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ABSTRACT

Cadmium telluride (CdTe)-based cells have emerged as the leading commercialized thin film photovoltaic technology and has intrinsically better temperature co-
efficients, energy yield, and degradation rates than Si technologies. More than 30 GW peak (GW}) of CdTe-based modules are installed worldwide, multiple com-
panies are in production, modules are shipping at up to 18.6% efficiency, and lab cell efficiency is above 22%. We review developments in the science and technology
that have occurred over approximately the past decade. These achievements were enabled by manufacturing innovations and scaling module production, as well as
maximizing photocurrent through window layer optimization and alloyed CdSe,Te;.x (CST) absorbers. Improved chlorine passivation processes, film microstructure,
and serendipitous Se defect passivation significantly increased minority carrier lifetime. Efficiencies >22% have been realized for both Cu and As doped CST-based
cells. The path to further efficiency gains hinges primarily on increasing open circuit voltage (Vo) and fill factor (FF) through innovations in materials, fabrication
methods, and device stacks. Replacing the longstanding Cu doping with As doping is resulting in better module stability and is being translated to large-scale
production. To realize 25% efficiency and >1 V V., research and development is needed to increase the minority carrier lifetime beyond 100 ns, reduce grain
boundary and interface recombination, and tailor band diagrams at the front and back interfaces. Many of these goals have been realized separately however
combining them together using scalable manufacturing approaches has been elusive to date. We review these achievements and outstanding opportunities for this
remarkable photovoltaic technology.

1. Introduction

Thin film photovoltaic (PV) technologies often utilize monolithic
integration to combine cells into modules. This is an approach whereby
thin, electronically-active layers are deposited onto inexpensive sub-
strates (e.g. glass) and then interconnected cells are formed by subse-
quent back contact processes and scribing. This differs from wafer-based
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(e.g. Si) technologies wherein wafers are individually processed into
cells, soldered together, and packaged into modules. Cadmium telluride
(CdTe) thin-film PV modules are the primary thin film product on the
global market, with more than 30 GW peak (GW),) generating capacity
representing many millions of modules installed worldwide, primarily in
utility-scale power plants in the US. The U.S.-based company First Solar
has progressed from a 25 MW,/year manufacturing line in 2005 to a

Received 17 August 2022; Received in revised form 6 March 2023; Accepted 9 March 2023

Available online 28 March 2023

0927-0248/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).



M.A. Scarpulla et al.

target of 21 GW,, annual production by 2024. This remarkable progress
reflects a more than doubling in module power conversion efficiency
(PCE) from ~9% to just over 19% over this period as well as the inherent
economics of the technology [1]. Thanks the advancements in conver-
sion efficiency and production scaling, the cost has steadily declined by
more than 10 times. CdTe technology crossing the $1/W, barrier helped
spur massive investments in photovoltaics manufacturing, which in turn
has brought the cost of PV electrical generation below that of many fossil
fuels (the two are at least temporally correlated) [2]. Meanwhile, the
efficiency of research-scale record cells progressed from 16.5% in 2001
[3] to >22% by 2015 [4]. When looking beyond the traditional metric of
efficiency, CdTe technology has demonstrated embodied carbon,
embodied energy, and energy payback time that are more than a factor
of two lower than Si [5]. For comparison, it is estimated that producing
Si modules requires approximately 67 kg COy per MWh electricity
produced while for CdTe modules the figure is near 11 kg CO2/MWh; a
large part of the difference stems from the ~100x lower volume of active
semiconductor in CdTe modules (which drives the energy use in all
purification and growth/deposition steps). CdTe modules are
most-widely deployed in utility-scale power plants built by First Solar;
Fig. 1 shows an ariel view of the 550 MW Topaz project in the USA,
while Fig. 2 shows schematic views of a modern module and a photo of
many modules installed on a 1-axis tracker.

Current CdTe-based module technology relies on a p-type doped
CdTe or graded CdSe;xTex (CdSeTe) [6-8] polycrystalline thin film
absorber layer with minimum bandgap 1.5 eV-~1.4 eV (respectively)
fabricated in a superstrate configuration on glass meaning that light
enters through the glass. In most commercial modules, in order to ach-
ieve long-term reliability with minimized degradation, a second piece of
glass and edge seals hermetically encapsulate the module, presenting a
large opportunity for bifacial modules with transparent back electrodes
[9-12]. The absorber layer is deposited, most commonly using physical
vapor deposition processes, onto a stack of n-type transparent con-
ducting oxide (TCO) window layer and (historically) a buffer layer, as
shown in Fig. 3. In thin film technologies, buffer layers were introduced
to attempt to make lower-recombination interfaces with the absorber.
CdTe-based solar cells have been made on other substrates such as steel
or polymers in laboratories, but these approaches have yet to be
commercialized.

To deposit the absorber, the largest-scale manufacturer (First Solar)
implements vapor-transport deposition (VID), in which sublimed CdTe
vapor is transported by an inert carrier gas to the substrate. Their

Fig. 1. Ariel view of the Topaz solar farm, San Louis Obispo County, CA, USA.
It was completed in 2014 using >9 million First Solar CdTe modules for an AC
generating capacity of 550 MW. It is currently owned by Berkshire Hathaway
Energy and produces an average of nearly 1.3 million megawatt-hours (MW-h)
annually. Image courtesy of First Solar.
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manufacturing process takes less than 4.5 h to go from TCO-coated glass
to a finished modules ready for shipping. Fig. 4 shows a schematic of the
VTD system developed by First Solar and the US National Renewable
Energy Laboratory that won a 2003 R&D100 award [13]. Other ap-
proaches including close-space sublimation, sputtering, and electrode-
position have also been attempted commercially [14]. Absorber
deposition is almost universally followed by annealing of the absorber
layer in the presence of chlorine (Cl) — a unique processing step
involving annealing in the presence of usually (but not always [15,16])
CdCl, which variously removes intragrain structural defects, induces
grain growth or recrystallization, and passivates grain boundaries.
Historically, this has been followed by Cu doping and the formation of a
p-type back contact (Cu-free cells are a current thrust in R&D). The
formation of Ohmic contacts to p-type CdTe has historically been chal-
lenging and providing access to the surface to allow surface treatment is
one reason for the superstrate architecture, as opposed to substrate ar-
chitecture used for other thin film chalcogenide technologies e.g. Cu(In,
Ga)Se; (CIGSe). P-type ZnTe deposited by sputtering is currently utilized
as a back contact in leading production.

The device physics of film photovoltaic devices follow those for p-n
heterojunctions, however especially in capacitance, cells having buffer
layers also share features with (very leaky) metal-insulator-
semiconductor (MIS) structures [17]. To date photocarrier collection
from the TCO and buffer layers has been negligible, thus both photo-
current and photovoltage are developed in the absorber layer. Prior to
approximately 2014, minority carrier lifetimes were low (~1-10 ns at
best) with correspondingly short minority carrier diffusion lengths.
However, lifetimes of many hundreds of ns have been measured from
recent absorber layers implying diffusion lengths greatly exceeding the
cell thickness. A recent report on CdTe single crystals demonstrated
lifetime exceeding 30 ms and diffusion lengths of 100 pm [18]. As bulk
lifetime has increased, the TCO/CdSeTe interface and similarly,
hole-selective, low-resistance, passivated Ohmic back contacts have
become critical topics of current R&D. Efficiency is assessed at the max
power point (MPP), which is very close in voltage to the open-circuit
voltage (Vo) and thus also flatband voltage in the absorber. The band
diagram of Fig. 5 is thus shown at V. rather than the conventional short
circuit current (Jso) or V = 0 point because remediating the outstanding
voltage and efficiency losses at the maximum power point (which is
close to Vo) must be the goal. FF is close to its maximum given typical
diode ideality factors. Similarly, hole-selective, low-resistance, passiv-
ated Ohmic back contacts are critical topics of current R&D. Concep-
tualization of the cell as a long-lifetime absorber with low-resistance,
thermodynamically-reversible (Ohmic), carrier-selective contacts is
critical for properly identifying paths to higher V. and efficiency. For all
PV cells approaching the detailed balance SQ limit, carrier collection is
thus necessarily by diffusion rather than drift and the device should be
recognized as a short diode, which implies that that even the back
contact recombination velocity are important to eliminate.

Jsc as well as FF have now been optimized by advancements in de-
vice architecture, materials, and processing which has progressed to a
stage where the cell operating principles have evolved to that of other
high-efficiency (>20%) single-junction PV technologies utilizing long
minority carrier diffusion lengths for collection from the whole of the
absorber by diffusion (as opposed to collection from only a portion via
drift in the case of short diffusion lengths) [19]. Further, parasitic optical
and resistive losses associated with the historical CdS/CdTe solar cell
architecture have been largely overcome by replacement of the CdS with
wider-gap buffer alternatives [20,21] and/or fully consuming the buffer
layer to form an alloyed region in the front of the absorber [6].

Despite these remarkable achievements, CdTe thin film technology
has not yet overcome obstacles limiting its Voc. Within the detailed
balance limit, ignoring Auger recombination and assuming mandated
emission into 2z str, the optical band gap Eg of 1.48 eV for CdTe (~1.4
eV for alloyed CdSeTe) should enable AM1.5G V. of 1.214 V (1.140 V)
[23], yet Vo remains stubbornly at or below 850-900 mV for all but a
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Fig. 2. A) Illustrations of the front and back of a modern production CdTe-based module — First Solar Series 6 in this case. These production modules have integrated
frames attached on the backside, dual junction boxes to reduce cabling lengths, and are rated at 420-485 Watts peak at 18.2-19.2% AM1.5 efficiency. B) Image of

CdTe modules installed on a 1-axis tracker. Images courtesy of First Solar.
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Fig. 3. Cross-sectional schematic of a state-of-the-art
bifacial CdTe PV module, showing schematic flow of
blue electrons from a cell on the left, through the
interconnect region, into the cell on the right. The
monolithic interconnection of two cells on the left
edge and right consists of the black encapsulant used
to divide the rear conductor, the vertical current TCO
path from the front of the left cell to back of the right
cell, and the green insulating layer separating the

ZnTe, CdSeTe, and TCO layers between the cells.
Image courtesy of First Solar.
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very few state-of-the-art polycrystalline thin film cells. Further
increasing V. in large part defines the research avenues for advancing
the remaining technical issues needed to achieve PCE >25% [24,25].
The priorities for Voc improvements are maximizing photocarrier lifetime
by eliminating all non-radiative recombination (1) in the bulk of grains,
including from alloy fluctuations causing bandgap variation [26]; (2) at
the front buffer/absorber interface; (3) along grain boundaries; and (4)
at the back contact. As long as photocarrier lifetimes are still far below
the radiative limit, and assuming that at the radiative limit V. is inde-
pendent of absorber doping, gains in V,. may also be realized by (5)
increasing doping. With the increase of absorber doping, voltage fluc-
tuations (6) from poor dopant activation that may exhibit as
sub-bandgap absorption starts to limit voltage [27,28]. Additional in-
creases in cell V. will result from front and back contact optimization
towards carrier-selective, low-resistance, energy-level-matched Ohmic
contacts [29]. Ohmic implies no energy level offset from absorber to
contact, thus thermodynamically-reversible and inducing no loss of
voltage. These attributes will allow photocarriers to be extracted Vo
equal to the internal quasi-Fermi level splitting which measures the

@——— Transparent Conducting
©——— Absorber Layer (CdSeTe
» (71 Te
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dynamically-stored electrical potential energy in the form of excess
carrier concentration(s), and thus exactly at the respective quasi-Fermi
levels without losses (7) of photocurrent Jg; or voltage in the forms of
(8) energy level offsets or (9) resistance losses through the contact
layers. After these lowest-hanging but critical device physics goals are
realized, the last logarithmic increments in V, related to photon recy-
cling and external quantum efficiency (EQE) can be fruitfully pursued
[30]. It is emphasized that the next generations of CdTe-based cell
technology must resembles high-efficiency cells in which
carrier-selective contacts extract carriers and voltage via diffusive
transport from an absorber with bulk lifetime approaching the radiative
limit; many discussions in older literature were apt for low-lifetime
devices relying primarily on carrier collection by drift.

