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ABSTRACT

This project focuses primarily on the development
and optimization of two II-VI alloy materials for top
cells (CdMnTe and CdMgTe) and HgCdTe for bottom
cells of tandem PV devices. These are being explored
both in two-terminal and four-terminal configurations.
Spectroscopic ellipsometry is being developed for real-
time analysis and deposition control. Parallel effort
addresses the development and optimization of
transparent back contacts (TBCs) for top cells and for
interconnect junctions (IJs). Cell efficiencies with alloys
of E;>1.6 eV have been limited. Narrow-gap HgCdTe
alloys show more promising performance. Prototype
two-terminal and four-terminal devices have been
prepared with good performance from the TBC or IJ.

1. Objectives

The overall project objective is to develop the
foundations of a polycrystalline thin-film technology
leading to tandem cells reaching 25% efficiency at
AM1.5. The U. of Toledo CdTe group is developing II-
VI ternary wide-band-gap alloys Cdi,Mn,Te and Cd;
MgxTe, as well as thin CdTe in the high performance
configuration, e.g., with appropriate current matching
to bottom cells of copper-indium diselenide (CIS)-
based materials or the low-band-gap II-VI ternary Hgq«
Cd,Te, ZnO:Al In;05:Sn (ITO). ZnTe:N and ZnTe:Cu
are being explored to meet the need for transparent
back contacts and low resistance interconnects in
monolithic ~ two-terminal structures. Additional
objectives involve the development of a knowledge
base to facilitate rational materials and device
optimization with an emphasis on spectroscopic
ellipsometry. Optical modeling, using the determined
optical functions of the individual components, is being
performed with thickness and composition as variables
to establish optimum optical collection. In situ, real-
time and post-deposition optical characterization
methodologies are being established to serve as a
model for the analysis of polycrystalline thin films.

2. Technical Approach

After our initial studies of sputtered CdZnTe films
and cells, we have focused our efforts on optimizing
the properties of CdTe alloys with Mn and Mg. To
reach Eg=1.7 eV, the Mn and Mg alloys require only
about 15% alloying in contrast to more than 40% for
Zn. These two alloys also have smaller lattice
contraction with x-value than does Zn. These two
advantages are balanced somewhat by the greater
sensitivity of the alloys of Mn and Mg to oxygen and
water vapor. Thus a major effort is placed on studies
of possible post-deposition treatments in vapors
containing chlorine.

Another technical approach for the fabrication of
two-terminal tandem structures relaxes the 1.7 eV
constraint on the top-cell band gap and utilizes a thin
1.5 eV CdTe layer. The UT group has demonstrated
that sputter deposition yields CdTe cells with good
performance down to a CdTe thickness of 0.7 um.

A third technical approach involves the sputter-
deposition of narrow-gap alloys based on Hg,Cdq,Te
for the bottom cell of the two-terminal tandems.

Additional efforts are directed toward improved top
and back contacts and recombination junctions,
including modeling performance of heavily doped n/p
bilayers with large defect densities.

A significant emphasis is placed on spectroscopic
ellipsometry and the construction of a database of
optical properties of these alloys that will facilitate real-
time optical diagnostics in support of better
understanding and control of thin-film growth and post-
deposition treatments.

3. Results and Accomplishments

3.1 Optical properties of CdMnTe and CdMgTe from
spectroscopic ellipsometry

A rotating compensator multichannel spectro-
scopic ellipsometer with a spectral range from 0.7 to
6.5 eV is being used to obtain real-time spectroscopy
during film growth with monolayer sensitivity. The
lower photon energy data are used to track the overall
thickness of the film versus time and the bulk optical
properties associated with free carriers, whereas the
high energy data are used to track the near-surface
optical properties due to interband transitions and
hence the alloy composition of the growing film. See
Table 1. Further detail on recent SE results is given in
a separate poster in this meeting.

Table 1 Band gap and critical point energies and widths for the as-
deposited and CdCl,-treated Cdq<MgxTe of Fig. 1 in comparison
with CdTe results.

