metal
interface can be relatively low for many metals, resulting in a
parasitic absorption loss which tends to suppress light trapping.
This phenomenon is discussed by Martin Green in the context of
concentrator cell structure [1].

The new zinc oxide/TFS/zinc oxide structure has provided some
significant opportunities. Progress toward optimizing these
structures is presented in the next section.

1.2.2‘40ptimization of TFS Cell S8tructure

The thicknesses of the component layers were varied system-
atically in order to examine performance sensitivity to these
changes and to allow for device optimization.

1.2.2.1 Cell Performance vs. Zinc Oxide Layer Thickness

Two separate groups of devices were fabricated in order to assess
independently the sensitivity to changes in the front and rear
contact layer thicknesses; all other device parameters were held
constant while each contact was varied.

In the first group the front contact 2ZnO thickness was varied
from 0.7 um to 1.5 um (the rear ZnO thickness was fixed at 1.5
M4TR) . Results are presented in Fig. 1-10. Performance is
insensitive until front Zn0 thickness is reduced below 1.0 um,
when a reduction in generated current and poorer curve fill
factor (FF) result. The poorer fill factor 1is caused by
increased device series resistance, indicated by the strong
increase in shape at Vgo (Soc).1 Both of these observed changes
are accounted for by changes in properties of the Zn0O layer with
thickness. Thinner ZnO has a finer grain structure leading to
both reduced optical haze and poorer conductivity. It is
interesting to note that cell performance is unaffected by
changes in sheet rho in the thicker films (these are between 20

and 8 ohms/a). Since the geometry of current transport is
similar in test cells and submodules, similar insensitivity can
be anticipated for submodules. (The average current transfer

length is actually somewhat -- about 10% -- greater in the
submodule) .

In the second group the rear contact Zn0O thickness was varied
from 0.7 um to 1.5 um (the front ZnO thickness was fixed at 1.5

lsee section 1.7 for definitions of Sgo and Sge-



ot -

EFRCIENCY

FiLL FACTOR

10 0.88
0.87 8
0.86 8
’ B 0.8s . 2 3
o . ° 8 3 2
: 0.84 2
. _a § + 083 ™ g &
° 0.2 o
o 0.81
! + 0.8 o
g om
. M 0.78
077
0.76
s 0.78
074
4 073
072
0.71
o
3 0.7
sTD N cr Cu i : s H cr Cu "
Mex BACK
=] INMAL + Srnin ° {3+10)min a INIMAL + Senin ° {S+10)min
0.73 17
07 - e o
ﬂ g 1. o
0.83 ﬂ o Q : L]
o & o
. '] 18 —-
0.6 . S ¥
<+ E-J
1 &
058 ]
g i4 § ) 3
? o
0.s o
13 .
0.48 s
0.4
2 §
a
0.3s 5
a3 y - r y —— n T T T T T
<D N Cr Cu " . STO N Cr Cu n
BACK
BACK -
o A +  Senin o {3+10)min o NmAL +  Smin o (3+10)mm

Fig. 1-9. Change in TFS cell performance vs. change in back contact. Cells are
ZnO/TFS(pin) /contact. Contacts are STD (Zn0), Al, Cr, C1_1 and In. Each point 1s an
average of up to 16 cells. Anneal time (@175°C in air) is shown for metal contacts.



b
&
o
3
[
[
[
1
3
:
$

0o

10

60

3.0

40

3.0

290

0.900

0.869%0

0.68680

08’0

0.860

0830

0.840

[ X.E]

0.820

0810

0.800

FRONT ZNO EXPERIMENT

BACK INO = 1.3 um

i e -
*
*
[] k 78 78
» o4
T LERL T L T T T T T T T T T T Ll T LB
00 0.2 o4 o8 08 1.0 1.2 14 18 .8 20
FRONT ZnO THICKNESS
+  ©F — nao {ok\S posswb\e\
FRONT ZNO EXPERIMENT
BACK INO = 1.3 um
1
¥‘V"
~N
.\ -
~ ¥ ¥
= "ﬁ - _‘L— — | -
A ¥
k
LI T T T Ll T T r T .7 1 T T L T T T ¥
00 o2 04 o8 08 10 1.2 1.4 16 18 20

Joc (mempe/em=2)

SSC / SOC / FF

180

t7.0

150

130

1o

0.700

0.600

- 0.400

0.300

0.200

0.000

FRONT ZNO EXPERIMENT

BACK ZINO = 1.5 um

+ +

* + 134 ¢ .,
b —

+ * )
+
+ -
"
T T ¥ T T T T T LIRS A T ¥ T T L Ll LIRS T
0.0 0.2 0.4 [+ X ] o8 1.0 1.2 1.4 1.6 18 20

FRONT ZnO THICKNESS
+

FRONT ZNO EXPERIMENT

BACK INQ = 1.3 um

—¥ —
g Tt HE
+
+
*
= e -
a
a® P A
o ..
x
T e . * - Mok
r 1 7 T ¥ T T ¥ Ll Ll T LS v Ll T T il T T
00 02 os . o6 LX) 10 12 14 16 18 20

FRONT ZnO PHICKNESS
a SoC x

Fig. 1-10. Effect of changing front contact ZnO thickness.



am) . Results are presented in Fig. 1-11. Performance is
entirely independent of this parameter except for some variation
in fill factor, which is discussed below. In partlcular it is
worth notlng that the generated current density is independent of
changes in rear zZnO thickness and optical haze.

The variations in observed fill factor are enmeshed in a subtlety
of measurement technique. Since the rear 2ZnO layer does not
readily make ohmic contact to electrical probes, an additional
contact bus is applied to each cell (unlike submodules). Contact
of this printed silver epoxy bus to the ZnO can contribute very
significant series resistance. Measurement can be made "two-
point" with current and voltage probes both applied to the bus,
or it can be made "four-point" with the current probe on the bus
and the voltage probe on the ZnO layer immediately ad]acent to
the bus. Either method has potentlal for error:

Two-point: the "external" contact re51stance is lumped into the
measurement of the cell; true cell performance is under-
estimated.

Four-point: while the "external" contact resistance is removed
from the measurement of the cell, the true cell voltage at
load, i.e. fili factor, is overestimated by the magnitude of
voltage drop through the ZnO sheet between the probe point and
the bus. Normally this is completely negligible. However, if
the sheet resistance of the rear ZnO layer is sufficiently
great, e.g. greater than 20-30 ohms/o, then this error can be
significant and true cell performance overestimated.

Thus, the two methods provide lower and upper bounds to the true
cell fill factor. In the case of this group the "four-point"
measurements begin to be somewhat suspect for rear ZnO thickness
at and below 1.0 um. The conclusion of this analysis is that
true variations in cell fill factor with rear ZnO thickness are
small (less than 0.02~3 fill factor units, and possibly zero).

1.2.2.2 Cell Performance vs. TFS i-Layer Thickness

TFS i-layer thickness is a dominant variable determining cell
performance and stability. Two separate groups of devices were
fabricated -- one with ZnO and one with TO front contacts -- in
order to compare the sensitivity to changes in the i-layer
thickness in the range 200-700 nm for these two device struc-
tures. 1i-layer deposition rates were. in the range of 1-2A/sec
for this study. Initial and 20-hour light-soaked cell parameters
are plotted in Figs. 1-12 through 1-17. (Preliminary analysis of
the stabilized? performance of these cells indicates a continu-
ation of the "20 hour" trends. These results will be discussed
in more detail in a later report.)

2g5ee Section 1.4 for a discussion of stability.
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Overall efficiency is illustrated in Fig. 1-12. Performance of
ZnO/TFS/Zn0O cells is more strongly leveraged by i-layer thickness
than is that of the TO/TFS/ZnO cells, and is dominated by strong
changes in generated current (Fig. 1-13).

In contrast, variations in cell voltage are small (Fig. 1-14).
While trends may exist, the range of changes is less than 2-3%
and may more reflect variations in cell preparation. To first
order Vo 1is constant for these cells, with TO-based cells
exhibiting perhaps slightly higher values than ZnO-based cells.
One consistent trend is that cells with higher initial voltages
tend to experience the largest loss in voltage, i.e. light-soaked
TFS cell voltage tends toward a common range. :

Initial cell fill factor is the same for all cells except perhaps
for those with the thickest i-layer (Fig. 1-15). In contrast,
light-soaked £fill factor is strongly dependent upon i-layer
thickness and, as expected, dominates the losses. ZnO-based
cells show a stronger dependence than TO-based cells; this may be
a function of their overall higher current generation density.
The shapes at Jg¢ (Ssg) and Vge (Sge) in Figs. 1-16 and 1-17
indicate the contribution to fill factor behavior by the shunt-
like and series-like components respectively.

Two points from Fig. 1-12 are especially noteworthy:

1. For today's TFS material 300-350 nm is the optimal i-layer
thickness for highest 1light-soaked efficiency for either
device structure.

2. Comparison of "% Change in Efficiency" permits different
inferences about the nature of stability losses in the two
device structures. If projected to 2zero bulk i-layer
thickness, TO-based cells would exhibit a residual 1loss

" while 2ZnO-based cells would be .completely stable. This
suggests that 2ZnO-based cells avoid a non-bulk, possibly
interface, stability loss that is present in TO-based cells
-- an interesting clue in the photostability problem.

1.2.2.3 Cell Performance vs. p+ Layer Thickness

The TFS p+ layer is a key component of the cell, intimately
involved in the active junction. This_ study aimed at determining
cell performance sensitivity to variations in p+ layer thickness.
This was of special interest because of the significant dif-
ference in texture, and possibly coverage requirements, of 2ZnoO
and ToO.

The standard p+ was varied in thickness from 0 to 400 A for two
separate groups of cells: one group the new ZnO/TFS/ZnO and the
other a conventional TO/TFS/aluminum structure. Results are
compared in Fig. 1-18. A first observation is that the trends
are essentially the same for the two structures, suggesting that
the cell junction is not significantly different. Moreover, the
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100 A optimum thickness is not sharply peaked -- variations of
20% to 30% result in less than 5 parts per hundred change in cell
efficiency -- a result of the balance between voltage and current
generation. As expected, the ZnO/TFS/ZnO cells generate higher
current densities, but otherwise the differences are not espe-
cially significant. (In this comparison the ZnO/TFS/Zn0O cells
have consistently lower fill factor than the conventional
TO/TFS/Al cells, but subsequent development work, e.g. use of
enhanced microcrystallinity n+ layers, has raised the fill factor
of the ZnO/TFS/2Zn0 cells to about the same level).

One final point is particularly interesting: cell fill factor is
independent of p+ thickness from 50 A up to 400 A, implying that
losses due to p+ bulk resistance must be negligible. This is
further suggested by the constant values of S, in this range
shown in Fig. 1-19. This conclusion has two corollaries:

1. Any photoinduced loss in p+ conductivity is unlikely to have
an impact on cell performance.

2. High performance reported for cells with highly conductive
enhanced microcrystallinity p+ probably does not derive, per
se, from reduced bulk p+ resistance. This suggests an
altered junction in these reported devices.