There have been a number of other notable overview and review
articles [19,31-35] and books/book chapters [7,17,36-43] on CdTe
photovoltaics in addition to the specialized literature. Very rapid prog-
ress has occurred and been reported in detail in the open literature in
recent years, as well as disclosures by companies (First Solar and
GE/Primestar primarily) as to the details of how previously-reported cell
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Fig. 4. Artist’s conception of high-rate VTD system for large scale CdTe PV module manufacturing, showing glass to be coated moving under the apparatus from
lower right to upper left, while the CdTe feedstock (shown in green) is continually fed from hoppers into the hot zone of the deposition apparatus which spans the
entire width of the glass. Image from US government report in public domain [13].

and module performance records were achieved [19,44,45]. We chose
2014 as a transition year for this paper, as multiple reviews were pub-
lished near this time covering developments in CdS/CdTe based cells
with Cu doping up to that point and it approximates the transition of the
technology to the current high-efficiency designs. After 2014, wide-
spread replacement of CdS with wide-gap MgZnO (MZO) buffer layers
(as opposed to CdS) or eliminating the buffer layer entirely, and the
introduction of Se alloying in the CdTe absorbers have resulted in rapid
gains primarily through increases in Jg, but also in minority carrier
lifetime [19]. Recognizing that intragrain Te-rich native defect chem-
istry may result in lower minority carrier lifetime and that group-V
doping (also facilitated by Cd-rich conditions) might offer higher
doping and carrier lifetime set new directions in absorber research [46,
47]. Pathways towards the Shockley-Queisser detailed-balance limits for
Voc and efficiency have been laid out [25], based first on increasing the
absorber effective minority carrier lifetime (determined by intragrain
lifetime as well as grain boundary and interface recombination) and hole
concentrations (at the radiative limit in low-injection, doping will not
matter but while non-radiative recombination is significant, increased
doping offers V. gains). The absorber optimization pathway is widely
thought to combine Cd-rich final absorber stoichiometry, substitutional
group-V doping replacing Cu, and refinement of film deposition and Cl
treatment leading to optimized absorber microstructure free from hor-
izontal grain boundaries and having maximized lateral grain sizes to
reduce vertical grain boundary density [48]. The final optimizations are

predicted to be related to optimizing contacts, or in other words opti-
mizing interface recombination and heterointerface energy level align-
ments, band bending, and contact resistance. At the time of writing,
many of these concepts have been individually demonstrated in com-
binations of single-crystalline and polycrystalline embodiments, but
integration of all these features together into thin film devices essen-
tially defines the critical path for R&D towards thin film cells
approaching the detailed-balance performance limits.

2. Brief history to approximately 2014

The photovoltaic effect in II-VI compounds with 6% efficiency was
first observed in what were later recognized to be CdS/Cuy«S hetero-
junctions in 1954 (interestingly, this is the same year Bell Labs
announced 6% crystalline Si cells as “solar batteries”) [49,50]. The first
all-thin film solar cells were developed based on evaporated CdS films in
the former USSR [50]. Through the 1960’s to 70’s, devices were formed
by the Clevite wet process which consisted of immersing polycrystalline
CdS films in a Cu-containing aqueous solution causing ion exchange and
topotaxial conversion of the surface to CuzS, or by the Phillips dry
process which involved evaporation of CuCl followed by heat treatment
[51]. CdTe thin film solar cells grew out of these II-VI semiconductor
beginnings, in-parallel with CdS efforts at General Electric and the US
Air Force, as Loferski [52] had realized that the CdTe bandgap was
well-matched to the solar spectrum. Also, CdTe could be doped both n-
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Fig. 5. (a) Schematic diagram of Colorado State

(a) (b) nTe

University (CSU) research cells using MZO buffer, Se-
alloyed absorber, Cu doping, and Te back contact

using p-type ZnTe back contact. (c) SCAPS [22] band
diagram at AM1.5 V,,. conditions for a representative

layers. (b) Schematic diagram of current First Solar
and CuCl treatment CdTe AS / cells with Se-alloyed and As-doped absorber, and

CdTe (3 um) FTO/MZO/graded CdSeTe/CdTe/ZnTe cell built on
/-‘ an absorber layer with >100 ns photoelectron life-
time (and thus minority diffusion length > thickness).
CdsexTe i-X: AS (d) Cross-sectional SEM micrograph of a representa-
- tive CSU cell showing large absorber grains.
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and p-type — a factor that has not received as much attention in the PV
context.

Development of CdTe cells began in the 1960’s with single crystal
CdTe, evolving from diffusion-doped p-n homojunctions to hybrid thin
film/single crystal structures in first homojunction and later hetero-
junction configurations [7]. Cell development using polycrystalline thin
film CdTe deposited in the superstrate configuration on transparent
conductive tin oxide coated glass, as still used today, began in 1969 in
the USSR but rapidly expanded worldwide to commercial labs such as
Kodak (USA) and Matsushita (Japan) and numerous university research
labs using different CdTe deposition methods. Cell PCEs exceeded 10%
by the late-1980°s once a post-deposition anneal of the stack in the
presence of CdCl; (or inclusion of Cl in spray pyrolysis or electrodepo-
sition) was added to the cell fabrication process and found to be
compatible with Cu doping. In parallel, annealing with CdCl, became
known in the radiation detector community to improve material prop-
erties and device performance. Early work on Cl treatment of
TCO/CdS/CdTe cells occurred from 1987 to 1993 by Meyers, Leng, and
Frey at Ametek, McCandless and Birkmire at IEC. Finally, Britt and
Ferekides at USF produced a world record cell of 15.8% in 1993 [53].
The next innovations resulting in slow increased cell efficiency came
from work on front window layers and back contacting processes,
leading to a 16.5% cell record from NREL that was not eclipsed for
another decade [21]. Throughout the approximately 20-year period
from approximately 1994 to 2014, a rather small community of dedi-
cated researchers tried many material and fabrication variations,
developing a large body of understanding that underpins the current
state of the art.

Several fabrication methodologies reached commercial-scale devel-
opment during the 1990’s, most notably at Monosolar (later to become
BP Solar), Photon Incorporated (later to become Golden Photon), Solar
Cells Inc (later to become First Solar), and Antec (later to become CTF
Solar). Collaborations between corporate, university and national lab-
oratories in this decade fostered much in-depth probing of cell-level
operation and potential cell-based instability mechanisms which could
affect module lifetime. By the mid-2000’s First Solar and BP Solar were
the largest commercial entities going into the ~2005-2020 period of
accelerating growth of the worldwide solar energy sector. By 2009, CdTe

manufacturing costs at First Solar dropped below $1/W,, (~2 years prior
to Si doing so and with an order of magnitude lower capacity [54]) a
metric previously identified as necessary to reach grid parity for utility
scale installations [32]. At the end of 2011, however, as BP Solar ceased
CdTe operations, General Electric entered the field, ultimately achieving
a then-record cell PCE >18% in 2013 (as GE Primestar); in the same
year, they ceased operations and their IP portfolio was acquired by First
Solar. In 2012, First Solar achieved a world record 17.3% cell efficiency
associated with introduction of the ZnTe contact [55]. Several other
companies had CdTe development projects in the 2000-2014 timeframe
including Bloo Solar, Canrom, Corning, Solexant, Lucintech, Solar
Fields, and Willard & Kelsey Solar Group. Solar Fields’ technology was
acquired by Calyxo, a subsidiary of Q-Cells, in 2007 and had production
in Germany until early 2020. Willard & Kelsey's assets were acquired by
Toledo Solar in 2019. For First Solar, 2014 was a benchmark year in thin
film CdTe cell efficiency gains and module production. During this time
period, these gains in performance were driven primarily by optimizing
Jsc through reducing parasitic absorption in the TCO and buffer layers by
changing and optimizing materials and fabrication, optimization of
optical design such as varying layer thicknesses, and through reducing
the absorber’s minimum bandgap. This last innovation was eventually
disclosed [44] after a few years to have been achieved by introducing a
CdSe; xTex (CST) layer at the front of the absorber. Through cell-level
design changes, cell PCE = 22%, module PCE = 17.5% and module
manufacturing cost below USD $0.46/Watt have been achieved [1,56].
In the past decade, a few other commercial ventures have also become
active including Toledo Solar, and in China, ASP and CNBM. While First
Solar focuses on the utility-scale market and has the majority of today’s
multi-GW CdTe manufacturing capacity, Toledo Solar, CTF Solar
(CNBM), and ASP all have 100 MW,/yr capacities with at least some
focus on roof-top and building-integrated (BIPV) markets. Lucintech is
another US-based company that is addressing transportation-integrated
PV. A more extensive history of PV focusing on CdTe has appeared
recently [57]. Fig. 6 displays estimated PV learning curves for c-Si, a-Si,
and CdTe up to 2013 showing the cost and price per watt advantage for
CdTe and its earlier crossing of the $1/Wp line. These data were
compiled from sources outside First Solar and do not represent the
official views of the company.
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Fig. 6. Compiled PV learning curves for Si and CdTe up to 2013. Data compiled
by M.A. Scarpulla from various sources as indicated. Special thanks to Tim
Gessert for the a-Si data and CdTe data marked as NREL and to Jenny Chase &
Paul Maycock for data marked as BNEF. These data were collected from
available sources outside of First Solar and do not represent its views or its
internal data.