CdTe CdTe CdMgTe CdMgTe

as-dep. CdCl,- as-dep. CdCl,-

treat. treat.

E, (eV) 1497 | 1499 | 1615 | 1633
E,(eV) 3.274 | 3.331 | 3.354 | 3.303
I'(E,) V) | 0.411][]o.200[||0.480 | [0.216|
E,+A,(eV) | 3.844 | 3883 | 3901 | 3.878
[(E,+A,) (eV)| [0.484]0.368| | |0.520| | [0.309)
E,(eV) 5193 | 5208 | 5179 | 5.197
I'(E,) (eV) | 0.993]]|]0.796| | [1.252| | [0.879|
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3.2 Top cells with transparent back contacts

We have fabricated sputtered CdS/CdTe cells with
a variety of transparent back contacts. The most
promising devices had contacts consisting of either (a)
ZnTe:N/ITO or (b) ZnTe/Cu/ITO, where the ZnTe:N
was reactively sputtered and the indium tin oxide (ITO)
was also sputtered. The copper was evaporated.
Best cell parameters were:
(a) Voc=643 mV, Jsc=21.9, FF=65%, and n=9.1%, and
(b) Voc=699 mV, Jsc=19.2, FF=52%, and n=7.0%.
The substrate was Pilkington TEC-7 with CdS (0.13
pm) and CdTe (1.8um). The ZnTe and ITO were 100
nm and Cu 3 nm thick. All layers were sputtered. The
thicknesses of the transparent back contact layers
were not carefully optimized to achieve anti-reflection
conditions. In structure (b) the ZnTe layer was added
before the 3 nm of Cu to prevent excessive diffusion of
Cu into the CdTe. Cells with CdTe as thin as 0.68um
finished with contact (a) yielded 6% efficiency but with
lower Voc and FF. We are optimistic this type of
structure might be suitable for four-terminal tandems in
conjunction with CIGS. In fact we have recently
fabricated such a device and delivered to NREL. The
QE responses of the top and bottom cells are shown in
Fig. 1.
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Fig. 1 QE response of CdTe top cell with contact structure (a)
and CIGS bottom cell.

3.3 Progress with Mg alloys of CdTe

Cd,xMgxTe films have been prepared by magnetron
sputtering from commercial sintered targets prepared
with 20% and 40% MgTe by weight. These have
resulted in alloy films with x = 5% and x=20% with
excellent density and p-type characteristics. (Slightly
higher x-values were obtained when Ne was used as
the sputter gas rather than Ar, as expected from
momentum transfer considerations. However, the
sputtering rate decreased, so most of our work has
used Ar.)

For CdS/CdqMg,Te cells, we found that some post-
deposition treatment in vapors containing ClI
significantly improved efficiencies, similar to the case
of CdTe. We believe this treatment helps passivate
grain boundaries in these alloys. Best results were
obtained with a two-step anneal, first in an inert
atmosphere and then for 5-10 minutes at 390 °C in
vapors of CdCl,. Best cell performance to date has
been achieved with 5% Mg yielding 3.4% efficiency.
The QE onset was 1.58 eV.

3.4 Progress with Hg alloys of CdTe

Hg.xCd,Te alloy films have been prepared by
sputtering from targets sintered from the mixed binary
alloys with excellent characteristics. Dense single-
phase films were obtained with deposition at ~100 °C
where the as-deposited x-value was ~80% and Eg=1.1
eV. Again cell performance improved significantly with
activation anneal treatments in Cl vapors but with less
tendency to lose initial stoichiometry.