1.2.3 Enhanced Microcrystallinity Doped Layers
1.2.3.1 n+ Layers
High bulk dark conductivity =-- about 10 (ohm-cm)~! -- n+ layers

have, been achieved. Conductivity is most of all a strong
function of RF power density, but can be somewhat enhanced by
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Fig. 1-19. Effect of changes in p+ thickness on shape at Jg¢
(Sgc) and shape at Voo (Soc) for ZnO/TFS/ZnO and TO/TFS/Al cells.
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fuel flow depletion and/or by addition of argon to the fuel mix
(silane, hydrogen, and phosphine). Conductivity and deposition
rate versus relative RF power density are illustrated in Fig.
1-20. Four different fuel conditions are represented: a low (150
sccm) and a high (450 sccm) fuel flow rate, both with (1/1) and
without the addition of argon. The use of argon did allow peak
conductivity at lower power levels, but also resulted 1in an
undesirable level of dust generation and deposition non-
uniformity. Normal deposition fuel mixes did not suffer from
these drawbacks but did require the highest power level to obtain
the peak conductivity. -

The use of enhanced microcrystallinity n+ yields a reduced series
resistance and improved fill factor when compared to otherwise
identical cells which use a conventional n+ layer. The perform-
ance is independent of n+ thickness in the range 200-800 A. The
gain is useful but relatively small, about 0.02~-0.03 (e.g., an
increase in fill factor from 0.67 to 0.69-0.70). That this gain
is not observed in "conventional" cells with aluminum back
contacts indicates that the n+/back-contact contact resistivity
is dependent on the resistivity of both materials.

Figure 1-21 shows the gradual variation in cell performance with
n+ conductivity. (A range of n+ growth conditions was used in
preparation of this set.)

1.2.3.2 p+ Layers

High bulk conductivity p+ layers have also been achieved. The
conductivity and Tauc optical gap are contrasted with those of a
"standard" p+ in Fig. 1-22. These values compare favorably with
those cited in the 1literature in association with very high
voltage TFS cells. However, high cell voltages have not yet been
obtained through the use of these doped layers.

1.3 TFS SUBMODULE PERFORMANCE PROGRESS

TFS submodules are fabricated on 30x30 cm glass plates. These
monolithic integrated circuits cover an approximately 850 cm?
aperture area and contain 50 individual series connected cells.

The best modules perform at a level close to that which can be
projected from the average performance of test cells which are
"witnesses" to the modules. These devices all have a "standard"
structure using a 350 nm thick TFS i-layer. There are two main
sources of loss in going from cell to module:

1. Module Ig4. is limited by the active fraction of the circuit
area; this is controlled by interconnect dead area losses.
Typical interconnects by two different patterning methods
are shown in Figs. 1-23 and 1-24; both figures illustrate
the three pattern lines necessary for circuit integration.
These figures also demonstrate the significant gains in
active area possible with laser patterning techniques.
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2. Module fill factor is reduced from cell f£fill factor due to
less favorable current collection geometry; this series
resistance loss is limited by the sheet resistance of the
ZnO0 layers. For these devices this loss will be approx-
imately 3-5%. (The model that allows quantitative assess-
ment of this loss is discussed in more detail elsewhere.)

The average measured performance of the "witness" cells is:

Voc = 860 mV
Jgc = 16.1 mA/cm? - Efficiency = 9.7%
FF = 0.70

Taking account of the loss terms discussed above, the expected
module performance can be projected:

Voc = 860 mV x 50 =43 V
Igc = 16.1 mA/cm? x 17 cm? x 0.91-0.98 = 250-268 mA
FF = 0.70 x 0.95-0.97 = 0.66-0.68

Aperture Efficiency = 8.3-9.2%

These projections can be seen to agree well with measured module
performance illustrated in Figs. 1-25 and 1-26.

(As an additional point of interest these modules were tested
with a white rear reflector, a configuration that could be used
if a tandem module were not desired or needed. This simple
reflector enhances current generation about 10%.)

l.4 TFS8 DEVICE STABILITY STATUS

It is widely recognized that the stability of TFS devices is not
only dependent on the device structure and preparation but also
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Fig. 1-23. Laser/print patterning. Total cell width =
Active fraction = (0.227 in. - 0.020 in.)/0.227 in. = 9
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strongly upon the exposure environment, particularly upon the
ambient temperature. For experimental convenience, an arbitrary
but reasonable and self-consistent exposure method has been
employed at ARCO Solar. The standard exposure cycle is:

20 hours @ 1 sun/50°C in a xenon Weather-ometer
4 hours @ dark rest/25°C

The 4-hour dark rest period also allows for device test after
each cycle if desired. Typically this simulated exposure will be
repeated for up to 10 consecutive cycles in order to define the
steady-state "stabilized" performance attributes of a device.

Figure 1-27 1illustrates this for two groups of "standard" cells.
About three-quarters of the total drop is realized in the first
light soak cycle, and steady state is reached after about five
cycles. Standard cells with 350 nm TFS i-layers lose about a
fifth (20 "points") of their initial performance.

The stability of devices is monitored on a regular basis. Over a
three-month period consistent behavior was observed:

ZnO/TFS (pin)/Zn0 cells: Steady state loss
(18 groups)

21 +/- 3 points

TO/TFS (pin) /Al cells: Steady state loss = 20 +/- 2 points
(8 groups)
1
10
9
'.-M .
o — i
E v —
5 6
x
N
g 5
£
3
32
1
° 11 11 ] ] | L ] T L L 1] ¥ ] H L L L
(] 20 48 ] e 100 (28 148 160 10 200

HOURS IN WEATNEROMETIR

Fig. 1-27. Stability of standard ZnO/TFS(pin)/ZnoO cells
after standard exposure cycle.
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The typical observed loss from initial performance consists of:

 Voe: 2 points
Jge: 5 points Total = 100 x (1-0.98.0.95.0.86)
FF: 14 points

20 points

Efficiency and fill factor data for representative examples of
test cells and of 50-cell submodules are illustrated in Figs. 1-
28 and 1-29, respectively; all exhibit the same behavior. (A
note: in these groups of devices some were light soaked with a
black background and some with a white background in order to
test for incremental loss from a reflector. All were tested
without reflector).

The results of this simulated environment generally agree well
with the results of "real world" exposure, where "real world" is
defined by the Chatsworth, California, insolation and climate.

Figure 1-30 shows output power and fill factor data for two
groups of 50-cell modules exposed outdoors; the 17-22 point drop
supports the "reasonableness" of the Weather-ometer testing. (As
might be anticipated, devices exposed in the "real world"
stabilize more favorably in the warm summer and less favorably in
the cool winter; results of spring and fall exposures show better
agreement with those from simulated exposure.)

1.5 TFS DEVICE TANDEM FILTER QUALITY

Since these TFS devices are intended to be one component of a
tandem module it is important to have a method to characterize
their transmission characteristics. One useful method defines
the measurement of "Relative Filter Quality":

Relative FQ = Jgo(int;filtered) / Jgo(int;unfiltered)

Jgc(int) is the calculated current density of a chosen standard
CIS reference cell, determined by integrating its measured
quantum efficiency with the SERI standard solar spectrum.
Relative FQ of any TFS device is determined by making this CIS
spectral response measurement first without ("unfiltered") and
then with ("filtered") the TFS device in place over the CIS cell.

This method allows any TFS device to be characterized, on a self-
consistent relative basis, in terms .of the fractional response
that it allows for the underlying CIS device. However, of
course, 1in any given tandem device the absolute value of the
fraction will depend on the spectral response of the specific CIS
device and will vary.

Section 1.2 explored the sensitivity of TFS cell performance to
changes in structure and layer thickness. Figure 1-31 illus-
trates the impact of those changes on relative filter quality.

The thickness of the front 2ZnO layer is the key variable and
shows the most dynamic range of FQ values. While not revealed in
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these data, this parameter affects both the absorption ("red")
edge and the average longwave transmission. In contrast, changes
in rear 2ZnO layer thickness have essentially no impact. These
data imply that scattering/light trapping in the TFS device,
rather than bulk absorption in the 2Zn0, is more important in
determining filter quality.

The thickness of the TFS layers is less important but filter
quality does decline as TFS thickness increases. More detailed
examination shows that primarily the absorption ("red") edge is
affected, while average 1longwave transmission is relatively
constant: more light is retained in the TFS layers. This is
why, on the average, ZnO/TFS/ZnO cells have lower filter quality
than TO/TFS/Zn0 cells -- they trap more light and generate more
current (but this is exactly what is desirable in a tandem

device). This illustrates a limitation of a single parameter
description of a complex system.
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1.7 APPENDIX: Device Parameters

In addition to the usual photovoltaic parameters -- Voo, Jgq,
fill factor, and efficiency =-- I-V curve "slopes" are often cited
as parameters which can be related to shunt and series resis-
tance. In this report these "slopes" are normalized to dimen-
sionless "shape" parameters in a manner similar to that used for
curve "fill factor", to allow direct comparison between devices
regardless of current and voltage levels. The definitions are:

Shape at Open Circuit, 8¢

Soc = A(V/Voe)/d(T/Tgc) at open circuit

= (Jgc/Voc) x dAV/aJ "

= (Jgc/Voc) * (inverse) slope at open circuit

S8hape at Short Circuit, 8g.

Sge = A(T/Tgc) /A(V/Vge) at short circuit
= (Voo/Jgc) x AJ/avV "

= (Voo/Jgc) x slope at short circuit
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SECTION 2
CIS PROGRESS

2.1 INTRODUCTION

This section presents the status of work on the CIS portion of
the contract. Prior to the contract, 12.5% efficient 3.6 cm? CIS
devices had been achieved. Transfer of this level of performance
to 30x30 cm scale processes was emphasized during this initial
phase. A 7.8 watt, 50-cell 30x30 cm CIS module is demonstrated.
A test structure fabricated in parallel with this module measures
11.1% active area efficiency. Several diagnostic tools are
developed during this period. Uniformity studies of the ZnO and
CIS layers were initiated. Preliminary analysis and modeling of
CIS module and junction performance are carried out.

2.2 BACKGROUND

CIS provides an important complement in multi-junction submodules
to the TFS-based high band gap junction structures. CIS with a
band gap near 1 eV is an ideal match to TFS at 1.7 eV for
achieving high efficiencies based upon detailed multi-junction
device modeling [1-3]. No low band gap TFS-based alloy solar
cell presently matches the CIS high cell performance and broad
photoresponse out to infrared wavelengths of 1.3 um [4], as
illustrated by the spectral response curve in Fig. 2-1. Prior to
the contract, ARCO Solar demonstrated 12.5% efficient CIS solar
cells fabricated on 10x10 cm glass substrates [5], as shown in
the current-voltage curve in Fig. 2-2. For a 3.6 cm¢ active
area, the short-circuit current Jg. is 36.7 mA/cm?, the open-
circuit voltage Vo is 487 mV, and the £ill factor (FF) is 0.70.

The baseline CIS design consists of glass/Mo/CIS/CdS/ZnO/Ag grid.
As shown in Fig. 2-3, the CIS thickness is 2 um. The CdS window
layer is less than 500 A in order to increase the blue spectral
response above the 0.52 um (2.4 eV) CdS band gap, as shown by the
CIS spectral response in Fig. 2-1. A 41.1 mA/cm? short-circuit
current, among the highest reported for CIS, has been measured
under 1985 ASTM 1.5 Air Mass global simulated spectrum (6] and
verified by the spectral response curve in Fig. 2-1. Suppression
of optical reflection by the textured front 2ZnO transparent
electrode contributes to the high quantum efficiencies. The ZnoO
thickness is in the range of 1.5 to 3.0 um.