3. Modules and industrial trends

In 2019, First Solar reached a milestone of 25 GWj, modules shipped
for the utility scale market. The module AM1.5 aperture efficiency
exceeded 19% for Series 6 and by the time of writing has reached 19.5%
[58]. By 2020, First Solar has largely transformed to Series 6 product
(approximately 2 m x 1.25 m) with 5.7 GW,/yr capacity, while retiring
the S4 (0.6 m x 1.2 m) production. The current Series 6 module wattage
is 420-485 W, depending on performance binning. 21 GW}, production
capacity is expected by the end of 2024 from factories in the US,
Malaysia, Vietnam and India like the one pictured in Fig. 7. Toledo Solar
has targeted the residential rooftop market with 115 W modules with
0.6 m by 1.2 m form factor. Toledo Solar is also developing
semi-transparent products for BIPV. Reel Solar demonstrated 17.2%
(aperture) efficiency at 98 cm? with electroplating of graded CdSeTe
absorber. The company also invested in semi-transparent modules with
ultrathin absorber layers and in bifacial modules. However, Reel Solar
ceased operating in 2020. Advanced Solar Power (ASP) reported 19.7%
cell efficiency (Voo = 856 mV, Js. = 28.92 mA/cmz, and FF = 79.63%).
ASP’s S2 and S3 modules are 0.6 m by 1.2 m in form factor, with name
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pate wattage 100-105 W. In addition, ASP also developed productions
and applications for building-integrated PV (BIPV), such as solar shin-
gles, transparent solar modules, solar facades. In 2019, CNBM ramped
up 100 MWp,/yr CdTe production in Chengdu, with efficiency 13% and
96% yield. The company also expected to ramp up another 100 MW,
production line in 2020, and additional production capacity planned.
CTF, CNBM’s research center in Germany, has reported 19.3% CdTe cell
efficiency. While other CdTe companies have generally used a business
model where they make their own factories and modules, Reel and CTF
have attempted a different approach in which they develop the process
and build factories for other entities. Similar to ASP and Toledo Solar,
CNBM is also developing products for BIPV applications. In 2019, Ruike
demonstrated 14.6-15.3% efficiency modules (105-110 W for the 0.6 m
x 1.2 m form factor). Ruike currently has 100 MW pilot production and
its products also include BIPV applications.

4. Recent performance advances

Fig. 8 shows schematic cell material stacks for historical, present,
and future CdTe-based cells. According to the Shockley-Queisser
detailed-balance framework, a step function absorptivity with optical
band gap (Eg) = 1.48 eV for pure CdTe can deliver Js. of 29.68 mA/ cm?,
Vocof 1.214 V, FF of 89.9%, and efficiency of 32.39% for a flat-plate cell
operating at 25 °C under AM1.5G illumination and emitting into 2= str
(Voo, FF, and efficiency drop slightly for radiation into 4z str). The
corresponding numbers for the bandgap of 1.4 eV corresponding to an
absorber incorporating CST are J;. = 32.88 mA/cm?, Vo = 1.140 V, FF
= 89.4%, and PCE = 33.49% [23,59]. Today’s benchmarks for CdTe thin
film solar cell and module performance are defined by First Solar, with
certified record cell PCE = 22.1 + 0.5% and module aperture area PCE =
19.5% [1,58]. The 22.1% record cell device parameters are Vo = 0.887
V, Jsc = 31.69 mA/cm?, and FF = 78.5% [4]. By 2014, the IQE curves for
record CdTe cells indicated minimum bandgap close to 1.39 eV (QE
derivative method), consistent with the use of CST or CST/CdTe ab-
sorbers [4]. The EQE and AM1.5 J-V curves for selected record cells are
collected in Fig. 9, while AM1.5 performance metrics are tabulated in
Table 1.

Comparisons to SQ detailed balance theory for AM1.5G predictions
are useful to identify the most important factors for further optimiza-
tion. Assuming a 1.39 eV minimum bandgap for the 22.1% cell, its Jy is
only 1.6 mA/cm? lower than or 95% of the maximum Jg possible.
However, its Vo of 0.887 V indicates an absolute Vo loss (Eg/q-Voc) of
503 mV. The V. irreversible losses are Vocsg -Voc = 226 mV, corre-
sponding to Ve/Voc,so = 80% of the maximum possible Ve 50 =1.113V

pof Fiist Sblar, Inc

Fig. 7. View of a First Solar manufacturing line. A grey rectangular Series 6 module is visible in the foreground on the conveyance system between the two walkover
paths with yellow railings and two workers are present to the left for scale. Hundreds of other nearly-finished modules are visible in the blue metal racks to either
side. It is remarkable to note that high-efficiency CdTe modules are produced in factories in which they are transported in open air between process steps rather than

e.g. in a cleanroom. Image courtesy of First Solar.
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Fig. 8. Comparisons of past, present, and future material stacks comprising CdTe-based solar cells. Efficiency figures are approximate, and a move to bifacial
modules is underway at the time of writing. TCO = transparent conductive oxide, CdTe:X (X = Cu or As) indicates Cu or As doped semiconductor layers. BC = back

contact. Other materials and terms defined in the text. Image courtesy of First Solar.
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Fig. 9. a) Representative EQE spectra and b) AM1.5 J-V curves from world-record CdTe cells spanning 1993-present. The approximate locations of the spectral
cutoffs for FTO (4 eV), CdS (2.4 eV), CdTe (1.48 eV), and CdSeTe (1.39 eV) are indicated. QE data were obtained from the original authors or digitized from the
publications cited in the text (thus small errors may be introduced). The curious bump at 850-900 nm for the USF 1993 cell is believed to be an experimental artifact
by the original authors (personal communication), although CdSTe alloys could in principle yield bandgaps <1.48 eV. Because of the lower effective bandgap in
modern cells, the J-V curves are presented relative to the limiting Js. and V. for their respective bandgaps. Descriptive JV performance parameters are presented

in Table 1.

for that bandgap (we note that V. losses are better considered as ad-
ditive rather than fractional). The fill factor (FF), which is known to
scale with V., is 88% of the SQ limit. Thus, only small improvements
remain to be made for Js. (unless even lower bandgaps are employed)
while the 226 mV of V. deficit beyond thermodynamically-mandated
emission indicates that the ratio of sub-gap recombination to total
recombination in the cell is still >12,000 (Voc-Voc,sg = kT In(Rsub-gap/
Riot). Here, we are grouping together both non-radiative recombination
as well as radiative recombination that occurs through band tail, defect,
and lower-bandgap states separated by less than the transport and op-
tical absorption bandgaps, as all of these forms lower the possible V.
[60]. Thus, the most important and high-payoff tasks for improving
CdTe-based cell technology are further reductions of all forms of
non-radiative recombination as well as disorder and defects.
Demonstrations of Voc>1 V have been made using single crystalline
CdTe absorber layers or wafers as noted in Table 1 [61,62], yet Voc
remains typically <900 mV in polycrystalline thin film cells with a few
scattered reports of devices reaching 900 mV or slightly higher [63-68].
Cells with Vo >850 mV are part of the state of the art. The band-to-band
or radiative recombination coefficient Broq for CdTe was recently
determined from double heterostructures grown by molecular beam

epitaxy (MBE) to be ~1 x 10710 em3/s [69,70], which would yield
radiative lifetimes of 100 ps and 100 ns for 10'* and 10'7/cm?® shallow
doping respectively (whether n or p type). If effective absorber lifetimes
(including interface and grain boundary recombination because these
draw photocarriers from the absorber reservoir) fall below these values,
gains in quasi-Fermi level (QFL) splitting in the absorber can continue to
be made by increasing the absorber doping until lifetime becomes
limited by Auger recombination. Additionally, higher absorber doping
can help to solve practical challenges such as the formation of a
hole-selective, low-resistance Ohmic contact at the back of the cell
which would allow the internal QFL splitting to be realized as external
Voc. However, it should be noted that doping (like band offsets) should
be considered a practical tool for device construction. Minority carrier
lifetime approaching the radiative limit fundamentally matters for
approaching the SQ limit.

The elimination of CdS, which has Eg = 2.4 eV, higher melting point
and slight cliff-like band alignment to CdTe, as a buffer resulted in Jy
gains by reduction of parasitic absorption at short wavelengths [20,21].
Probably for most fabrication processes, the elimination of CdS which
tended to be deposited as nanosized zinc blende grains isostructural with
CdTe also helped to minimize or eliminate the fine-grained region
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Fig. 10. (a—d) Respectively, V., Js, FF, and efficiency of record CdTe-based cells from Fig. 9 and Table 1 vs. their effective bandgaps. The most significant losses are

seen to come from V,. and FF.

Table 1

AM1.5G performance parameters of various landmark cells including those from Fig. 10. These values are a mixture of self-reported and certified values. The pa-

rameters for the hypothetical 25% cell shown in Figs. 9 and 10 are in bold text.