The structure of the superstrate, monolithic (2-
terminal) tandem is shown in Fig. 2 in comparison with
the four terminal device using CIGS for the bottom cell.
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Fig. 2 Structure of 4- and 2-terminal cells based on a I-VI top
cell and either CIGS or HgCdTe bottom cells similar to those
realized in this project.
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4.Conclusions

Our most promising results for tandem cell
preparation have been with very thin CdTe top cells.
This work indicates promise for a sputtered,
superstrate-structure top cell with CdTe thickness
below 0.8 uym followed with a sputtered interconnect
junction of ZnTe:N/ITO and a CdS/HgCdTe bottom
cell. Although some progress has been made, post-
deposition activation treatments seem to be necessary
for the wide-band-gap alloys and these remain
challenging. The Hg alloy films are more stable in
post-deposition processing.
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PROJECT HISTORY & RELATIONSHIPS

This project is an offshoot of a long-running research
thrust on CdTe-based solar cells initiated at UT in
1990 with a three-year subcontract from the Solar
Energy Research Institute (SERI) and having Solar
Cells Inc, as a lower-tier subcontractor. Although the
UT and SCI funding was separated after the first year,
we have continued with frequent collaborations.
SERI/NREL support for the UT effort has continued
since that time, evolving into Thin Film Photovoltaics
Partnership Program support for research on CdTe-
based solar cell structure and fabrication, cell
modeling and characterization of materials and
devices. Professor Xunming Deng joined the funded
research in 1998, bringing expertise in amorphous
silicon-based solar cells and broad cell processing
knowledge. Professor Dean M. Giolando brought
expertise in thin films of metal oxides to the group in
2000. Professor Victor Karpov joined the funded
research in 2001, bringing theoretical expertise in
semiconductor and device physics. Professor Robert
Collins joined these efforts in 2004, bringing expertise
in optical physics and real-time analysis. Sylvain
Marsillac, an expert in chalcopyrites, joined the group
UT PV in the fall of 2005.

As an NREL subcontractor the UT PV group
places particular emphasis on collaborations with
industries related to the PV field and for the training of
students and postdoctoral associates for contributing
to the PV-related industries. The UT PV group has
been awarded several NREL contracts jointly with
industrial partners (as sub-contractor to Solar Cells,

First Solar, and ISET and as sub-contractor for First
Solar and ITN) as well as direct grants from industrial
sponsors to UT. Other collaborations are developing
with newer companies in the Toledo area such as
McMaster Energy Enterprises, Midwest
OptoElectronics (MWOE) and Innovative Thin Films
(ITF). Both graduate and undergraduate students and
postdoctoral associates have been and are employed
as interns and as full employees of First Solar, MWOE
and ITF.

The extensive research on sputtered CdTe-based
thin film solar cells provided a unique opportunity for
UT to respond effectively to the NREL solicitation
“High Performance Photovoltaics Program, Phase IA --
Identifying Critical Pathways”.  With the resulting
award, the UT research project on |I-VI ternary alloys
entitled "Polycrystalline Thin-Film 1I-VI Top Cells for
Tandem Photovoltaics" was initiated using the
versatile and scalable low-temperature sputtering
method to prepare ternary alloys with wider and
narrower gaps than CdTe, which enable development
of the tandem devices. Low deposition temperatures
are likely to be key to depositing a good second cell
without damaging the first. The following
accomplishments were achieved within the two-year
Phase IA research program:

. High quality as-deposited films of Cd,, Zn,Te
and Cdq.4Mn,Te with band gaps of 1.6 to 1.8 eV
were obtained from unreacted targets composed
of mixed binary compounds;

. Optimized post-deposition CdCl, treatments
on the best sputtered CdS/Cd, Zn,Te solar cells
gave reasonablzy good performance (V,.=0.74 V,
Jsc=19 mA/cm®, FF = 0.51); however, the
CdS/Cdy4Mn,Te cells were much poorer (V,.=0.58
V, Jsc=5.6 mA/cm?, FF = 0.31);

. High quality as-deposited films of Hg,CdTe
with a band gap of 1.0 eV were successfully
deposited, and good reproducibility in x could be
obtained by controlling substrate temperature and
gas pressure;

. Post-deposition CdCl, treatment of Hg,Cd,«Te
improved structural and electronic properties as
indicated by an increase in conductivity by three
orders and in grain size by a factor of three;

. Recombination junction structures were
fabricated from ZnTe:N/ZnO bilayers with contact
resistance of ~1.5 Q-cm? and utilized in some
prototype cell structures and transparent back-
contacted devices.