The major technical problem areas for the semiconductor layers in
this program which impact large area submodule performance are:
(1) demonstration over large areas of uniform CIS and window
layer thicknesses, film stoichiometries, and structural and
optical properties; (2) elimination or passivation of defects
which result in shunting of the devices over large areas; and (3)
improved CIS electronic properties including control of the Fermi
level profile and minority carrier properties which impact the
reverse saturation current, photocarrier collection, and

- 38 -



1.0 T T T T | T T T ! ]
CIS (41.1 mA/lcm?2) |
0.8} TFS —
& | [ (15.0 mAlcm2) |
f__’ 0.6}
Y] N i
EE.’. 0.4 Filtered CIS =
S '(18.4 mAlcm?2 B}
S N
9 02} / .
i 1
%.3 l 0|.5 0.7 0.9 1.1 1.3

Wavelength (um)

Fig. 2-1. Measured spectral response of TFS, CIS
and filtered CIS.

40 T T T T

—_ I ] Top Metallization
& Grid

o 30 7]

<

E t - by =

- 2 1.5-3.0 ym Zn0 l _

= 5ol Area: 36cm | A _t Thin High
a <500 A Resistivity
% Jeo: 36.7 mAlcm? T Cds

) - SC * -1

= Voc: 0.487 V 2 um CulnSe2

o 10} FF: 0.70 . - :

5 Eff: 12.5% 4

0 | —

| | | !
0 ot 02 03 04 05 // éﬁé{
Voltage (V) // 7 /
(100 mWicm?2 SERI AM 1.5 Global Spectrum, 25°C)
Fig. 2-2. CIS/(CdZn)S/Zn0 solar cell Fig. 2-3. CulnSe; solar cell

current vs. voltage. cross section.

- 39 -



resultant photovoltaic properties.

The major non-semiconductor technical problem areas for CIS to be
assessed are: (1) substrate effects including glass type and
properties, impact of glass size and thickness on processing, and
impact of glass handling, cleaning, and surface features on
subsequent coatings; (2) back contact effects including contact
resistance to the CIS or at the interconnect, sheet resistance,
bulk layer and surface morphology, and chemical interface
reactions; (3) transparent conducting electrode effects including
sheet resistance, contact resistance to the 2ZnCdS or at the
interconnect, film morphology, optical transmission, reflection,
and absorption including plasma absorption, carrier concentration
and mobility; and, as necessary, (4) grid electrode effects
including optical '~ shadowing 1losses and bulk and contact
resistance to the transparent electrode or at the interconnect.

2.3 LAYER DEVELOPMENT

Development of all CIS-related deposition processes for coating
30x30 cm areas has been successfully demonstrated. CIS and ZnO

layers on 30x30 cm glass plates have been fabricated for delivery
to SERI.

As required by Subtask Research Activity (SRA) #1 at the
beginning of the contract, CIS was selected as the primary low
band gap semiconductor material. The heterojunction contact to
CIS will be ZnCdS, CdS, ZnO or similar suitable window layers.
Minimization of ¢€d will be pursued. For controlling and
verifying feedstock purity, atomic absorption (AA), inductively
coupled plasma (ICP) spectroscopy and gas chromatography/mass

spectroscopy (GCMS) are routinely applied to our feedstock
characterization.

Assessments of the uniformity of the CIS semiconductor and Zno
transparent conducting contact films are part of SRA #5 and #16
respectively. For ZnO, maps of the thickness, sheet resistance,
and optical transmission of a ZnO layer deposited on a 30x30 cm
glass plate are shown in Fig. 2-4. The averages are 2.91 um for
thickness, 5.42 ohms/square for sheet resistance, and 0.70 for
broad band optical transmission. The 2ZnO resistivity is about
1.5 milliohm-cm. The thickness is measured on a Tracor Northern
Model TN-1710 optical spectrometer from optical interference
maxima and minima. Sheet resistance .is measured on a Magne-Tron
Instruments Model M-700 four-point probe. The broad band
transmission is the ratio of currents measured by a EG&G silicon
detector with and without the 2ZnO/glass sample using an Oriel
Model 6140 1 kW tungsten halogen light source. For this film,
thickness varies less than 7.3%, sheet resistance less than 12%,
and broad optical transmission less than 5.5%.

These variations in 2Zn0O properties are projected to have little

negative impact on CIS module performance. For example, the
modeled fill factor change with ZnO sheet resistance, as shown in
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Fig. 2-4. Map of ZnO uniformity.
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Fig. 2-5, is:

Jge (mA/cm?) 50-cell module  75-cell module
40 0.0067 0.0029
20 0.0033 0.0014

expressed as absolute fill factor decrease per ohm/square change.
Thus, if the Zn0O sheet resistance for the entire module was 5.8
ohms/square (the maximum value for the layer discussed above)
rather than the average value of 5.4, the decrease in fill factor
for a_50-cell module would be only 0.001 and 0.003 for 20 and 40
ma/cm? Jgc- For a 75-cell module, the fill factor decrease would
be even less. Since only a small portion of the 30x30 cm area
has the higher ZnO sheet resistance and other areas have less
than the average sheet resistance, the effect on fill factor of
the ZnO sheet resistance non-uniformity is considered negligible.

Characterization of the CIS layer over 30x30 cm areas, including
thickness, stoichiometry, resistivity and optical properties are
in process and will be discussed in the Final Report.

2.4 MODULE DEVELOPMENT

Substantial effort has focused on the design, fabrication, and
characterization of 30x30 cm CIS modules. In addition, new
techniques have been developed to characterize module
performance. The baseline CIS module configuration is 50 series-
connected_ cells as shown in Fig. 2-6. The design aperture area
is 844 cm? (28.7x29.4 cm), allowing for bus bars at opposite ends
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Fig. 2-5. Projected Pp,y and fill factor vs. ZnO sheet rho.
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Fig. 2-6. CIS module layout.

of the module and borders along the edge of the module for
isolation of individual cell segments. Electrical interconnects,
as shown, between the front ZnO layer of one cell and the back Mo
layer of the adjacent cell are made through vias created in the
CIs. The interconnect regions also provide for electrical

isolation between adjacent front ZnO layers and adjacent back Mo
layers.

2.4.1 7.8 Watt CISs Module

The current-voltage (I-V) characteristic of a 7.8 watt, 50-cell
CIS module is shown in Fig. 2-7, as measured on a Spectrolab
large area pulsed solar simulator (LAPSS) calibrated to the ASTM
Air Mass 1.5 global spectrum. The short-circuit current is 595
mA, the open-circuit voltage is 21.567 V (431 mV/cell), and the
fill factor is 0.61. The 7.8 watt power output translates to an
aperture area efficiency of 9.2% and an active area efficiency of
10.0%. A preliminary evaluation of the factors limiting the
power output to 7.8 watts is presented below.

2.4.2 Open-Circuit Voltage Mapping

Detailed analysis of the properties of a module is complicated
and usually requires destruction of the module to determine the
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Fig. 2-7. I-V curve of 50-cell CIS module on 30x30 cm plate.

individual cell properties. In the case of long narrow cells as
shown in Fig. 2-6, individual cell I-V curves measured from the
edge of the cells would be dominated by the series resistance
involved with transporting current the long length of the cell.
One option is to map the cell V,.'s since no current flows to the
external circuit at V,.. A fixture and data acquisition system
have been developed for mapping the 50 individual cell Vg 's.
The Vgyc mapper has been successful in measuring the relative Vg,

outputs of each of the cells. For many modules, the cell Vg 's
are similar to one another except possibly for a few cells with
reduced V5. caused by localized shunts.

2.4.3 Test Structure Witness Plates

Another approach to evaluate the CIS junction quality is the
development of 30x30 cm test structure witness plates, which
replicate a 10x10 cm standard test structure pattern nine times
over the 30x30 cm area. Sixteen 4 cm? CIS devices are laid out
in two rows of 8 over the 10x10 cm areas. All of the existing
fixtures for the computer-assisted testing CIS cells on 10x10 cm
substrates can be utilized. .
The uniformity of CIS junction quality can thus be evaluated by
mapping the photovoltaic characteristics of the 96 cells over the
30x30 cm area. Cell efficiency, Ve, Jsgr and fill factor for
one CIS witness plate are profiled in Figs. 2-8 through 2-11.
Trends are discernable, although the statistics are not exact due
to variations in the fabrication of individual cells or damage to
test structures during their fabrication or handling. Overall
performance is remarkably uniform. In certain cases, local
defects can be identified which reduce the cell performance.
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Fig. 2-8. Efficiency performance map of test structures
on 30x30 cm witness plate.
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Fig. 2=-9. Vg performance map of test structures
on 30x30 cm witness plate.

- 45 -



(mA/cm2)

Fig. 2-10. Ig, performance map of test structures
on 30x30 cm witness plate.

Fig. 2-11. Fill factor performance map of test structures
on 30x30 cm witness plate.

- 46 -



2.4.4 Interconnect Losses

Problems associated with module interconnects can lower module
output in several ways: (1) voltage drop at the interconnects
due to high ZnO/Mo contact resistance; (2) electrical shunting in
the interconnect region between adjacent back Mo layers or front
ZnO0 layers, or between the front Zn0O and back Mo layer of an
individual cell; or (3) loss of active area because of excessive
area between the back Mo isolation cut and the front 2ZnO
isolation cut (defined as Pl and P3 in Fig. 2-6).

Contact resistance and layer sheet resistances can be determined
by passing a constant current through the ZnO into the ZnO/Mo
contact and profiling voltage versus position. As shown in Fig.
2-12, the ZnO/Mo contact resistance measures 9.4x10~3 ohm-cm?.
Auger analysis of these contacts, shown in Fig. 2-13, reveals the
presence of a thin (50 A) MoSe layer at the 2ZnO/Mo interface
which contributes to contact resistance.

2.4.5 Module Analysis

The current-voltage characteristic of a 4 cm? CIS test structure
with similar processing to the module above is shown in Fig. 2-
14. The 3.6 cm? active area efficiency is 11.1%, with a 38.6
mA/cm? Jgo, 436 mV Voo, and 0.66 fill factor. The corresponding
spectral response curve is given in Fig. 2-15. Comparing the
test structure to the module, the primary difference in
performance is due to the lower module fill factor of 0.61.
Computer modeling indicates that the lower module fill factor can
be attributed to the Zn0O/Mo interconnect resistance. Reducin
the contact resistance from 9.4x10”3 to less than 1x10~3 ohm-cm
is necessary. The lower average V,. for the module of 431 mV
versus 436 mV is due to slight cell-to-cell variations. The
aperture area efficiency of the module can also be improved by
reducing the area 1loss associated with the interconnects.
Finally, higher module power output will result from improved
junction quality, primarily from a higher V,. and increased fill-
factor. As noted in Section 2.2, the 12.5% efficient CIS cell
has a 487 mV Vyc. Improving the active area Jg. from 38.6 to
above 40 mA/cm? will also contribute to module output.

2.5 CI8S DEVICE ANALYSIS

Long term performance gains in CIS .module performance will be
driven by the CIS junction quality. Thus, it is necessary to
understand the fundamental mechanisms controlling the
photovoltaic properties of CIS devices. This section presents
preliminary analysis of the CIS optical properties, spectral
response, I-V versus temperature, and capacitance-voltage.