Record/ AM1.5 Jsec (mA/ Vo (V) FF Effective Eg from Voc,s0 Vo Deficit (Voe,so Notes
Notable Cell Efficiency (%) cmz) (%) IQE (eV) W) Voo (V)?
Ref.
[23]
USF 1993 15.8 25.1 0.843 74.5 1.48 1.214 0.371 CdS/CdTe
NREL 2001 16.7 25.9 0.845 75.5 1.48 1.214 0.369 Cd,Sn04/Zn,Sn0,4/CdTe
GE 2012 18.3 27.0 0.857 79.0 1.48 1.214 0.357 CdTe absorber
FSLR 2012 18.7 28.6 0.853 76.7 1.45 1.186 0.333 CdTe absorber
FSLR 2014 22.1 31.7 0.887 78.5 1.39 1.130 0.243 CdSeTe absorber
ASU 2016 17 22.3 1.036 73.6 1.48 1.214 0.178 Epitaxial CdTe double heterojunction absorber
NREL 2016 13.6 21.7 1.017 61.7 1.48 1.214 0.197 Poly CdS/P-doped CdTe single crystal wafers
25% Targets 25.0 32.0 0.975 80.0 1.39 1.130 0.155 Multiple combinations of bandgap and JV
31.7 ... 0.956 82.5 1.39 ... 1.130 0.174 ... parameters can achieve 25%

@ Note that different authors/groups compute different values of “the” AM1.5G Schockley-Quiesser V,. (and thus V, deficit) depending on values of inputs

(temperature of 25.

containing high densities of grain boundaries at the location of
maximum photocarrier generation. Thus, eliminating CdS may also have
had a (probably unanticipated) benefit of increasing the effective pho-
tocarrier lifetime in the polycrystalline absorber compared to the prior
state of the art of tuning the cell fabrication to interdiffuse and consume
the CdS as a CdS;.xTey graded layer. Higher deposition temperatures and
or higher Cl treatment temperatures and CdCly overpressures also are
known to result in microstructure consisting of large lateral grains

spanning the layer thickness [71-75]. While not typical of films used in
state of the art devices, it is possible to generate microstructures with
grain lateral dimensions far exceeding the film thickness — for example
30 pm wide grains from thermally-evaporated films only a few pm thick
[71,72]. In these works, such large grain growth was promoted on MZO
but hindered by CdS buffer layers; effects of alloying and interface en-
ergies were suspected. Such microstructure optimizations are important
because, while it is true that Cl treatment reduces the recombination
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velocity of grain boundaries, it is estimated that even the best-passivated
boundaries still have effective recombination velocities on the order of
10*-10° cm/s. Especially as bulk minority carrier diffusion length con-
tinues to be improved, reducing the total grain boundary area and
further passivation strategies are important research directions for
maximizing V.. Many research laboratories have moved to SnO,:
F/MgyZn1 4O as the window/buffer combination although the use of
other alternative materials such as i-SnO;, ZnySn0O4, CdySnO4 and
(InyGaj.x)203 have also been reported [20,21,76,77]. Recent disclosures
from First Solar do not note the presence of a buffer layer, however it
seems unlikely that high-performance cells can be deposited directly on
TCO layers. While the importance of columnar, large-grained absorber
microstructure in promoting long effective minority carrier lifetime by
reducing grain boundary recombination is appreciated, the interplay of
using non-isostructural buffer layers, absorber deposition temperature,
and absorber post deposition treatments on the microstructure and grain
boundary and interface passivation has not been fully elucidated.

The quantum efficiency of recent record CdTe-based devices (e.g. the
22.1% cell shown in Fig. 9) indicates an effective absorber bandgap of
Eg = 1.39 eV, narrower than pure CdTe. This was obtained via pro-
duction of a CdTe;.4Sey alloy in the front portion of the absorber layer to
further increase the photocurrent. Whether intentional or not, adding Se
dramatically increased both grain and grain boundary lifetimes; so
although the band gap is locally reduced, the V¢ can be maintained or
increased [78]. Commonly today, leading cells incorporate approxi-
mately 20-40% Se at the front interface which, because of the bandgap
bowing, results in minimum bandgap of 1.4 eV and maximum detailed
balance V, near 1.140 V. The bandgap bowing parameter in CdSe; xTex
alloys is near 0.9 with the CdSe endpoint bandgap of 1.7 eV [7]. Addi-
tionally, the bandgap narrowing has both conduction band and valence
band components, with a small valence band offset between
CdSeq.3Teg.7 and CdTe [79].

°C vs 300 K, round off error in solid angle of solar disc, etc.) and
numerical treatment of the model (methods of numerical integration of
spectrum, numerical precision of conversion from power to particle flux,
etc.). Some uncertainty also exists in terms of the effective absorber
bandgap for polycrystalline absorbers. The combined variations can lead
to discrepancies in V. deficit when comparing values computed by
different authors/groups that is estimated herein to be as large as
approximately kgT/q = 0.026 V. In this table, the values of V5o were
taken from Ref. [23].

Other on-going contributions that are paving the way for future
progress and greater cell design flexibility involve raising acceptor
density through extrinsic Group V (gr-V = N, P, As, Sb) substitutional
doping [27,80-84], and altering the defect landscape to reduce intrinsic
defect complexes contributing to recombination centers and compen-
sating defects [46,85-87]. Confidence for doping research on thin film
CdTe cells has been bolstered by demonstration of Voc>1 V obtained
using epitaxially grown As-doped CdTe single crystals [61]. The distri-
bution and role of ClI species in the polycrystalline stacks after the CdCl,
treatments is being evaluated with respect to its accumulation at grain
boundaries and at the CdTe-emitter interface [88,89]. Further, Cu
doping which, although once shown to be essential for quasi-Ohmic
back contact formation [36,43], is now known to contribute to life-
time reduction and operational instabilities [55,63,90,91]. In fact, in the
past year, As-doped CdSeTe modules have entered the marketplace
(First Solar Series 6 CuRe Modules) partly due to the enhanced stability
from the shift to a group-V defect chemistry. These on-going research
areas are being guided by integrating first-principles defect calculations
with device modeling and laboratory validation through detailed ma-
terials characterization. The driving R&D philosophy at present com-
bines defect management in the CdTe-based absorber and at surfaces
and interfaces, recognizing that improving various parts of the device
can affect others and how they work together, especially, the front
contact, the absorber deposition and post deposition processing, and the
back contact. Finally, especially as cells become thinner and minority
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carrier lifetimes approach the radiative limit, the importance of
carrier-selective, low-resistance Ohmic back contacts that reflect rather
than absorb bandgap luminescence will continue to increase in
importance.

5. Analysis of outstanding performance losses

Fig. 10 summarizes and puts into perspective the various losses
relative to the thermodynamic detailed balance upper limit (i.e.
Shockley-Queisser limit) [23,59] as a function of the effective bandgaps
of the several different kinds of CdTe-based devices representing recent
advancements in the state of the art. Points for each of the cells from
Fig. 9 and Table 1 are plotted in terms of their V,, FF, Js, and PCE
compared to the SQ limits. It is clear that the largest opportunities for
improvement are in V,. and FF; the. We analyze the current, FF, and
voltage losses in the following.

Examining the EQE and IV curves in Fig. 9, it can be seen that the Js.
of record cells prior to 2012 were being increased primarily from
reducing short wavelength parasitic absorption in the TCO and buffer
layers. In the case of the 16.7% NREL record cell, the chemical bath
deposited CdS buffer was replaced with a sputtered oxygenated CdS, on
top of CdySn0O4/ZnSnOy (CTO/ZTO). The sputtered CdS:O allowed a
thinner CdS from thickness control of the interdiffusion and was prob-
ably the main advance. CTO is a higher quality transparent conducting
oxide (TCO) than SnO2:F (FTO), allowing lower sheet resistance at the
same transparency. ZTO had improved etch resistance compared to CTO
and served as a highly resistant transparent (HRT) layer [20]. While GE
and FSLR have not disclosed exactly what window and buffer layers
have been used, it is clear that the parasitic absorption onset is being
moved toward the limit set by the TCO bandgap (FTO is used in the TEC
series coated glasses, CTO has a very similar bandgap). The major jump
in efficiency in 2012 occurred primarily due to an increase in current
and may be attributed to the introduction of selenium to enable CdSeTe
emitters [6] with photoactivity in place of the more traditional CdS
emitter. Examining Table 1, it can be seen that the V,. was staying
nearly constant and FF fluctuating from 1993 until 2012-2014, thus in
those two decades improvements in record efficiencies was driven
largely by Js. increases. This is not to say that scattered reports of higher
FF and V,. were never achieved during this time, just that these were not
paired with other improvements to result in record cells.

It is often useful to analyze the difference between the performance
parameters of a solar cell and the ideal ones for its band gap in terms of
individual loss mechanisms. In the following example we analyze a
relatively-thin FTO/MZO/CdTe cell with 15% efficiency and 835 mV
voltage which represents the older generation of typical research lab
cells (without Se addition to the absorber) [92]. The measured EQE
spectrum in the left panel is shown in blue. When it is multiplied by the
standard photon spectrum and integrated, it corresponds to a current
density of Jsc = 24.6 mA/cm?. The maximum current for the bandgap
was deduced from the EQE cutoff to be 28.8 mA/cm?, and the individual
losses can be determined by spectral reflection and absorption mea-
surements of the layers in front. The losses here in mA/cm? are 2.3 for
reflection, 1.0 for glass absorption, 0.3 for TCO absorption, and 0.6 for
incomplete absorption, with small losses from the MZO buffer layer and
recombination prior to collection. If it were a cell with a bilayer CdSe-
Te/CdTe absorber, the EQE region would be divided between CdSeTe
and CdTe absorption with most of the current generated in the CdSeTe
even when its thickness is the order of 0.5 pm [92]. While there is still
some room for improvement, all-in-all the current generation is very
close to the internal SQ limit - i.e., nearly all the above bandgap light that
makes it into the device is converted into current that is collected at
short circuit. Nevertheless, as shown in Fig. 10, approximately 10%
further improvement in Jgc remains possible.

Turning to the FF, we see that losses can also be broken down into
components, as shown on the right side of Fig. 11. Bothwell et al. [92]
used the approach put forth by Green [93] to determine a FF loss
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Fig. 11. a) Breakdown of current losses and b) fill-factor losses. Images reused with permission by the original authors from Ref. [92].

component due to the loss in Vo relative to Vg sg. This loss component
is due to the fact that the voltage range for diode turn-on is a fixed
amount relative to Voc, and thus the ideal value of the FF increases as
Voc increases. If the device is otherwise operating near the SQ limit, and
behaving ideally, this FF loss mechanism would not be found. Thus, this
fairly large FF loss mechanism which is ascribed to voltage deficit is
connected with the intrinsic operation of the absorber and the extraction
of carriers through the contacts.