. Two-terminal tandem cells were fabricated
with CdTe (d=2.0 ym, Eg=1.5 eV) top and Hg,Cd;.
«1e (d=1.2 ym, Eg=1.1 eV) bottom cells. Although
an improved V., of the tandem (V,.=0.96 V) was
obtained over single junction devices, the
efficiency (1.2%) was reduced due to the low
current (2.0 mA/cmz) which was limited by the
bottom cell.



The new NREL project under “Phase IB -- Exploring
and Accelerating Ultimate Pathways”, entitled
"Sputtered II-VI Alloys and Structures for Tandem PV",
which is the focus of the present review will extend the
initial progress into new ternary alloy fabrication, post-
processing optimized for these alloys, further tandem
device  development, and more  advanced
characterization and device and optical physics.

COMMERCIALIZATION PLANS

Over the past eighteen months the CdTe PV
group, together with the amorphous and
nanocrystalline silicon group and the CIGS group at
The University of Toledo, has actively engaged with
PV-related companies in Ohio to establish the Wright
Center on Photovoltaics Innovation and
Commercialization (PVIC). This center involves
collaboration also with The Ohio State University and
Bowling Green State University and is partially funded
by the Ohio Department of Development. The PVIC
brings together three major Ohio universities, 13 PV-
related companies, federal laboratories and not-for-
profit organizations in Ohio to tackle issues related to
lowering the cost of installed solar products and to
stimulate PV-related entrepreneurship.

PVIC was formed as a means of coupling the
strong PV research base at the University of Toledo
with a core competency of advanced manufacturing in
Ohio. Innovation and commercialization activities
revolve around eliminating market barriers currently
facing companies in the PV sector. Companies active
in the PV industry, from those researching advanced
materials development to those deploying energy
producing devices, advise and coordinate experts in
Ohio universities and Battelle in their PVIC
contributions. Ultimately, PVIC consists of an
internationally recognized group of PV fabricators with
an infrastructure attractive to companies that are
already successfully marketing and to researchers of
the future generations of PV. These activities bring
together established companies and researchers, at
the forefront of developments in the PV industry, and
seed the formation of new startup companies. For
maximum impact on increasing production efficiency
and lowering costs, PVIC takes a vertically integrated

approach from research in advanced materials to the
fabrication of production-scale modules, to issues
related to installation, and finally to aspects of
customer acceptance. Consequently, PVIC consists of
academic, industrial, and federal laboratory members
as experts in semiconductors or as suppliers to PV
fabricators. Collaborators in PVIC possess knowledge
of how to overcome real-life problems arising in
connecting a module to the electric grid and how to
obtain customer support for building-integrated PV
designs. Companies along the entire value chain have
been brought into PVIC, and each has identified its
current market status relative to shipping products or
providing services to customers. Each company
identified what commercialization barriers exist
between their current positions and where they need
to be in order to satisfy customer demands. Based on
the collective expertise of the personnel in PVIC,
equipment, instruments, and techniques were
identified that can help to eliminate commercialization
barriers faced by each of the companies involved in
the Center.

In addition to helping established industries in the
full value chain of the PV market, members of the UT
PV group have founded companies to assist in the
commercialization efforts. By way of example faculty
investigator, Dean M. Giolando, co-founded Innovative
Thin Films, employing a chemical spray technique to
deposit a number of metal oxides, which can be
inserted into the TCO/CdS/CdTe PV stack to provide
an enhancement in overall power output. While
working with the PV fabricator, Solar Fields, the
coatings allow a thinning of the CdS layer and an
increase of one to two percent in the efficiency of
large-area devices. The PVIC structure allows for
acceleration in  commercializing these findings
because it brings together substrate producers such
as Pilkington NA and PV fabricators such as Solar
Fields to exploit intellectual property developed under
this contract at UT.
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