2.5.1 CIS Optical Properties

Optical transmission and reflection are measured for CIS
deposited on glass using a Perkin-Elmer Model 330
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spectrophotometer with a 60 mm integrating sphere. Figure 2-16

shows the results for a 2.06 um thick CIS film. The
corresponding plot of <calculated CIS optical absorption
coefficient versus wavelength is given in Fig. 2-17. The

textured morphology of the CIS films was found to cause light
scattering and introduce errors in the optical data below the CIS
band gap, implying artificially high CIS optical absorption
values. In addition, more accurate determination of the short
wavelength absorption coefficients requires analysis of a series
of thinner CIS films. Optical data from a more extensive study
by J. Tuttle, SERI [7], also plotted in Fig. 2-17, is considered
consistent with the properties of our CIS films.

2.5.2 CIS Spectral Response

The absolute spectral response of CIS junctions is measured using
an ARCO-designed spectral response station. Quantum efficiency
(QE) is determined by focusing all incident light on the device
using an aperture and measuring the induced current. Forty-four
narrow band interference filters are used to cover the wavelength
range from 360 nmm to 1350 nm. The incident light intensity is
calibrated using reference Si and Ge detectors. Fluctuations in
the 1light intensity during the measurement are monitored and
corrections made. The incident 1light is optically chopped and

lock—-in amplifiers are used to detect the light induced in-phase
signal. :

A comparison between the measured and modeled CIS spectral
response is illustrated in Fig. 2-18 for a CIS device with 37.1

mA/cm? Jgo, indicating reasonable agreement. The calculated QE
is given by:

QE = (1-R)-exp[- agno*tznol-expl[- acgs-tcasl-
[1-exp(- ac1s*Wers)/[1 + ecrs+Lersl]) (2-1)

where R is the front reflection loss, a is the optical absorption
coefficient versus wavelength and t is the thickness of the
respective layers, W 1is the depletion width, and L 1is the
minority carrier diffusion length. A front reflection loss of
12% was measured for this device using the Perkin-Elmer Model 330
spectrophotometer. The CdS thickness is less than 500 A which
makes the CdS absorption term negligible. A CIS space charge
depletion width of 0.4 um is determined from capacitance-voltage
measurements. A CIS minority carrier diffusion length of 0.5 um
is assumed. The short wavelength cut-off at about 380 nm is due
to the 2Zn0O band gap. The roll-off of response at longer
wavelengths is consistent with the CIS optical absorption
coefficients and device properties. The ZnO plasma absorption
must be considered for wavelengths longer than 900 nm, as shown
in Fig. 2-18. The 2ZnO absorption data is measured with the
Perkin-Elmer spectrophotometer for Zn0O layers deposited on glass.
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The spectral response for the 41.1 mA/cm? Jgc cell shown in Fig.
2-1 is achieved by reducing the front reflection and ZnO plasma
absorption losses, in agreement with the above modeling. The
high current CIS device is 9.8% efficient with 436 mV V,. and
0.546 fill factor. The low f£fill factor is due to high (100
ohms/square) ZnO sheet resistance. These results demonstrate
that the 2Zn0O absorption losses can be minimized. Trade-offs
between ZnO sheet resistance and optical properties need to be
evaluated since Zn0O sheet resistance in the 5 to 15 ohms/square
range 1is desirable for modules as shown in Fig. 2-5. Presently
20 ohms/square has been achieved with the low optical loss ZnO.

2.5.3 Current-Voltage vs. Temperature

Understanding the CIS junction mechanism will contribute to
achieving high V,. and resultant performance. To accomplish
this, a station has been set up to measure I-V versus temperature
for test structures on 10x10 cm substrates using a Ransco Model
934 Bench Chamber with a temperature range of 77K to 400K.
Installation of a light source inside the chamber allows light as
well as dark I-V to be measured. The present measurements assume
that the light source intensity does not vary as the temperature
is changed. This needs to be verified using a fiber optic probe
and sensor to monitor the light intensity.

The light and dark I-V characteristics versus temperature were

measured for two CIS cells, Q8829Cll with a 400 mV V,. and
Q8705C6 with a 450 mV V,.. Results are summarized in Table 2-1
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Table 2-1. I-V characteristics vs. temperature
for CIS cells.

Cell Q8829C11 (400 mV Voo at 25°C):

Temp Jg¢ Voc FF Eff dark J, A n
(K) (mA/cm?) (mV) (%) (A/cm2)

314 38.4 375 0.562 8.1 5.5E-6 20.3 1.8
300 38.6 401 0.580 9.0 3.3E-6 20.8 1.9
281 37.7 438 0.601 9.9 8.5E-7 21.3 1.9
261 37.4 469 0.609 10.7 1.4E~-7 23.7 1.9
222 41.0 519 0.586 12.5 2.5E-8 25.4 2.1
205 41.6 532 0.578 12.8 5.9E-9 26.3 2.1
186 40.6 548 0.567 12.6 5.2E-9 -23.7 2.6
164 41.1 551 0.558 12.3 n/a n/a n/a

Cell Q8705C6 (450 mV Voo at 25°C):

Temp Jge Voc FF Eff dark J, A n
(K)  (mA/cm?) (mV) W (A/cn?)
299 38.3 443 0.635 10.8 3.0E-6 19.0 2.0
280 36.9 485 0.655 11.7 1.4E-6 19.0 2.2
262 . 36.9 517 0.668 12.6 2.5E-7 20.8 2.1
241 36.1 560 0.681 13.8 9.1E-8 21.6 2.2
219 35.4 608 0.684 14.7 2.4E-8 28.3 1.9
201 35.0 ' 639 0.680 15.2 2.4E-8 26.9 2.1
181 34.4 674 0.667 15.5 8.1E-9 27.6 2.3
138 33.0 732 0.630 15.2 1.0E-8 22.5 3.7
119 31.4 747 0.603 14.1 1.0E-8 18.4 5.3
98 29.7 756 0.579 13.0 1.0E-8 15.3 7.7

where dark J,, A, and n are the implied Jjunction reverse
saturation current, voltage coefficient, and diode factor derived
from a log (dark current) versus voltage plot, assuming the dark

junction I-V after correcting for series and shunt resistance is
of the form:

Jgark = Jo [exp(A.V) - 1] = J, [exp(g-V/nkT) = 1] (2-2)

The light current-voltage curves for the 450 mV V,. cell at 303K,
200K, and 100K are shown in Figs. 2-19 through 2-21. Vg, fill
factor, and efficiency increase as temperature decreases, until
current transport begins to be suppressed, probably at the Mo/CIS
electrical contact. The highest VQc measured is 756 mV at 100K.
If the measured Jg. of 34.4 mA/cm¢ is correct at 181K, the CIS

efficiency at this temperature is 15.5% with a 674 mV Vg, and
0.667 f£ill factor.
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The plot of J, versus inverse temperature for the 400 mV cell is

shown in Flg. 2-22. At higher temperatures (above 260K), J, is
thermally activated, fitting the form:

J, = J,, exp(-Ey/kT) ' ) (2-3)

where J,, equals 415 A/cm? and E; equals 0.491 evV. At lower
temperatures, J, is 1less sensitive to temperature, dominated
possibly by tunneling or charge injection.

Voc Versus temperature for the two cells is plotted in Fig. 2-23.
The extrapolation of Vgyo versus temperature to OK which is
representative of the junction built-in voltage Vy, gives 0.931 V
and 1.025 V for the 400 mV and 450 mV Vg, cells. Their
respective V4o (T) slopes zre -1.77 mV/K and -1.95 mV/K.

A preliminary discussion of the above measurements is presented
in Section 2.5.5. Further measurements are required for complete
analysis. As noted above, for example, a fiber optic detector
needs to be installed in order to verify that the light intensity
is held constant during the measurements. The values of J,, A,
and n are difficult to interpolate from the data and require
curve fitting in order to confirm their values.

2.5.4 Capacitance vs. Voltage

Capacitance versus voltage and frequency is another tool for
characterizing CIS junction properties. Depletion width versus
applied voltage, carrier concentration versus position, and
effective built-in voltage (voltage intercept of 1/C2 versus V)
are typical results derived from C-V data. Proper interpretation
of C-V data is difficult. For example, trap states at the
interface or within the space charge region result in a frequency
dependence of the data. The voltage intercept of the 1/C2 versus
V plot becomes no longer simply the junction built-in voltage but
is shifted by the presence of the interface states. Compensated
doping due to the presence of both acceptors and donors also
complicates the interpretation of the data. In the case of
Zn0/thin C€dS/CIS devices, the CdS layer (less than 500 A) is

fully depleted and the depletion width shift versus voltage
occurs in the CIS.

CIS junction capacitance measurements were made using a HP Model
4192A LF Impedance Analyzer (5Hz - 13.MH2z) coupled to a Tektronix

4052 computer terminal. Plots of 1/C versus voltage and
depletion width versus voltage for the 400 mV cell discussed in
Section 2.5.3 are shown in Fig. 2-24. The voltage intercept of

1/C2 versus voltage is 0.938 V, in agreement with the zero Kelvin
Voc intercept of 0.931 in Fig. 2-23. The depletion width at zero
bias is 0.3 um at 50 kHz, assuming a dielectric constant for CIS
of 13 [8].

The data fit the form given by an abrupt'junction model where the
depletion width W is predominately in the CIS:
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W= [2¢ « e, «(Vp-V)/q-Na)1/2 (2-4)

where e, 1is the free space dielectric constant (8.86E-14
Farads/cm), and the apparent acceptor concentration Np varies

with frequency from 1.6x101® cm™3 at 50 kHz to 1.8x1016 cm™3 at
10 kHz. :

2.5.5 CIS Device Analysis Discussion

The previous sections have presented preliminary measurement
results with the objective of understanding the mechanisms that
control the photovoltaic performance of CIS junctions. The
purpose of this section is to integrate these different types of
data into an unified perspective of the CIS device.

Photocarrier generation and collection is evaluated in the first
two sections on the optical properties of CIS layers and the
spectral response of CIS devices. The CIS spectral response data
is fit by Eq. 2-1, using the CIS optical data of J. Tuttle [7],
the measured depletion widths, and the measured ZnO optical data.
Although not addressed in this report, measurement of CIS
spectral response under voltage bias does demonstrate a voltage-
dependent quantum efficiency in forward bias which must be
considered in the analysis of the fill factor. This voltage
dependence also causes Jgo-Voc plots to deviate from the dark J-
V plots. The solar cell equation without series and shunt
resistance would take the form of [9]:

Jiight = Jgark ~ H(V) -Jphoton (2-5)

and

Jdark = Jo [exp(gV/nkT) - 1] (2-6)

where Jj;jqnt is the junction current under illumination, Jgarkx is
the dark ™ junction current, H(V) 1is the voltage-dependence of
photocarrier collection, and Jphoton is the absorbed photon
current density (for CIS, approximated by Jgco)-. '

In general, the junction mechanisms near room temperature for the
400 mV and 450 mV V,. devices evaluated in Section 2.5.3 can be
described as recombination controlled with respective diode
factors of about 1.9 and 2.1. At low-temperatures, the junction
currents are less sensitive to temperature, dominated possibly by
tunneling or charge injection. A simple expression for
recombination controlled Jo in heterojunctions is given by [9]:

Jo = Joo €Xp(gVp/nkT) (2-7)
This implies from Eq. 2-3 that E; equals qVp/n or inversely that
the junction built-in voltage V}, equals n.Ez/q. For the 400 mV

Voc cell, Vi, from J, equals 0.933 V (1.9-0.491). This agrees
with §.931 V, the extrapolation of Voo versus temperature to 0 K,
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and with the voltage intercept of 0.938 Vv from 1/C2 versus V.
Although the implied values of V, determined by these three
techniques correlate for this cell, further analysis is required
~ to validate these interpretations.