The other three FF losses shown are derived from the diode equation

— JR,
J=J, exp [(I(‘QT;)} + GV — Js¢

Eq. 1
using the procedures described in Ref. [94]. In the example cells
above, the diode quality factor A is relatively large, and the series
resistance Rg and conductance G are somewhat larger than desirable.
The small “other” region is simply the remaining unidentified loss. The
diode quality factor, A, which characterizes how the diode turns-on with
voltage, gives rise to the largest FF loss component. Many CdTe diodes
have A factors approaching 2 and this deviation from ideal behavior is
typically attributed to carrier recombination in the depletion region.
This FF loss mechanism is also associated with the properties of the
interfaces that form the contacts to the absorber layer. As the diode is
turning on near the “knee” in the J-V curve, the bands begin to flatten
and the internal electric field is reduced. Thus, the carrier transport
mechanism transitions from being drift-to diffusion-controlled, partic-
ularly in high efficiency devices. Without low-defect interfacial regions,
interfacial recombination currents can begin to dominate. The Vg¢
deficit and A-factor loss mechanisms amount, together, to ~10% loss in
FF. Although voltage loss is often considered to be the largest single loss
in efficiency, the loss in FF in comparison to the SQ-limited FF values is
similar in magnitude. The remaining two FF loss mechanism due to se-
ries resistance Rg and parallel conductance G are substantially smaller.
The loss due to Rg can be ameliorated through cell and module design.
The breakdown of voltage losses, at least at present, is less quanti-
fiable than that of current and fill factor. The voltage deficit between
actual and ideal voltage, even with the best CdTe cells, is over 240 mV.
The primary factors responsible are the absorber carrier density,
recombination at the front and back interfaces, bulk absorber recom-
bination, band tails and bandgap fluctuations, and back-contact band
bending. The relative magnitudes of these voltage losses can vary
considerably among different cell structures and fabrication details, and
definitive measurement and quantification are still works in progress.
For an illustrative set of As-doped Se-alloyed cells, the breakdown of
Voc losses has been estimated by Grover as is shown in Fig. 12. For an
effective bandgap of 1.4 eV and assuming a step-function in absorptivity
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Fig. 12. Estimated breakdown of V. losses in state of the art As-doped, Se-
alloyed cells. Proceeding from left to right, the SQ-mandated losses, sub-gap
radiative losses, non-radiative losses, and energy-level-alignment losses are
successively subtracted to move from the cell effective bandgap near 1.4 eV to
measured V,. below 900 mV.

at E, detailed balance for a flat plate cell radiating into 2z stris 1.140 V
as shown as the blue Vs bar. In the case of As doping, it has been seen
that both band tail states and some unidentified deeper defect states
emit radiatively [60]. These lower-energy states, which are more-easily
observable in luminescence experiments because of carrier “energy
funneling”, reduce the V, to approximately 1 V by providing another
channel for photocarrier recombination, which is indeed radiative but
occurs at a voltage below the bandgap [95-97]. In the detailed balance
framework, these states are assumed to emit and absorb reversibly;
especially in the case of emission from deep states with multiple levels or
involving lattice relaxations, reciprocity between absorption and emis-
sion may not be obeyed. These radiative losses can be quantified by
converting luminescence spectra into emissivity (and assuming revers-
ibility, further into absorptivity) using the generalized Planck law and
then carrying out the detailed balance calculation. The bandgap and
fluctuating potential contributions from compensated As doping have
been modeled, and shown to be not completely separable (e.g. potential
fluctuations can lead to bandgap fluctuations) [28,60]. We note that the
losses caused by radiative recombination below the absorption bandgap
are currently far smaller than those due to non-radiative recombination.
Finally, by comparing calibrated, quantitative luminescence to pre-
dictions for total luminescence yield from detailed balance, the internal
or implied Vo (iVoc) can be determined. The difference between this
implied Vo and the radiative limit given the absorption/emission
spectrum yields the non-radiative losses. Finally, the difference between
the iV, and measured V,. yields the losses incurred by carrier
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extraction, for example mismatch between contact energy levels and the
quasi-Fermi levels [68]. This analysis, as briefly discussed previously,
clearly points to reductions in non-radiative recombination as the
highest-priority R&D tasks for state-of-the-art cells. The “tyranny of the
Boltzmann distribution” applies to this endeavor; each increase in V. by
60 mV requires reducing the non-radiative recombination by a factor of
10 (assuming ideality factor = 1).

As the materials and processing of CdTe devices has improved, the
understanding of the devices has also grown. Today’s high efficiency
devices are short diodes, with three primary competing recombination
mechanisms: front interface, back interface, and in the bulk of the
absorber [98-101]. This is shown schematically in Fig. 13. Within this
framework, FF is a measure of how quickly (as a function of bias) the
recombination at each location turns on. A small fill-factor strongly
suggests that mechanisms other than and perhaps in addition to
Shockley-Read-Hall recombination are operative over a relatively wide
voltage range over which the current turns-on.

Considering fill-factor through the recombination framework is
critically important to understand the “S-kink” sometimes observed in
devices that use wide-bandgap MZO emitters [64,102]. In these cases a
barrier exists that prevents the carriers from exiting the absorber layer
[103], leading to a build-up of carriers resulting in recombination in the
bulk of the absorber and current density loss at low forward bias [104].
This bulk recombination saturates at slightly higher bias, leading to a
change in slope in the J-V curve in the power quadrant. At higher bias,
another recombination mechanism turns on, and the total recombina-
tion current equals the photogenerated current. While series resistance
and conductance can indeed be an issue in these devices, it is likely that
fill-factor is more strongly affected by the varying recombination
mechanisms. Still, tricks to tease out the effect of series resistance, such
as varying light intensity, can still be used to generate a breakdown of
fill-factor loss as shown above.

Numerical simulations of both the front and back interface show that
the band alignment between the absorber and emitter at the front and
back buffer layer at the back is critical to eliminating the voltage losses
due to the carrier extraction [103,105]. Discussions about the re-
quirements for the front interface tend to center around the conduction
band offset between the emitter and absorber [103], but the doping
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Fig. 13. Schematic CdTe cell band diagram (red lines) showing conduction
band (CB) and valence band (VB) and recombination processes at the electron
contact, in the absorber layer, and at the hole contact. The schematic cell layer
structure is shown below. Comparing to Fig. 5¢), the “spikes” in the buffer layer
here indicate high doping such that the Debeye length is smaller than
the thickness.
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density and Fermi level in the emitter need to be considered [106-108].
To limit voltage loss and recombination at the front interface, the con-
duction band of the emitter should be higher in energy than the con-
duction band of the absorber, often called a spike. With proper doping
density in the emitter, this leads to a Fermi level that is also above the
conduction band of the absorber, leading to a high built-in potential and
large band bending at the front interface which repels holes and forms
an electron selective contact. The trap-assisted recombination current
density at the interface is

i = Q'mcinr'sim Eq 2

in which q is the elementary charge, mcjy, is the density of minority
carriers at the interface (holes for the front interface), and S, is the
interface recombination velocity. Therefore, fewer holes at the emitter/
absorber interface leads to reduced recombination and voltage loss.
However, too large of a conduction band offset can lead to a large barrier
for electron extraction at this interface, leading to an “s-kink” [103,109].
In addition to the conduction band offset, it is often assumed the valence
band position of the emitter is below that of the absorber. While this may
provide hole reflection from the back interface, it is more important to
develop the wide bandgap emitter to allow transmission of all the light
into the absorber. This transition from long diodes, in which minority
photocarriers recombine before reaching the back interface, to short
diodes in which they don’t recombine before reaching it is dramatically
changing the requirements for the back contact. The most obvious
change is the necessity to passivate interface trap mediated recombi-
nation at the back contact. Less obvious, but just as important in future
generations of devices, is to avoid the use of materials with smaller
bandgaps than the absorber such as Te. This is because, even if photo-
carriers recombine radiatively they do so across a smaller bandgap
which thus reduces the quasi-Fermi level splitting and Voc. Additionally
in the very highest efficiency designs, such layers or inclusions can
induce parasitic absorption of luminescence from the absorber layer.
These effects will only become more and more important in thinner cells
that approach the detailed balance limit more closely [110-117].

Simulations of the back interface show similar requirements are
necessary to limit recombination and voltage loss [105]. At the back
interface, electrons are the minority carriers, so reducing recombination
and achieving the highest voltages requires upward band banding at the
back interface to form a hole selective contact. This upward bending can
be achieved when the Fermi level of the back buffer was deeper than the
Fermi level of the absorber. In the literature this has been referred to as a
positive initial Fermi level offsets (IFLO); we note that in the absence of
extra charges the IFLO will equal the built-in potential of the material
junction [105]. In practice this may be difficult to accomplish due to
deep valence position of CdTe and the potential for Fermi pinning and
dipole formation, though the dipoles may form in either direction [118].
While a conduction band offset which impedes electron flow out of the
absorber (often called an electron reflector) is thought to be beneficial
under certain circumstances, specifically fully-depleted devices [119,
119,120,120], it is primarily the band bending, not the offset, that
provides the electric field induced electron repulsion [105]. It should
also be noted that both a large valence band offset at the back interface
and a large conduction band offset at the front interface can impede hole
flow out of the device and result in an S-kink in IV measurements [64,
109]. Much like the front interface, this S-kink will be exacerbated by
low doping levels in the back buffer.

In addition to the band bending, developing passivated interface by
reducing interface recombination velocity (Si,¢) can reduce recombina-
tion and voltage loss. A number of simulation papers show how the
combination of band bending (selective contacts) and interface recom-
bination (passivated contacts) can affect the voltage losses for the de-
vices [11,24,107]. At the front of the device, passivation appears to be
achieved during the CdCl, process [89]. At the back interface, devel-
oping a passivated back contact may be more important due to the
difficulty achieving proper band alignment. As a result, oxides,
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specifically AlOy [121,122], are being investigated as a way to decrease
recombination and voltage loss due to the back interface [123,124].
Interestingly, this approach still depends on CdCl, accumulation at the
CdTe interface [125], with little to no passivation benefit realized from
the AlOyx deposition unless paired with a post-deposition CdCl; treat-
ment. A general rule has been observed that for any benefit of field effect
passivation to be realized there must first be a chemically passivated
surface [89]. In CdTe, this has largely been accomplished to date with
CdCl.

6. Alloyed CdSe,Te;.x absorbers

Alloying CdTe with both group II (especially Zn, Mg, and Mn) and
group VI elements (especially S and Se) is widely used for bandgap en-
gineering in single crystal bulk and epitaxial growth [126]. The appli-
cation in polycrystalline thin film devices similarly has a long history,
especially Cd;xZnsTe for either wider-gap absorbers or attempting to
form an electron minority carrier mirror at the back contact. It is worth
mentioning the special role played by O, S, and Se in diffusing along and
passivating grain boundaries. A first example is the interaction of Oy
with the CdCl; heat treatment step which has been found in some pro-
cesses to be beneficial. Later, it was found that S from the CdS buffer
layer diffused over quite long distances during deposition and CdCly
treatment and acted to help passivate grain boundary defects [127].
Simultaneously, CdS4Te;x alloying occurred within grains to varying
extents depending on the fabrication details. The atomic radius
mismatch between S and Te is somewhat larger than that of Se and Te,
leading to more propensity for phase segregation. In both of these alloy
systems CdSyTe; x and CdSesTe; x the large difference in anion electro-
negativities causes large bandgap bowing parameters thus starting from
CdTe the bandgap first decreases with increasing x until a minimum is
reached at 1.3-1.4 eV for both alloys at x~0.25 for S and x~0.4-0.5 for
Se and then increases [7,128-130]. More recently, intense focus has
been applied to the effects of Se and in fact it is one of the critical
changes that helped to push cell efficiency beyond 20%. We note a
recent development utilizing the entirety of the chalcogenide column in
the periodic table; cells with Cd(O,S,Se,Te) absorbers achieving greater
than 20% efficiency [131].