The temperature dependence of V4. derived from Egs. 2-5, 2-6, and
2-7 is given by:

Voc(T) = Vp(T) + n-k-ln[H(Voc);JSC(T)/(H(O)-Joo)] « T (2-8)

where VL(T) adjusts for the CIS band gap temperature coefficient
(-3.1E-4 eV/K from Ref.10). For the 400 mV V,. cell, the
measured Vo, temperature coefficient of -1.77 mV/K is consistent
with the calculated value of =-1.86 mV/K from Eg. 2-8 using data
from Section 2.5.3, but neglecting the Jgco temperature
coefficient and the H(Vy.)/H(0) terms due to lack of data.

Modeling of the junction reverse saturation current J,, term is
currently in progress. Understanding the origin of J,, is
. essential to improving the CIS V.. If it is controlled by
interface recombination, then passivation of interface states is
required. If it 1is controlled by recombination in the space
charge region, then the minority carrier lifetime needs to be
improved.

Additional measurements and analysis are required in order to
further develop the device model and confirm the interpretations
of the data above. These include measurements of the voltage-
dependent spectral response to evaluate H(V) and its influence on
device fill factor. The temperature coefficients of Jg. and the
CIS band gap are needed. Van der Pauw measurements of CIS film
transport properties versus temperature are required to determine
carrier concentrations, carrier mobilities, and the doping
activation energy. Measurement of minority carrier diffusion
lengths and lifetimes are also required.

2.6 ALTERNATE CIS JUNCTION STUDIES

A Stanford University subcontract is involved in the basic study
of the mechanisms controlling performance of CIS-based junctions
using CIS/Mo/glass samples supplied by ARCO Solar. This work
includes analysis of the transport mechanisms in CIS-based solar
cells, investigation of the effects of CdS deposition on the CIS
cell performance, evaluation of alternate window layers, and the
study of the effects of heat treatment before and after junction
formation. Preliminary investigation of ZnS and ZnSe window
layers as replacements for CdS indicate that ZnS is too resistive
and suppresses photocarrier collection, but that 2ZnSe warrants
further study. Initial results for a cell with a 200 A thick
ZnSe intermediate layer and a thick CdS:In transparent conducting
window layer are 7.5% active area (6% total area) efficiency, 430
mvV Voo, 29 mA/cm? Jgo, and 0.532 fill factor under simulated 90
mW/cm? Air Mass 1.5 spectrum. At 100 mW/cm?, the short-circuit
current would be 32.2 mA/cm?. This cell has a dark J, of
6.8x10"8 A/cm? and a 1.78 diode factor.
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In studies at ARCO Solar, a 10.0% efficient 2Zn0/50 A ZnSe/CIS
solar cell was fabricated with a 40.9 mA/cm? Jg., 382 mV Vg, and
0.64 fill factor, as shown in Fig. 2-25., These initial results
are encouraging, but extensive analysis is required to understand
the nature and promise of these alternative interfacial layers.
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SECTION 3.0
TF8/CI8 TANDEM MODULE PROGRESS

3.1 EFFICIENCY RESULTS

The status of the TFS/CIS tandem module research is summarized in
this section. Although the primary focus in this initial phase
of the contract was on development of the individual TFS and CIS
components, substantial results have been demonstrated for the
TFS/CIS tandem device structures. A 14.2% active area (4 cm?)
efficiency has been measured on 4-terminal TFS/CIS tandem test
structures. A 4-terminal 30x30 cm TFS/CIS tandem module with

10.35 watt output and a 12.3% aperture area efficiency was also
achieved.

3.1.1 Background

PV modules with greater than 15% efficiency and 1less than
$2/wattpeak cost will be competitive in many markets including
central grid-connected energy systems [1,2]. Multiple band gap
PV converters have more potential to achieve high efficiencies
than single junctions due to better utilization of the photon
energy of sunlight. For polycrystalline materials, efficiencies
up to 24% are predicted for two-junction tandem solar cells
compared with 18% for single junctions ([3,4]. Four- and two-
terminal projected efficiencies as functions of top cell and
bottom cell band gaps are shown in Figs. 3-1 through 3-4 for
polycrystalline and TFS materials [3]. CIS with a band gap near
1 eV is an ideal match to TFS at 1.7 eV. Since both TFS and CIS
have demonstrated individual device efficiencies above 11%, the

combination of the two is a strong candidate for high efficiency
thin film module development [5].

The design emphasized in our research is a semitransparent TFS
submodule mounted above a CIS submodule. The structure is
illustrated in Fig. 3-5. Since this tandem module is formed by
laminating two submodules together, the process for each
submodule can be individually optimized. The tandem can be
designed for either four-terminal or two-terminal operation and
the number of cells can be varied to provide either voltage or
current matching of the submodules. The glass/glass construction
provides a rugged, environmentally durable package.

3.1.2 Tandem Cell Performance

The objective of tandem cell measurements is to evaluate the
individual properties of the CIS and semitransparent TFS
junctions in both optically stacked and stand-alone
configurations. Light I-V and spectral response of the
individual cells can be measured. Sixteen 4 cm? test cells are
fabricated on 10x10 cm glass substrates as two rows of 8 cells
each. Metallization grids are used in order to facilitate
probing the devices without damage to the junctions and to
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minimize series resistance 1losses from the transparent
electrodes. One TFS cell on each test structure substrate does
not have grids in order to be used as an TFS optical filter over
CIS cells for CIS bottom cell tandem measurements. Existing
fixturing and automated data acquisition are utilized. The
“analysis is based on active area in order to compare with module
cell segments that have no grids.

A four-terminal tandem efficiency of 14.2% on 4 cm? has been
demonstrated as summarized in Table 3-1. The semitransparent TFS
cell is 9.62% efficient with a 15.8 mA/cm? Jgo, an 862 mV Vgg,
and 0.705 fill factor. The filtered CIS cell contributes 4.55%
efficiency with a 17.6 mA/cm? filtered Jge, a 392 mV Vg, and
0.66 fill factor. The stand-alone CIS cell is 8.71% efficient
with a 33.0 mA/cm2 Jgo, 411 mV Vg, and 0.642 fill factor. The
filtered-to-standalone CIS Jgc current ratio of 0.53 is high
because of the use of a thick CdS window layer which reduces the
stand-alone Jgo. The highest measured filtered CIS Jg. is 18.4
as documented by its spectral response curve shown in Fig. 2-1.
The change in CIS Vy. from 411 mV to 392 mV and the increase in
fill factor upon shadowing the cell with the semitransparent TFS
cell is consistent with the CIS junction I-V and the reduced ZnO
series resistance loss at the lower operating current.

3.1.3 Tandem Module Performance
Preliminary results for 30x30 cm tandem modules are promising.

Power output higher than 10 watts has been achieved as summarized
in Table 3-2. Based on aperture areas of 843 cmz, the 7.69 watt
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and 2.66 watt contributions from the TFS and CIS submodules
translate to efficiencies of 9.1% and 3.2% respectively, for a
total 12.3% aperture area efficiency. These data are measured at
25°C on a Spectrolab LAPSS calibrated to 100 mW/cm2 ASTM air mass
1.5 global- spectrum with an optical air gap between the two
modules of about 2 cm.

‘The stand-alone CIS module produces 7.62 watts with 9.0% aperture
area efficiency, a 611 mA Ig., a 21.15 V Vge (423 mV V,o per
cell), and a 0.59 fill factor. The semitransparent TFS module is
9.1% efficient with a 262 mA Igc, a 43.45 V Voo (869 mV V,. per
cell), and a 0.675 fill factor. The lower module fill factors
compared to the test structures result from interconnect series
resistance losses and to cell-to-cell variations as discussed in
Section 2.4.5.

Table 3-1. 4-terminal tandem cell (4 cm2) performance.

Device (E";:) (m;:l?:cm2) (\r’#\‘lz) "~ FF
Semitransparent TFS 9.62 15.8 862 70.5
Filtered CIS 455 | 178 392 | 66.0

Tandem 14.17%
Stand-alone CIS 8.71 33.0 411 64.2

*ASTM air mass 1.5, global 100 mW/cm?2, 25°C.

Table 3-2. 4-terminal tandem module performance.

Power | Area** | Eff. { \'}
Type W) | €m?d | ) |mA)| o | FF

Semitransparent TFS 7.69 843 9.1 | 262 | 43.45 | 0.675

-

Filtered CIS 2.66 843 3.2 | 228 | 19.15 | 0.608
Tandem 10.35 12.3
_ Stand-alone CIS 7.62 844 9.0 | 611 | 21.15 | 0.590

*ASTM air mass 1.5, global 100 mWicm2, 25°C.
**Aperture area.
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3.2 PERFORMANCE ANALYSIS

Performance model predictions for tandem photovoltaic modules
show that substantial gains in the efficiency of PV modules can
be made by coupling two absorbing systems together in a common
module structure.[1l-5] There are several important assumptions
made in developing the model which require experimental testing
to verify the range over which they are valid and the degree to
which the model can predict performance. From an optical
standpoint these assumptions are:

1. that the light in the absorption bands of both absorbers is
efficiently coupled into the front cell;

2. that the light usable by the front absorber is efficiently
converted into current;

3. that the 1light below the band gap of the front absorber is
transmitted efficiently through the front absorber to the
bottom absorber:

4. that the back absorber efficiently couples with the light to
which it responds.

These assumptions are not necessarily consistent with the implied
goal of optimizing the electrical performance of each of the
absorber systems. For instance, there is a tradeoff of optical
transmission and conductivity for most transparent conductors.
High conductivity due to high carrier concentration causes high
absorption losses in the near IR reglon due to plasma mode
absorption of the free electrons. It is necessary to carry out a
detailed investigation of the validity of the above assumptions
under a range of cell fabrication parameters in order to be able
to optimize the performance of tandem modules.

The model used to describe the optical transmission through the
various layers does not take into account the detailed
interference effects expected for thin films [1,6]. This is done
because it 1is assumed that the interference effects will be
averaged out over the wavelength range of each of the absorption
bands of the tandem PV systems. In addition, the presence of
rough surfaces in the thin film stack can significantly enhance
the absorption in the active layers. The effect on tandem
performance due to the presence of these rough surfaces must be
determined to be able to examine the tradeoff of top cell

performance versus bottom cell performance as a function of the
surface roughness.