In the recent past, it could be recognized from QE curves of record
cells that bandgap reduction was being implemented but exactly how
was not widely known outside GE/Primestar and First Solar [44]. This
has meant that academic researchers recently have been working to
explain the effects of Se alloying in absorbers that has been empirically
known within industry to produce higher efficiency cells since the early
2010’s. In the open literature, perhaps the first clear demonstration that
CdSeTe alloying by interdiffusing CdSe and CdTe could increase Jg.
contributions at long wavelength by reducing the effective absorber
bandgap was from Paudel and Yan [6].

Most academic research groups working on CdTe cell fabrication
have attempted methods of incorporating Se and grading the bandgap
near the front of the cell. We use here the example of efforts from CSU as
illustration; similar results have been found by many groups by this
time. In 2017, Swanson et al. demonstrated that Se could be alloyed into
polycrystalline CdTe thin-film during deposition to lower the band-gap
of the absorber film [132]. This study used a novel co-sublimation
method to introduce depth-varying but controlled amounts of Se into
CdTe. Transmission measurements indicated minimum bandgaps of
1.42 eV for CdSesTe; x, accompanied by increased Js. and EQE mea-
surements but increases in efficiency were not realized. Next, ~100 nm
of CdSe was deposited on MgyZni O (MZO) buffer film on TCO glass
followed by ~500 nm of CdTe and then aggressive CdCl, treatment to
achieve intermixing by solid state diffusion. Following this, a thicker
CdTe layer was deposited and second CdCl; treatment was performed to
passivate the newly-deposited CdTe layer. The process was tedious with
limited control over the bandgap of the deposited films. Also,
cross-sectional microscopy revealed the presence of Kirkendall voiding
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induced by the differences in Se and Te diffusion. Next, pre-alloyed
CdSeg.2Tep.g was acquired from 5 N Plus Inc. and that was utilized for
further experimentation. Cross-sectional transmission electron micro-
scopy (TEM) and energy-dispersive x-ray spectroscopy (EDS) maps
confirmed that CdCl, treatment led to interdiffusion of CdSe,Te;.x and
CdTe layers with reduced voiding [133]. By depositing a bilayer with
this material along with CdTe to form a graded band-gap device, Munshi
et al. demonstrated device efficiency of 19.1% with short-circuit current
density of 28.4 mA/cm? without the use of anti-reflection coating [134].
Using a thicker CdTe layer following the CdSe,Te;.x layer along with
more aggressive CuCl treatment at the back surface can yield cells with
Voc >850 mV. By varying the thickness of the front CdSe4Te;.x layer, it
was also determined that 500-900 nm of CdSesTe; x was optimum for
improvement in performance in this structure while thicker films led to
low V, and a barrier to charge collection apparent from the ‘kink’ in the
J-V curve.

These studies were aimed at optimizing bandgap grading to increase
Jsc and increase efficiency. Se was demonstrated to diffuse along grain
boundaries (and to a lesser extent within grains) by Fiducia et al. using
nano-SIMS. Further, correlated cathodoluminescence (CL) mapping
shown in Fig. 14 showed that, both in grains and grain boundaries, with
increased Se the CL yield was higher. A telling observation was that the
CL was brighter in grain boundaries with Se than in grains for a sample
without Se, demonstrating the remarkable passivation of both intra
grain and grain boundary non-radiative defects [78]. A follow-up study
quantified the Se effect at grain boundaries, demonstrating that while
the intragrain diffusion length stayed nearly constant, GBs with higher
Se content in the same absorber with graded Se demonstrated,
on-average, about an order of magnitude lower recombination velocity
[135]. Kephart et al. used sputtered Al,O3 to passivate both sides of
Se-containing CdSexTe;.x layers thus forming double heterojunctions.
Scanning transmission electron microscopy (STEM) and electron
energy-loss spectroscopy (EELS) combined with density functional the-
ory calculations demonstrated that Se and Cl segregate and co-passivate
grain boundaries, which leads to a significant increase it the carrier
lifetimes [136]. In these structures, time resolved photoluminescence
lifetimes up to 430 ns were demonstrated [121,122]. Such long lifetimes
demonstrated that Se-alloyed absorbers are capable of reducing
recombination by more than an order of magnitude relative to Se-free
absorbers. An interesting observation is that Voc is generally about
the same as cells with CdTe despite a 100 meV bandgap reduction,
which is in part due substantially to these larger minority carrier life-
times. Detailed analyses of Se-alloyed cells are emerging at the present
time [27,68,137]. It is not presently understood why to date no suc-
cessful Se-alloyed devices have been made without a Se-free absorber
layer at the back. Identifying loss mechanisms and strategies for miti-
gating them are the subjects of ongoing cutting-edge research.

7. Interfaces and contacts

Contacts for CdTe devices have been a recurring theme throughout
the history of the technology. As discussed above, CdS/CdTe devices
struggled with realizing current, due to parasitic absorption. This made
thinning the CdS and pairing it with high quality transparent conducting
oxides (TCOs) and a highly resistant transparent (HRT) layer (this
acronym was originally used to connote i-SnO2, or high resistance tin
oxide). The stability of these front oxide layers to high temperature
processing and reactive ambients (e.g., O and CdCly) limits the choices.
The most common TCOs that have been used include SnOs:F (FTO),
Iny03:Sn05 (ITO — which is typically ~90% InyO3 by weight), ZnO:Al
(AZO), and CdSnO4 (CTO). FTO has been the most widespread TCO of
choice due to its chemical and temperature stability as well as low cost
(it can be deposited by the glass manufacturer through an atmospheric
pressure chemical vapor deposition process) and ready availability. All
of these TCOs, except for FTO, are most commonly sputter-deposited,
although solution-deposition routes have been and continued to be
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explored for some. In the early 2000’s there was a focus on eking out
more current through the use of TCOs with a higher figure of merit
[138], which captures the relative transparency to sheet resistance. This
led to the investigation of ITO and CTO. While ITO has some scar-
city/cost concerns due to In incorporation, another challenge is the
technical one that its performance can degrade at the high temperatures
common to CdTe processing. As mentioned above, CTO was one of the
innovations that was a part of the NREL world record that lasted from
2001 to 2011 [21]. Advantages of CTO included its lower roughness
relative to APCVD-FTO, higher mobility, and overall better figure of
merit [139]. High-performance lab-scale CTO typically require a high
temperature Ar anneal (~600+ °C) sometimes in the presence of CdS.
This may be one of the obstacles to having implemented it at-scale.

A series of materials have been investigated to transition between the
TCO and the absorber layer. These have variously been described as
buffers, window layers, emitters, and transport layers. In CdS/CdTe
devices this transition was generally a two layer stack consisting of an
oxide such as i-SnO, TiO», i-ZnO, or zinc tin oxide (ZTO) that was then
capped with CdS. The second oxide would help reduce the effect of
"weak diodes” from pinholes in the CdS that led to shunting as the CdS
layer was thinned [140,141]. As higher doping levels are attained with
group V defect chemistries, the space charge region collapses such that
samples are more sensitive to recombination near the front interface
[24,142]. The community is presently searching for alternate front
interface couples. Ideally, the properties would include band offset
tunability such that a 0.1-0.3 eV spike in the conduction bands could be
established, high emitter doping relative to the absorber, low catalytic
activity to minimize group V pileup, good carrier selectivity, and low
interface recombination velocity, together with good temperature and
chemical stability. There are number of candidates that have been
considered, including MZO, MZ0:Ga, IGO, and i-SnOs. None has yet
been demonstrated to combine all properties. Recent investigations have
used a thermo-mechanical delamination to reveal the buried front
interface (oxide/non-oxide) and study its chemistry, evolution, and
stability [88,89,143,144].

Historically, making an Ohmic hole-collecting contact to p-CdTe has
been challenging due to its low doping efficiency and high ionization
potential (5.7-5.9 eV [145,146]); no metal by itself has a sufficiently
high work function (Auis 5.1 eV, Pt is 5.65 eV [147]). Those interested
in reviewing some of the foundational work on Ohmic and rectifying
contacts to CdTe are advised to read Ponpon [148] as well as a recent
review by Hall et al. [146]. Ideally, this contact would be well-matched
energetically such that it is carrier selective (i.e., electron reflective),

7° bevel cut using Ga FIB
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Fig. 14. a) nanoSIMS of Se and b) Cath-
odoluminescence (CL) from the beveled -cross-
sections of a bilayer CdSeTe/CdTe absorber stack
along as indicated by the dashed rectangle shown in
the schematic of c). The cross-section was exposed by
milling a shallow 7° bevel through a CdSeTe/CdTe
device using a focused ion beam. The Se distribution
in a) is more concentrated in the front of the device
although it has clearly diffused into the CdTe layer
especially (but not only) along grain boundaries. The
panchromatic CL image of the same area shows much
higher luminescence in the Se-rich region (note the
CL greyscale is sqrt(intensity)). The higher magnifi-
cation images d) of Se nanoSIMS and e) CL, which
were taken from the dashed areas shown in a) and b),
indicate higher CL yield around the fringes of grains
where Se has in-diffused from the grain boundaries.
The white gain boundaries in d) were defined by a
skeletonized nanoSIMS chlorine map (not shown).

passivating, stable, and transparent to enable bifacial systems. Histori-
cally, getting even a low barrier at this interface with stability has been a
challenge, with “rollover” in current-voltage a common signature of a
high back barrier [119], much less all occurring simultaneously. With Se
alloying, devices have shifted from the long diode to short diode regime,
where interface recombination at the back interface has become more
critical to advance efficiency. Passivation would also enable thinning of
the absorber layer to reduce Te usage in the next generation devices.

Historically, copper has been critical in lowering the barrier height at
the back of devices. Before the more recent shift to group-V dopants, Cu
was introduced as a dopant, but post-situ due to its high diffusivity. In
some cases, Cu has been introduced through a treatment to the absorber
(e.g. CuCly [77]), but in many cases it was introduced as part of the back
contact. Examples include copper-doped sometimes mercury-containing
graphite paste (e.g., DAG or aqua-dag [53]), Cu-doped ZnTe (ZnTe:Cu
[149]), copper telluride [150], and a thin (0.1-3 nm) metallic Cu layer
followed by metal (e.g. Au, Ni) [151]. Generally, these
contacts/Cu-doping require an anneal temperature in the range of
200-250 °C to diffuse and/or activate the Cu. It is important to note that
this temperature range is also the same range at which CdTe surfaces can
be thermally reconstructed [152] as well as a temperature at which
oxidation states at the front interface transition [144].