The description of the module being developed, as found in
Section 3.1, shows that the two thin film absorber systems are
separated by a layer of relatively thick organic material. This
simplifies the optical coupling of the two systems because the
coupling is incoherent. That is, the phase of the light as it
traverses the thin film top absorber system is uncorrelated with
the phase of the 1light as it traverses the bottom absorber
system. The expected thin film interference effects then only
need be evaluated for each system separately.
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3.2.1 8Simplified Performance Model

The optical model used in this study has been greatly simplified
to highlight the primary dependencies of module performance on
important parameters. There are two components of the model: a
light transmission model and a carrier generation model. Figure
3-6 shows a view of the construction details of a thin film
hybrid module. The top circuit, based on thin film silicon
(TFS), is deposited on a glass substrate which faces towards the
incident light. The bottom circuit, based on CIS, is deposited
on a second piece of glass. The two systems are laminated
together using a plastic material, ethylene vinyl acetate (EVA).
Figure 3-7 shows the important optical factors in this system.
The glass/TFS system acts optically as a front absorber with a
characteristic transmission, T,;, front reflection, Rl, and back
reflection, S;. The absorption in the front combination is
calculated by the formula:

AL =1 -Ry -_Tl' © (3-1)

The CIS/glass system has two important characteristics, a front
reflection, Ry and an absorption A;. There is no transmission
because of the bottom molybdenum layer. The only directly
measurable optical parameter for the CIS/glass system is R,. A2
can be estimated from the quantum efficiency of the CIS device if

assumptions about the depletion width can be made. (See Section
3.1) :

It is important to note, as Fig. 3-7 shows, that the reflections
S;1 and R, occur on interior surfaces where the index of
refraction is not that of air but that of EVA. The index of
refraction of EVA is about 1.5. This has the effect of lowering
the reflectivity at these boundaries compared to that found w1th
air boundaries.

The current generated in the TFS cell at each wavelength can be
written as follows:

JL(TFS,\) = [1-Ry(\)]-[eXP(-agno(\) +tzno) 1+ [eXp(~ap(N) -tp) ]

[1-exp(-aj(N)+tj)]-q-T(X\) (3-2)
where:
Ry is the front reflectance of the glass/TFS combination
azno(X) 1is the absorption coefficient for the Zno
tzno is the thickness of the ZnO
ap(x) is the absorption coefficient of the p-layer
tp is the thickness of the p-layer
2j(\) 1is the absorption coefficient of the i-layer
t; is the thickness of the i-layer
q is the electronic charge
r(\) is the photon flux of the radiation in units of

photons/cmz—sec.

- 67 -



glass EVA glass

Light

Q.

Front Cell Bock Cell
TFS CIS

Fig. 3-6. Hybrid tandem module cross section.

n0

-

Front Bock

Absorber Absorber

Optical Factors in Tandem Cells
Fig. 3-7. Optical factors in a laminated tandem structure.

- 68 -



The photon flux function used in this study is based on the SERI
AM1.5 global (1983) spectrum. The use of Egqg. 3-1 to calculate a
spectrally integrated current density assumes that the effects of
thin film interference are averaged out over the absorption band
of the TFS. A more proper method for the calculation of the
current density would use the method of characteristic matrices
such as described in [7]. However, for the purposes of this
initial survey the complications of this approach are not
required.

The current generated in the CIS cell can be calculated on a
similar basis:

JL(CIS,N\) = T1(X\)+[1-Ra(\)]-[exp(-agno(})+tzno)l-

[1-exp(-ac1s(N) *Wersl-ge-T(N) (3-3)
where:
Ty (N) is the transmission of light through the TFS stack
Ro (N) is the reflection off the front CIS stack surface
acrs(\) is the absorption coefficient of the CIS
Wels is the depletion layer thickness of the CIS.

A direct calculation of the transmission through the TFS layer is
difficult because of the problems in modeling the optical
properties of the rough surfaces found in the TFS stack. As will
be seen in subsequent development, the measured transmission will
be used for comparative performance purposes. Integration of
Egq. 3-1 and 3-2 over the incident spectral range yields the
current density. From an optical point of view the important
parameters are Ry, T;, A;, Ry and A,.

The objective of the subsequent analysis is to develop a set of
easily obtained measures which can be used to predict the
performance of the two elements of the tandem system in
combination. The measures used in this study are weighted
averages of the measured transmission and reflection values for
the separate cells in a laminated configuration. One outcome of
this approach is to obtain an estimate of the optical losses in
the system which decrease the power output from that expected.
By examining the dependence of these losses on film parameters it

is possible to determine the elements of the system which can be
improved. .o

3.2.2 Weighted Optical Quantity Average Calculation Method

We would like to obtain a set of optical parameter numbers for
each thin film configuration fabricated that are simple to
measure or calculate and that capture most of the wvariations
between samples. For the TFS case we require that the weighting
function employed depends on the quantum efficiency of the TFS
and the SERI AM1.5 global spectrum as shown in Eq. 3-4, 3-5, and
3-6. The quantum efficiency for TFS used in the average is from
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a very good cell shown in Fig. 3-8a. The weighting value for the
spectrum is in units of photons/um-cm?-sec.

<T1>¢fg 18 a measure of the light which is transmitted through
the TFS stack which could have been used by the top TFS cell.
This number should depend significantly on the i-layer thickness.
<R1>tfg 1s a measure of the radiation which is reflected from the
front optical combination surface which could have been used by
the TFS cell. This value should be as small as possible. For

the optical configuration used in hybrid tandem modules <Si>¢fg
has little importance.

[ 00 -0Bees 00 -TsmRI O @
<T1>tfs = (3_4)
f QEtfs (M) «Iggrr(™) d

[ RO -0Beeat) TsERION @
<R1>tfs = (3-5)
I QEtfs (M) -Isgri(}) 4

| s100-0Bees (M) -TsERION @
<S1>tfs = : A (3-6)
I QEtfs(N) <Isgri()) d

The case for the CIS averaging is a little more complicated. We
require that the averaging process accounts for the absorption of
the radiation in the TFS band that the CIS cannot receive as well
as for the absorption of the radiation in the band that it can
use. A simple way to do this is to construct a weighting
function which 1is a product of the quantum efficiency of a
standard CIS cell with the difference between 1 and the quantum
efficiency of the standard TFS cell. Equations 3-7 through 3-10
show these averages. The TFS part of the average is normalized

by dividing each QEtfg value by the maximum QE¢fg value in the
TFS band.

j T(A) + (1-QE¢ £g (A) /QE¢ £g (13X) ) +QEqis (N) » Isgrr (A) d
<T1>CiS = (3_7)
f (1-OEp £ () /QE¢ £ (max) ) «QEcis (A) » IggrT (\) d

,j Ry (M) + (1-QEt £g (A) /QE¢ £5 (max) ) - QEaig (A) - IsgrT (A) d
<Ry>cis = (3-8)
j (1-0Et£s (A) /QEt £ (max) ) »QEcig (A) - Igggr (A) d
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I S1(\) « (1-QEt s (M) /QErfg(max)) -QEgig (M) «Iggrr (M) d
<S;>cig = (3-9)
j (1-QEt £5 (M) /QEr g (max)) «QEqjg (M) Iggrr (M) 4

I Ry (N) « (1-QE¢ £5 (N) /QE¢ g (max) ) «QEqjg (M) < Iggrr (M) 4@
Rp>ois = (3-10)
j (1-0Et £ (M) /QEt £ (max) ) «QEjg (A) - IsgrT () d

<T1>cis 1s a measure of the radiation which passes through the
TFS stack which can be used by the CIS cell. This value includes
the losses due to all absorption processes in the TFS stack as
well as losses due to scattering as might be expected from rough

surfaces. This parameter is similar to the filter quality
factor, Qf, calculated by Tanner et al.(1l) and discussed in
Section 1. The primary differences are the use of a measured

QE~jg value in our case instead of assuming a value of 1.0 and
the use of a standardized cut-off factor to sharply extinguish
radiation that the CIS cell never sees. As will be seen later,
similar values are calculated. We expect that the values of
<T1>¢fg calculated here will be lower. <Ry1>njg is measure of the
radiation which is reflected from the front of the tandem module
which the CIS cell could use but does not receive. <Rjy>,jg is a
measure of the radiation which is reflected from the CIS stack
surface in the useful CIS band. <S9>gjg could be used to
estimate the amount of reflected radiation from the front CIS
surface which is returned to the CIS. The returned radiation
fraction 1is Ggenerally 1less than 2-4% of that initially
transmitted through the TFS stack.

3.2.3 Experimental Description

In a tandem module the top cell stack can be regarded as a filter
which obscures the bottom cell. There are several factors which
influence the combined performance of the two cells. In order to
assess the relative importance of different factors on the
performance of cells in a tandem module configuration a series of
top TFS cells were fabricated with different layer thicknesses.
By placing these 'filters' in front of a standard CIS cell the
individual cell and tandem module performance was measured as a
function of the variation in the TFS device layer thicknesses.

The experiment may be regarded as a three factor, three level
test in which three layers: the front transparent conductor
layer, the TFS i-layer, and the back transparent conductor layer
were each fabricated with three different thicknesses as shown in
Table 3-3.
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Table 3-3. Factors and levels for TFS filters.

Layer Thickness Range, micron
i-layer 0.15, 0.25, 0.35
Front TC 0.5, 1.0, 1.5
Back TC 0.5, 1.0, 1.5

The cell structure for the TFS device was glass/ZnO/pin/ZnoO.
Twenty seven 10x10 cm test structures of 15 cells each were
fabricated using the cell pattern shown in Fig. 3-9a. The
individual cells were approximately 0.8x4.2 cm in dimension. One
of the positions was not converted into a cell so that it could
be used as a window for the filter function in a tandem stack.
Current-voltage measurements were made on all of the cells of the
27 test structures. The averaged values of the cell parameters
were used as a basis for comparison of the effects of the
variation in layer thickness on TFS cell performance. The test
structures were laminated with EVA to 10x10 cm pieces of glass in
order to assure that the optical configuration of the tandem cell
measurements corresponded as closely as possible to the
configuration in modules. Figure 3-10 shows the method to couple
the TFS window to the standard CIS cell. The CIS cell was also
laminated to a piece of clear glass with EVA. The two cell
systems were coupled using the liquid glycerol. No reflections
were expected at the various interfaces since glycerol, EVA and
glass all have an index of refraction of 1.5 over the spectral
range used. None of these materials absorbs light significantly
in the spectral band from 0.3 to 1.3 micron. Thus the tandem
test cell configuration in Fig. 3-10 is optically equivalent to
the module configuration in Fig. 3-6. The advantage of this
method is that many measurements can conveniently be made with
the different TFS filters on top of the same CIS cell. The CIS
test structure, as shown in Fig. 3-9b, consists of a laminated
set of CIS cells of slightly smaller size than that found in the
TFS test structure. The cell structure used for the CIS cell
was: Zn0O/CdS/CIS/Mo/glass. Leads were brought out before the
lamination process to allow I-v and spectral response
measurements to be made under different filter conditions.

Forward transmission and front and back surface reflection
measurements were made on each of the 27 TFS cell stacks at
position 13 on the test structure using a Perkin-Elmer Model 330
spectrophotometer from 0.3 to 1.8 micron. The front surface
reflection of a CIS cell was also measured. These data were
averaged using the weighting functions described in Eq. 3-4
through 3-10. The I-V curve was measured for a standard CIS cell
without any filter and then with each of the 27 filters optically
coupled on top. The quantum efficiency of the standard CIS cell
was measured without a filter and with a selected set of three
filters. The predicted integrated current density was used to
verify the calibration of the light sources and monitor cells.
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The results of these experiments are described in the next
section.

3.2.4 Ekperimental Results
3.2.4.1 Optical Dbata

The transmission spectrum through the thinnest set of TFS device
layers is shown as an example in Fig. 3-11. The undulations in
the curve are interference fringes due to the thin film nature of
the layers in the device. The transmission curve is quite
similar to that reported by Tanner in their Fig. 4. Figure 3-12
shows the reflectance curve from a CIS cell structure. The rise
in reflectivity above 0.9 micron is probably due to the anomalous
dispersion at the onset of the plasma mode of absorption in the
zinc oxide front transparent conductor. The value for <Ry>.jg is
0.12 indicating that 12% of the light transmitted through the TFS
stack is reflected away and not used by the CIS device.