Prior to making this contact, the surface state of the CdTe has long
been recognized as a critical component of the contacting process. The
most prevalent approach in the literature has been to establish a Te-rich
layer. This can be done through a subtractive process using an oxidative
etch such as nitric-phosphoric acid, Brp:methanol, ethylene diamine,
potassium dichromate, or even more novel approaches such as meth-
ylammonium iodide [110,111,148,150,153] or in an additive process
like evaporating ~20 nm of Te [92,134]. If a Te-rich surface is subse-
quently doped with Cu it can lead to a more highly doped p-type region
through the formation of CuxTe, at least partially explaining the strong
historical preference of the community for Te-rich contacts. It has been
demonstrated that Te-rich CdTe surfaces have higher recombination
than stoichiometric or somewhat Cd-rich surfaces [152], which has led
to some pre-contact surface preparations to favor stoichiometric to
Cd-rich conditions to achieve better passivation [154,155]. Historically,
the low minority lifetime of the absorber made interface recombination
at the back contact less important than a reduced barrier height, which
modeling indicates a pure Te layer at the back interface can lower [156].
That being said, when another highly doped semiconductor such as
ZnTe is used to create a hole transport at the back, a stoichiometric
rather than Te-rich surface has been observed to be preferred [154].
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More recent modeling suggests these different observations may be
related to surface termination of the CdTe. When a Te layer is used to
contact a CdTe surface, if the CdTe is terminated with Te instead of Cd it
can lead to notably lower efficiency [118]. To date, ZnTe has one of the
lowest observed barrier heights of the various contacts surveyed by the
community at 0.3-0.5 eV (although Te is similar, or possibly even lower)
[157,158] and has also been adopted commercially with improved
stability [55].

As the community looks towards group V doped absorber layers with
high doping and long minority carrier lifetime, there has been discussion
regarding if a Cu-free back contact should (must?) be used and thereby
avoid any concerns related to compensating defects and stability. A
variety of nominally Cu-free devices and/or back contacts have been
examined including using metal oxides (e.g., MoOy [159] AlGaOx [160],
pnictides (e.g., NiyP [161]), tellurides (e.g., Te, ZnTe, PbTe, SbyTes) [68,
162], and a host of other miscellaneous other materials (e.g., Au, PTAA,
MXenes) [146,155,163]. A caution should be mentioned for any litera-
ture that reports Cu-free devices. Cu is a particularly persistent actor,
where if it has been introduced previously in a deposition chamber
deep-cleans are necessary to remove it. It is also a common impurity in
materials used in CdTe processing (e.g., CdCly). The only way to be sure
a device is Cu-free is through dynamic SIMS analysis such that the Cu
impurity level can be evaluated relative to the absorber’s carrier con-
centration [164].

As bulk lifetimes have significantly improved past a few ns, recom-
bination at the back interface has become more of a concern. Addressing
this would be enabling in both reducing the Te intensity of devices, since
CdTe devices do not require 3 pm of absorber from an optics standpoint,
as well as facilitating improved bifaciality, which would also require a
high quality transparent contact. One proposed approach to address this
is an electron reflector material such as ZnTe or CdMgTe [165]. Using
point contacts with an electric field passivating material, such as Al;Os3,
has been considered as well at both the front and back interfaces [121].
Chemical passivation appears to be a required element to reap the
benefits of electric field passivation. A “2D/3D termination” strategy,
where a 2D material (e.g., CdCly) terminates the 3D surface (i.e.,
CdSeTe) has been one of the primary ways chemical passivation has
been achieved [89]. New materials and processes to achieve passivation
as well as reducing Fermi level pinning at CdTe surfaces are both ripe for
more research.

8. Doping and point defects
8.1. Native defects and Cu doping in CdTe

Shallow doping in II-VI compound semiconductors is in general not
as simple as for Si, Ge, and III-V compounds, especially in polycrystalline
thin films. Some II-VI’s such as ZnSe and CdTe tend to compensate at
least one doping polarity with native defects, and some dopants such as
Cu may exhibit limited substitutional stability and tendencies for self-
compensation. Both effects can be understood by observing that the
formation enthalpy of a charged defect depends linearly on the Fermi
energy, thus compensating defects (whether native or incorporating the
dopant itself) become more favorable as the Fermi energy moves closer
to a band edge. At extremely-high dopant concentrations or chemical
potentials, substitutional doping becomes unstable to the formation of
secondary phases. The generic term collecting these behaviors is that a
“doping limit” is reached. CdTe in polycrystalline form tends to
compensate especially p-type doping, and Cu appears to self-compensate
more than As or P under many deposition and growth conditions. The
native defect properties in CdTe have recently been reevaluated with
density functional theory (DFT) using the Heyd-Scuseria—Ernzerhof
(HSE06) hybrid functional, which enabled new insights [46,166-172].

Recent DFT calculations have provided insights into why undoped
CdTe films can only be made weakly p-type. Also, carrier lifetime is
expected to be low when CdTe is synthesized under Cd-poor conditions.
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It was found that among all possible native defects, that V4 creates the
shallowest accept level. Te-rich (Cd-poor) growth conditions favor the
formation of Vg, responsible for the p-type conductivity. Only low p-
type conductivity can be achieved in unintentionally-doped CdTe in
equilibrium because of two limiting factors of native defects. First, the
Vcq accept levels are too deep at approximately 360 meV to be fully
ionized. Second, during growth of CdTe films, other native donor-like
defects such as Te vacancy (Vre), Cd interstitial (Cd;), Cd on Te anti-
site (Cdre), etc. also form. However, as the growth temperature in-
creases, more defects are created and since rapid quenching can freeze-
in these high temperature concentrations. The doubly-charged Te on Cd
anti-site (TeZ{) has been believed to be the most active non-radiative
recombination center, which is undesirable for solar cell applications
[46,173,174]. The recombination behavior of the V¢q has been experi-
mentally characterized [91,173] and very recent advanced computa-
tions have predicted that trap-assisted recombination from Vg under
equilibrium conditions would result in a loss of 5% in efficiency [175].
Experimentally, Cd-rich conditions have been shown to promote longer
minority electron lifetimes [47].

8.2. P-type doping

Most monovalent elements like Li, Na, Ag, etc. can act as acceptors
on the Cd site, however over many decades Cu has been the most widely
adopted, although in the current era it has been recognized that Cu itself
had become a limiting factor on efficiency and stability of cells, as dis-
cussed in later sections in more detail. Cu forms both substitutional
acceptors (Cucg) and self-compensating donor-like interstitial (Cu;). The
Cucgq (0/—) acceptor level is about 150 meV above the VBM, which while
shallower than Vg, is still too deep for full ionization at room temper-
ature. Cu; donors do not strongly compensate holes generated by Cucq
acceptors. As a result, Cu doping in CdTe should be able to improve the
p-type conductivity in CdTe, as observed experimentally. However, Cu
doping causes device instability and degradation due to the high diffu-
sivity of Cu ions, as described more completely in later sections.

Group V pnictides (N, P, As, Sb) substitutional on Te sites have long
been known to be effective acceptors. The first DFT calculations using
hybrid functionals reevaluated the formation enthalpies and ionization
energies of P and As [46,87,90,168,170,175,176]. P and As interstitials
are predicted to have rather high formation energies, especially under
Cd-rich condition. However, substitutional P and As may form AX cen-
ters, converting them from acceptors to donors. When an AX center is
formed, the P (or As) atom will move toward its neighboring Te atom
and form a P-Te (or As-Te) bond by breaking their two bonds with Cd.
The formation of AX centers is predicted to pin Er under equilibrium
growth conditions thus setting a doping limit. These calculated results,
so far do not contradicted by experiments in polycrystalline films [83,
168,1771, suggest that rapid quenching can enhance the hole density, at
least temporarily. The very most recent calculations improve upon this
work by using very large supercells and including spin-orbit coupling
(which affects the valence band edge and thus acceptor ionization en-
ergies) suggest that many of these predictions, especially regarding AX
behavior, must be re-assessed [178]. Thin film deposition under
non-equilibrium conditions at the vapor-solid growth interface may be
exploited to optimize the relative concentrations of desired defects. It is
noted that direct experimental identification of compensating defects
causing low doping efficiency for group-V doping has been sparse at
best; further work is necessary to distinguish between compensating
native or extrinsic defects, complexes including the dopants, and or AX
centers.

In terms of experimental doping results, multiple single crystal
growth results using the Bridgman and travelling heater methods have
found doping limits with hole density in the low 10'7/cm? range. Up to
that level, the activation ratio (hole density/dopant density) has been
shown to be as high as 50% especially under the Cd-rich conditions from
Cd-solvent THM [82-84,177,179-181]. At extremely high doping
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concentrations, 2nd phase precipitates such as CdzAss or CdsPs form in
all known single crystal growth methods (e.g. THM and Bridgeman [61,
85,182]), but it is clear that a point defect compensation mechanism
operates at lower doping. Increased doping with quenching and persis-
tent photoconductivity have been observed. Self-compensation by AX
centers is suspected, however no direct structural evidence has elimi-
nated other possibilities such as defect complexes that may dissociate
and re-associate. Minority carrier lifetimes of 10’s to 100’s of ns have
been observed in As-doped single crystals grown by Cd-rich THM
demonstrating that the combination of high p-type doping and long
electron lifetimes are possible with group-V doping and Cd-rich condi-
tions. In polycrystalline device structures, especially when passivated at
the back surface, lifetimes exceeding 1000 ns have been measured and
doping measured from capacitance-voltage (CV) can reach into the
10'7/cm? range. Understanding and optimizing the interactions of Gr-V
p-type doping, Cl, Se, and grain boundary passivation are still topics of
intense research. Recently it has been reported that As can pile up near
the front n-type contact interface and compensate p-type doping which
lowers cell efficiency [183]. As doping has recently been implemented in
production modules (First Solar Series 6 CuRe) and has been found to
produce modules with better long-term stability than ones with Cu
doping. It is important to note that the body of literature on degradation
of cells and modules, including most of what is summarized later in this
paper, focuses on Cu-doped cells. Group-V doped cells and modules have
simply not been studied long enough for a large body of literature to be
built up, however the early indications are that As-doped cells are
significantly more stable and reliable than Cu-doped predecessor tech-
nologies [90].