The effect of varying front TC thickness on transmission is
shown in Fig. 3-13. The strong decrease in the transmission with
increased ZnO thickness at the TFS band edge is due to scattering
of the radiation by the very rough Zn0 surface. Figure 1-5 in
Section 1 shows a SEM picture of a typical ZnO surface for a 1.28
micron layer. The enhanced Jsc of devices with thicker front Zno
layers is due to the scattering of light which is thought to
cause an increase in absorption path length and light trapping.
The correlation with front layer thickness and Jsc will be
discussed later. Another effect which Fig. 3-13 shows is the
increase in the IR absorption by thicker layers due to the plasma
absorption process. These spectra show that the thicker, more

scattering layers should have a strong effect on the CIS device
performance.

The spectra in Fig. 3-14 show that the back ZnO TC layer on the
TFS device has little effect on the increase of absorption in the
TFS region, and that there are significant increases in near IR
absorption for thicker layers as found for the front TC layer.
The optimization process for the front cell requires the use of
TC layers with the lowest sheet rho. The IR optical absorption
has 1little impact on the performance of the TFS cell since it
occurs outside of the TFS absorption band. Thus, the use of 1.5
micron, 9 ohm/[] 2n0 TC layers is optimal for good TFS
performance. We would expect that these thick layers would have
an adverse effect on CIS performance in a tandem configuration.

The effect of varying i-layer thickness is much more complex as
is shown in Fig. 3-15. At the band edge an effective shift of
the absorption edge towards 1longer wavelengths is seen with
thicker layers as expected. It would be expected that the TFS
device short circuit current would increase. The thickness of
the i-layer has an unexpectedly large effect on the transmission
in the CIS absorption region with thicker layers being more
absorbing. This effect does not have a simple explanation, but
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probably depends on the details of optical interference patterns
in the thin layers.

Figures 3-16 through 3-18 show a series of reflection spectra for
the same range of thicknesses considered in Figs. 3-13 through 3-
15. Several important comments can be made. The thinnest layer
set 0.5/0.15/0.5 shows a large reflectance bump around 900 nm.
This bump is apparently caused by a large mismatch in the indices
of refraction of the layers in the TFS stack in this wavelength
region. Detailed optical modeling will be required to ferret out
the source of this feature. All of the thicker TC examples show
an increased reflectance in the near IR region which goes along
with the decreased transmission described earlier. All of the
examples show that significant reflection occurs in the CIS
absorption region from 0.6 to 1.3 micron. The spectrum for the
thick i-layer case in Fig. 3-18 shows a very strong reflectance
at 1400 nm which is connected with the unusually low transmission
seen in Fig. 3-15 for this case.

These examples show dramatic optical effects for various
thicknesses of the TFS device layers. However, it is difficult
visually to compare the relative importance of each band with
actual performance. This can be done using the 1ntegrated
weighted data descrlbed in the next section.

3.2.4.2 Averaged Optical Data and Cell Data

Examples of the values of the factors in the integrals for
<R1>tfs and <Rjy>-jg are shown in Figs. 3-19 and 3-20. The
squares are the measured data, the solid lines the value of the
weighting factor, and the diamonds the product of the weighting
factor and the data. The ratio of the area under the diamond
curve to that under the solid curve is equal to the average value
to be calculated.

Table 3-4 contains the values calculated for the most important
of the averages for the various TFS device layer configurations.
Tables 3-5 and 3-6 contain the cell parameter values measured for
the TFS devices and the CIS device respectively. Table 3-7
shows the TFS and CIS cell and calculated tandem efficiency as
they depend on the TFS device parameters. The tandem efficiency
is calculated simply as the sum of the individual cell
efficiencies.

The first assumption to check is that the measured Jsc for the
CIS cell is proportional to <Ty>cjs. If this assumption fails
the use of the averaged quantities is not worth while. Figure 3-
21 shows that the filtered CIS current is proportional to the
average transmittance in the CIS absorption band as predicted.
The range of <T;>cig from 0.37 to 0.66 is considerable. Another
check on the validity of the assumptions is to compare <T;>ojg to
the ratio of the filtered current to the unfiltered current.
Ideally the data should fall on the unit straight line. Figure
3-22 shows that the data are linear in this respect, but that the
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Table 3-4. Averaged optical factors and TFS .
device layer thicknesses.

FZO0 : Front Zn0O Thickness
TFS : i-layer Thickness
BZ0O : Back ZnO Thickness

T/S FZ0 TFS BZO <R1>mtf <Rl>cis <T1>tfs <Tl>cis

Fl 0.5 0.15 0.5 0.127 0.196 0.173 0.668
F2 0.5 0.15 1.0 0.141 0.202 0.162 0.639
F3 0.5 0.15 1.5 0.146 0.212 0.152 0.599
FS5 0.5 0.25 1.0 0.121 0.171 0.122 0.633
Fé 0.5 0.25 1.5 0.150 0.213 0.122 0.609
. F7 0.5 0.35 0.5 0.140 0.217 0.106 0.642
F8 0.5 0.35 1.0 0.124 0.194 0.101 0.621
F9 0.5 0.35 1.5 0.125 0.193 0.103 0.603
Fl0 1.0 0.15 0.5 0.101 0.154 0.118 0.573
Fl1 1.0 0.15 1.0 0.097 0.145 0.112 0.547
Fl12 1.0 0.15 1.5 0.101 0.147 0.113 0.533
F13 1.0 0.25 0.5 0.095 0.144 0.075 0.493
Fl4 1.0 0.25 1.0 0.092 0.137 0.080 0.529
F15 1.0 0.25 1.5 0.095 0.140 0.084 0.522
Flé 1.0 0.35 0.5 0.101 0.160 0.071 0.549
F17 1.0 0.35 1.0 0.094 0.146 0.068 0.529
F18 1.0 .0.35 1.5 0.109 0.165 0.070 0.523
F19 1.5 0.15 0.5 0.096 0.144 0.092 0.517
F20 1.5 0.15 1.0 0.098 0.142 0.087 0.485
F21 1.5 0.15 1.5 0.095 0.132 0.086 0.460
F22 1.5 0.25 0.5 0.089 0.137 0.062 0.485
F23 1.5 0.25 1.0 0.093 0.131 0.064 0.464
F24 1.5 0.25 1.5 0.126 0.176 0.055 0.382
F25 1.5 0.35 0.5 0.123 0.185 0.052 0.483
F26 1.5 0.35 1.0 0.095 0.143 0.049 0.449
F27 1.5 0.35 1.5 0.090 0.133 0.052 0.449
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Table 3-5. TFS average device paraméters and
TFS device layer thicknesses.

FZO : Front ZnO Thickness

TFS : i-layer Thickness

BZO : Back ZnO Thickness
T/S FZ0 TFS BZO Voc Jsc ff Eff
Fl 0.5 0.15 0.5 0.825 8.510 0.313 2.200
F2 0.5 0.15 1.0 0.813 8.660 0.319 2.250
F3 0.5 0.15 1.5 0.828 11.750 0.446 4.340
F5 0.5 0.25 1.0 0.823 10.940 0.333 3.000
Fé6 0.5 0.25 1.5 0.811 11.780 0.344 3.290
F7 0.5 0.35 0.5 0.811 10.420 0.313 2.640
F8 0.5 0.35 1.0 0.821 10.240 0.322 2.710
F9 0.5 0.35 1.5 0.674 10.510 0.323 2.290
Fl0 1.0 0.15 0.5 0.716 13.610 0.636 6.200
Fi1 1.0 0.15 1.0 0.709 13.650 0.645 6.240
Fl12 1.0 0.15 1.5 0.642 13.510 0.691 5.990
F13 1.0 0.25 0.5 0.780 15.060 0.669 7.860
Fl4 1.0 0.25 1.0 0.764 14.980 0.667 7.640
Fl5 1.0 0.25 1.5 0.759 14.600 0.665 7.360
Fle6 1.0 0.35 0.5 0.811 15.600 0.665 8.410
Fl17 1.0 0.35 1.0 0.802 15.670 0.687 8.620
F1l8 1.0 0.35 1.5 0.798 15.350 0.672 8.240
F1l9 1.5 0.15 - 0.5 0.608 14.060 0.602 5.150
F20 1.5 0.15 1.0 0.597 14.340 0.558 4.780
F21 1.5 0.15 1.5 0.585 14.190 0.601 4.990
F22 1.5 0.25 0.5 0.650 15.630 0.615 6.240
F23 1.5 0.25 1.0 0.635 15.420 0.642 6.290
F24 1.5 0.25 1.5 0.640 15.010 0.648 6.220
F25 1.5 0.35 0.5 0.733 16.270 0.644 7.680
F26 1.5 0.35 1.0 0.722 16.140 0.627 7.310
F27 1.5 0.35 1.5 0.749 15.730 0.651 7.680
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Table 3-6. CIS device parameters and TFS
device layer thicknesses.

FZO : Front ZnO Thickness

TFS : i-layer Thickness

BZO0 : Back ZnO Thickness
T/S FZ0 TFS . BZ0O Voc Jsc ff Eff
Fl 0.5 0.15 0.5 0.367 21.468 0.579 4.55
F2 0.5 0.15 1.0 0.365 20.458 0.572 4.26
F3 0.5 0.15 1.5 0.363 19.482 0.576 4.07
F5 0.5 0.25 1.0 0.362 19.623 0.575 4.08
Fe6 0.5 0.25 1.5 0.361 18.901 0.577 3.94
F7 0.5 0.35 0.5 0.363 19.810 0.577 4.15
F8. 0.5 0.35 1.0 0.361 18.967 0.576 3.94
F9 0.5 0.35 1.5 0.357 ‘17.937 0.575 3.69
F10 1.0 0.15 0.5 0.363 19.354 0.577 4.05
Fl1 1.0 0.15 1.0 0.361 18.410 0.577 3.83
F12 1.0 0.15 1.5 0.359 . 17.580 0.581 - 3.67
Fl3 1.0 0.25 0.5 0.359 18.207 0.578 3.78
Fl4 1.0 0.25 1.0 0.356 17.058 0.577 3.50
F15 1.0 0.25 1.5 0.357 16.763 0.579 3.47
Flé6 1.0 0.35 0.5 0.359 17.788 0.576 3.68
Fl7 1.0 0.35 1.0 0.357 16.916 0.579 3.50
F1l8 1.0 0.35 1.5 0.357 l16.467 0.577 3.39
Fl9 1.5 0.15 . 0.5 0.360 17.911 0.577 3.72
F20 1.5 0.15 1.0 0.358 16.713 0.581 3.47
F21 1.5 0.15 1.5 0.355 15.659 0.577 3.21
F22 1.5 0.25 0.5 0.355 15.931 0.582 3.30
F23 1.5 0.25 1.0 0.352 15.457 0.576 3.13
F24 1.5 0.25 1.5 0.352 14.770 0.573 2.98
F25 1.5 0.35 0.5 0.357 16.345 0.578 3.37
F26 1.5 0.35 1.0 0.363 14.950 . 0.576 3.04
F27 1.5 0.35 1.5 0.351 14.614 0.578 2.97
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Table 3-7. Tandem efficiency and TFS
device layer efficiencies.

FZO : Front ZnO Thickness

TFS : i-layer Thickness

BZO : Back ZnO Thickness

TFS CIs Tanden

T/S FZO TFS BZO Eff Eff Eff
Fl 0.5 0.15 0.5 2.20 4.55 6.75
F2 0.5 0.15 1.0 2.25 4.26 6.51
F3 0.5 0.15 1.5 4.34 4.07 8.41
F5 0.5 0.25 1.0 3.00 4.08 7.08
Fe6 0.5 0.25 1.5 3.29 3.94 7.23
F7 0.5 0.35 0.5 2.64 4.15 6.79
F8 0.5 0.35 1.0 2.71 3.94 6.65
F9 0.5 0.35 1.5 2.29 3.69 5.98
F10 1.0 0.15 0.5 6.20 4.05 10.25
Fl1 1.0 0.15 1.0 6.24 3.83 10.07
Fl2 1.0 0.15 1.5 5.99 3.67 2.66
F13 1.0 0.25 0.5 7.86 3.78 11.64
Fl4 1.0 0.25 1.0 7.64 3.50 11.14
F1l5 1.0 0.25 1.5 7.36 3.47 10.83
Fleé 1.0 0.35 0.5 8.41 3.68 12.09
Fl17 1.0 0.35 1.0 8.62 3.50 12.12
F1l8 1.0 0.35 1.5 8.24 3.39 11.63
F19 1.5 0.15 0.5 5.15 3.72 8.87
F20 1.5 0.15 1.0 4.78 3.47 8.25
F21 1.5 0.15 1.5 4,99 3.21 8.20
F22 1.5 0.25 0.5 6.24 3.30 9.54
F23 1.5 0.25 1.0 6.29 3.13 9.42
F24 1.5 0.25 1.5 6.22 2.98 9.20
F25 1.5 0.35 0.5 7.68 3.37 11.05
F26 1.5 0.35 1.0 7.31 3.04 10.35
¥F27 1.5 0.35 1.5 7.68 2.97 10.65
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slope of the correlation line is not one and that the Jsc for
the CIS is about 10-20% lower than predicted by <T;>qjg. Part of
this difference can be ascribed to the absorption of light by the
CIS device front ZnO layer. This would account for 2.5 to 7.5%
of the variation since that is the range of absorptivity of this
layer. The balance of the difference is due mostly to the Ry
reflectance of the 2n0/Cd/CIS interface which 'T; does not
include. A final check on the model is provided by comparing the
measured Jsc of the CIS cell under different filters to that
calculated from spectral response data. Figure 3-23 shows a
comparison plot of the ratios of the filtered Jsc values to the
unfiltered values for the cell tester measured values with the QE
integrated values. These values are shown in Table 3-8. Again
the conclusion is that linear relationships hold, but that the
data do not follow theory exactly. Further work will be required
to elucidate the causes of these differences. In any case we
have gained confidence that the averaged optical parameters such

as <T31>cig have use in predicting performance of cells in tandem
modules.

Next we consider the dependence of other parameters on the
averaged optical functions. Jsc for TFS and CIS have an opposing
trend as a function of the average transmittance in the CIS band
as shown in Fig. 3-24. This effect is due to several causes.
Values of high <T1>;jg occur for thin TFS i-layers and for thin
layers of front ZnO transparent. conductors. Thin layers of TFS
cause the expected reduction in TFS Jsc. The thin front TC
layers are smoother and contribute 1less to the scattering
required to obtain high Jsc. Statistical analysis of the data as
a three factor, three level experiment shows that the current
enhancement due to TC thickness is four times larger than the
effect due to i-layer thickness. The region of equal currents
extends from <T;>njg values of 0.35 to 0.50. This would be the
feasible operation region for these devices in a two terminal,
series connected configuration. As Fig. 3-25 shows, the upper

range of this region 1is where the maximum in the tandem
efficiency is found.

The dependence of Voc and fill factor for the TFS and CIS cells
is shown in Fig. 3-26 as a function of <T{>.ijg. The CIS curves
show that the efficiency of the CIS cell depends only on Jsc.
Consequently, we expect that the efficiency of the CIS device -
should depend 1linearly on <T;>.jg based on the data shown in
Fig. 3-22. The data in Fig. 3-26.-for TFS show, however, a
strong dependence on the average transmission in the CIS band.
This is of course an indirect effect. The values for <Tj;>qcig
above 0.60 correspond to very thin front TC layers which caused
high series losses. These losses reduced the fill factor to
about 0.30. A weak minimum may perhaps be perceived in the fill
factor for values of <T1>cis at 0.53. The Voc for the TFS cells
seems to show a general increase for high values of <Ti>.jig-
Statistical analysis shows this effect to be real and to
correlate most strongly with thin front 2ZnO layers. It is not
clear what causes this effect.
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Table 3-8. Comparison of CIS calculated Jg¢

and measured Jgo.

Filter Jsc (meas)  Jge (QE)
No Filter 37.36 36.54
F1 21.47 19.46
F17 16.92 14.66
F27 14.61 12.51
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Fig. 3-23. Comparison of Jg. ratios for CIS devices.
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The effect on TFS and CIS cell performance due to the average
front reflectivity is more difficult to interpret. Figure 3-27
shows the dependence of cell efficiency on <Ri>tfg for TFS and
CIS. The scatter in the TFS data is large indicating that
several effects are interacting strongly and that <R >tfg is not
a leveraging indicator of performance. The highest efficiency
TFS devices do correspond to the lower values of <Rj>rfg. The
dependence for CIS devices is weak. Figure 3-28 shows the data
for the CIS band averaged front reflectance, <Rj;>qjg. Again the
data for TFS are widely scattered. The important aspect of this
data set is that the values for <Rj>ojg are so high: 0.13-0.21.
This is important because it represents radiation which never

enters the tandem module, it is reflected away before it can do
any good.

The spectra for the best TFS layer combination are shown in Fig.
3-29. The value for the CIS band averaged front surface
reflection, <Rj>qjg, is quite high at 0.146. This is probably
due to a strong mismatch in the index of refraction at the
ZnO/TFS boundary. In the CIS tandem absorption band from 0.6 to
1.3 micron the index of refraction of ZnO rapidly decreases from
1.9 to about 1.2 due to anomalous dispersion from the plasma
absorption in the near 1IR. If the ZnO0 had an index of 1.9 to
2.1, as found in low conductivity samples, there would be an
index matching effect to assist the transition from glass at 1.5
to TFS at 4.0. Index matching would reduce the reflections at
the optical interface from glass to TFS. The absence of matching
causes higher than anticipated reflection at this boundary.
There 1s a resultant trade-off since the TC layers favor high

conductivity with the accompanying plasma absorptlon which cause
the anomalous dispersion.

3.2.4.3 Tandem Efficiency and Layer Thicknesses

A direct comparison of the effect of the variation in the three
TFS layer thicknesses on tandem efficiency is shown in Figs. 3-30
through 3-32. The most important effect is that due to the
thickness of the front layer. A relative maximum appears for a
front layer thickness of 1.0 micron. The trade-off against
greater thicknesses seems to be primarily due to the increase in
scattering of the useful CIS. radiation away from the CIS cell
which is not balanced by increased currents in the TFS device.
Examination of the I-V curves for the TFS cells show that the
increase in thickness does not improve the f£fill factor. This
indicates that for this cell current collection geometry 1.0
micron ZnO layers are thick enough to prevent significant series
resistance losses in the TFS cell. Figure 3-31 shows that the
back ZnO thickness does not correlate with tandem performance.
The i-layer thickness dependence shown in Fig. 3-32 is weak. For
i-layers in the range of 0.25 to 0.35 the trade-off of TFS
current with CIS current is relatively balanced. Tanner's work

shows that thicknesses above 0.35 micron should see a significant
reduction in <T1>qig-
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3.2.4.4 Optical Losses in the Tandem Configuration

It is desirable to total up the losses which occur in the tandem
device to determine which problems should be worked on. This can

be done by using the welghted average of Eqg. 3-1 in the CIS band
for instance:

<A31>cis = 1 = <R1>cjig = <T1>¢cis- (3-1)

The calculated value of <Aj;>.jg Corresponds to losses in the TFS
device in the CIS absorption band which are not accounted for by
the reflection from the front surface or by transmission through
the stack. Such. losses include the absorption losses in the
transparent conductors as well as effective losses due to high
angle scattering and optical trapping which prevents the
radiation from reaching the bottom CIS cell. Figure 3-33 shows
the calculated values for <Al>ojg as a function of front Zno
thickness. This variable seems to be the only one upon which
<Aj1>cjg depends. The main conclusion is that 40 to 45% of the
useful CIS 1light disappears in the TFS structure for TC
thicknesses greater than 1.0 micron. This is a large amount of
loss. The expected losses due to absorption by the TC layers is
in the range of 5-15% based on the absorption coefficient for Zno

in this spectral 'band. The m1551ng 25~35% of loss must be due to
the scattering processes.

3.2.5 Future Work and Directions for Progress

A different view of the problem faced for increasing the
efficiency of practical tandem devices is provided by Fig. 3-34.
In this figure the relationship of the measured short circuit
currents for CIS and the TFS cells is shown. Basically the
currents anti-correlate. The direction for progress is to
increase the Jsc of the CIS device without decreasing the current
of the TFS device. This direction is shown by the arrow, which
is at variance with the trend of the current data set.

This means that some significant change in approach is required
to look for higher efficiency alternatives. The most obvious is
to test the effect of using much smoother TC layers. This will
have the effect of perhaps only modestly decreasing the TFS
current while yielding a large increase in the CIS current. This
is somewhat at variance with the dictum to marry optimal tandem
cells to obtain the best tandem module.

Several conclusions can be deduced form the work carried out so
far:

1. The crucial factor affecting CIS tandem cell performance is
the higher than expected optical losses in the TFS stack.
This loss function varied from 0.22 to 0.50.

2. The front transparent conductor controls the large losses.
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The losses appear to arise from two effects: TC layer
absorption loss and large scattering of CIS band radiation.

The front reflection losses in both the TFS and CIS bands
are higher than expected. 1In particular <Rj>cjg ranges from

0.12 to 0.19 and is probably due to index mismatch at the
ZnO/TFS interface.

The use of averaged optical quantities over relevant device
spectral response bands is a useful technique for assessing
the importance of various losses in tandem devices. The
short circuit current of the bottom cell depends linearly on
the average weighted transmittance in its response band.

The next steps are in process to unravel the optical issues. The
goal is to accurately assess the fate of all the photons in the
structure using a predictive model. This model will be used to

point the direction of research to improve the efficiency of the
complete device.

l.

Measure performance response surface for the tandem device
using smooth 2n0 and thicker i-layers. This will assess the
relative importance of TC surface smoothness in determining

device efficiency. We expect <T>ojg to increase
dramatically.

Using standard optical methods accurately measure the
absorption losses in the 2zZnO films. Then assess the

relative importance of these losses compared with.
scattering losses.

Look for ways to reduce <Rf>.jg using standard thin film
optical methods as a guide for experiments. This approach
is along the lines of thin film optical filter development.

Refine the photon counting and efficiency calculation using
a detailed optical and current generation model.

Include the effects of rough surface scattering into a

model for prediction of short circuit current and other
optical losses.
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