9. Roles of post deposition CdCl, treatment

The discovery of the cadmium chloride (CdCly) activation process
was the key innovation responsible for elevating device performance
above 15% and attracting commercial interest in the early 1990’s [184].
After CdTe deposition the absorber is typically exposed to CdCl; either
by immersion, evaporation, or sublimation coupled with annealing at
~400 °C at time scales on the order of minutes. Activation with

After CdCl,
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Before CdCl;
Defective
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alternative Cl sources, notably Cl, and MgCl, [15,16,104,185,186] but
including many others, is also effective but cells never quite reach the
same performance levels as for CdCly. Especially in the case of close
space sublimation (CSS) and other deposition techniques resulting in
slightly Te-rich stoichiometry (which can be beneficial for promoting
larger grains thus reducing grain boundary recombination), it is sus-
pected that the Cd pushes the overall stoichiometry to Cd-rich thus
reducing intragrain defect mediated recombination. This interplay of
microstructure and defect evolution during film growth and CdCl,
treatment may help to explain seemingly contradictory results obtained
by different groups [187]. Also, alternative heating schemes such as
rapid thermal processing (RTP) and laser annealing may be used
[188-191]. The CdCl, activation process has a number of significant
benefits including: i) promoting II-VI interdiffusion, ii) grain growth,
recrystallization and randomization of grain orientation, iii) removal of
structural defects such as stacking faults, and iv) passivation of grain
boundaries and interfaces [192]. In CdS/CdTe devices with Cu doping,
CdCl, facilitates interdiffusion of these layers and the formation of a
high quality heterojunction [193] and it was generally agreed that the
presence of oxygen in the annealing environment had a positive role in
promoting this process. The second impact of CdCl, activation is
increasing the size and quality of CdTe gains [194-196]. Regardless of
deposition method, the quality of as-deposited CdTe is generally quite
poor, with high densities of defects and stacking faults present as shown
in Figs. 15 and 16. The SEM and TEM images in Fig. 15 display the
dramatic improvements realized at the grain and atomic level, respec-
tively [195]. Twin boundaries remain after treatment, but these features
are generally thought to be benign in terms of recombination. The
stacking faults terminate at grain boundaries or free surfaces as shown in
Fig. 15 and are also benign [196,197]. However, their removal after the
CdCl; activation treatment strongly correlates with a dramatic increase
in device efficiency. The removal of stacking faults is caused by sulffi-
cient chlorine segregating into the adjacent grain boundaries
[198-201]. It is believed that dislocations are effective recombination
centers, although their density is generally small in high-quality films. It
is the passivation effect of the chlorine that is responsible for the
increased efficiency. Interestingly, if the chlorine is removed by

Fig. 15. Cross-sectional TEM images of representa-
tive cell microstructures before and after CdCl,
treatment, at low resolution a)-b) and at atomic res-
olution c)-d). As shown in a), before CdCl, treatment,
a fine-grained layer is visible in the CdTe layer in
contact with the buffer layer and many stacking faults
and twinned regions are present within grains as the
parallel bands of contrast as shown in c). After
treatment, as shown in b), the densities of both the
small grains (and their associated grain boundaries)
and the planar intragrain defects as shown in d) are
significantly reduced.
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Fig. 16. a) EBSD images of microstructure changes during CdCl, treatment at temperatures from 400 to 490 °C. The scale bar of 5 pm applies to all of the EBSD
images. Figure redrawn from elements in Ref. [73] b) Composite top view optical micrographs of ~4 pm thick thin films deposited by thermally evaporating CdTe at
150 nm/min and 475 °C substrate temperature then annealed in a closed graphite vessel containing CdCl, for different times [71]. The image b) is copyright IEEE and

reused by the original author with permission.

annealing, the stacking faults return and the device efficiency declines
dramatically [202]. The grain growth during CdCl, and its temperature
dependence is shown eloquently in the electron backscatter detection
(EBSD) images shown in Fig. 16. Although the CdTe morphology im-
proves with temperature other issues such as film delamination can
occur with excessive time or temperature.

Finally, it is known than Cl segregates to grain boundaries [198-200]
and interfaces [88], and its presence has been credited with passivation.
Many observations of increased electron beam-induced current (EBIC)
signals from grain boundaries have been made leading to the suggestion
that grain boundaries might actually help polycrystalline solar cell
performance at least near Jg,, however this concept has been firmly
debunked when the excess recombination (or dark current J,) is taken
into account [203-205]. The CdCl, activation step is capex intensive,
with early practitioners describing it as the “the most intricate process in
manufacturing” [206]. Due to these complications and environmental
concerns related to its high solubility in water, there has been a long
history of exploring alternatives to CdCl,, including HC1 [207], Clp [16],
chlorofluorocarbons [208,209], and non-toxic salts such as MgCl, [15,
185]. Chlorine is associated with removal of extended defects, both
intragrain and in some cases facilitating recrystallization and grain
growth thus removing grain boundaries. Its main role common across
many types of film deposition is to passivate grain boundary states.
Resulting device efficiencies using these alternative chlorine sources has
at times approached, but never surpassed, the performance with CdCl,.
So while chlorine is primarily responsible for the observed benefits, the
impact of cadmium is non-negligible suggesting that it decreases the
concentrations of Te-rich defects. The formation of Cd and Cl-related 2D
layers at the absorber/window interface during Cl treatment may play a
role in reducing interface recombination [88,89].

Recent advances, including the replacement of CdS with higher-
bandgap emitters, the use of selenium alloys, and increased p-type
doping have not diminished the importance of the CdCl; activation step.
The CdCl, treatment retains its role with respect to II-VI interdiffusion,
now facilitating selenium compositional grading in CST devices [78,
136]. Alloying appears to proceed in a two-step process where Se first
diffuses relatively quickly through the absorber along grain boundaries,
followed by a slower alloying reaction with CdTe grains, similar to the
diffusion observed in CdS/CdTe diffusion couples. The elimination of
CdS has altered the constraints on process conditions employed for
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CdCl; activation. In CdS devices using isothermal processing of CdTe
coated with CdCly, treatment temperature was limited to approximately
430 °C because higher temperatures in many cases resulted in complete
interdiffusion with the CdS (which was and problems device delami-
nation. Alternative emitters such as MZO experience negligible inter-
diffusion and enable the use of higher temperature, creating much larger
CdTe grains which may contribute to improved performance [73-75].
The presence of O, in the ambient was considered beneficial in
CdS/CdTe devices [210], as oxygen modifies the Cd/Te equilibrium,
producing surface CdTeOs and CdO oxides on the surface. CdCl, and Oy
concentrations each control the resulting oxide content and the CdS
diffusivity. In devices using MZO it has been found to be detrimental
[64,106]. In this architecture CdCly is typically conducted in the absence
of oxygen as its presence is thought to eliminate beneficial oxygen va-
cancies or alter the MZO conduction band alignment. In CST absorbers
recrystallization still occurs, but the degree of grain growth is signifi-
cantly less than in binary CdTe. This is attributed to the higher activation
energy for recrystallization for CdSe [211], and thus higher activation
temperatures are often used [212]. Chlorine as well as selenium deco-
rate grain boundaries in alloyed devices [78,136]. Chlorine retains its
role passivating grain boundaries, while the role of Se at grain bound-
aries is less clear.

A CdCl, thermal annealing process has been long established as a
critical step for making CdTe devices [213]. It is commonly accepted
that the grain boundary passivation by chlorine during CdCl; annealing
step plays an important role in optimizing polycrystalline CdTe solar
cells [7,194,214-219]. The CdCl; acts as a flux, lowering the tempera-
ture at which Cd-Te bonds can be broken and modifies the defect
landscape within grains and grain boundaries; reports suggest the
eutectic point is further lowered with the introduction of oxygen [17,
220]. As seen in Fig. 16, aggressive CdCl, treatments at temperatures
approximately 450-500 °C, high overpressures of CdCl, and optimized
times can completely transform the microstructure to eliminate hori-
zontal grain boundaries and minimize the number of vertical ones
[71-75]. For as-deposited microstructure consisting of narrow columnar
grains and thus copious grain boundaries, dramatic recrystallization
occurs with the degree of change increasing strongly with increasing
temperature to near equiaxed grains with lateral and through-thickness
dimensions nearly equal near 450 °C. At temperatures near 490 °C,
recrystallization results in grains wider laterally than the film thickness.



M.A. Scarpulla et al.

It is noted that if the as-deposited microstructure has less grain boundary
area per volume, the driving force for recrystallization is smaller so
recrystallization may not be observed. In the 1990’s, vapor phase CdCl,
treatments were developed in order to decouple the CdCl, chemical
activity from annealing temperature. The amount of the chlorine needed
to passivate the grain boundaries was largely quantified by dynamic
secondary ion mass spectrometry (D-SIMS). However, the reported
values often varied in a large range [221,222]. More recently, the dis-
covery of chlorine segregation at grain boundaries in polycrystalline
CdTe filled the understanding gap of various reported chlorine values.
When chlorine was largely segregated at grain boundaries, the varying
densities of grain boundaries in different samples led to different levels
of detected chlorine [200,201,223]. Chlorine was identified to replace
roughly 25% of Te at grain boundaries by transmission electron mi-
croscopy (TEM) [223] and later confirmed by time-of-flight-SIMS
(ToF-SIMS) results [199]. It was reported that devices with different
chlorine levels due to different grain size actually had similar concen-
tration of chlorine at grain boundaries, reaching saturation level, as
demonstrated by the proportionality of Cl to grain boundary length as
shown in Fig. 17. This provided convincing evidence that overall chlo-
rine concentration is regulated by the grain boundary density and is
stable across different devices. Keeping chlorine saturated at grain
boundaries was critical to maintain device performance [199].

10. Cu doping in chlorinated absorbers

Historically, Cu has played an important role in the formation of the
device back contact as well as in formation of p-doping in CdTe
absorber. Formation of p-doping with Cu dopant generally consists of
three steps [86,224,225]. The first step is the incorporation of Cu atoms
in the form of Cui + interstitial defects from a Cu source deposited on the
back side of the absorber (the Cui + diffusion barrier is close to 0.5 eV
[46,225]). The second step is a knock-out reaction, i.e. exchange of Cy;
with Cd lattice atom with formation of Cugy acceptor and Cdj 2
byproduct (reaction energy is 1.0 eV [176]). The third step is out-
diffusion of the Cd;"2 byproduct to the back contact, GBs or extended
defects (Cdi+2 diffusion barrier is 0.4 eV [225]). Since the incorporation
of Cu;" is slowed down by the forming built-in field and the knock-out
reaction energy is 1 eV, annealing at T > 200 °C is required for effi-
cient activation of Cu [86]. Importantly, simulations of Cu activation in
a realistic TCO/CdSeTe stack predict a non-uniform doping profile with
the accumulation of acceptor doping in the regions with high
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Fig. 17. Total chlorine concentration (atoms/cm®) measured by ToF-SIMS
shows a linear relationship with the grain boundary length (cm) measured by
EBSD within a fixed 2D fixed field of view. Image from Ref. [199] copyright
IEEE and reused by the original author with permission.
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electrostatic potential, i.e. near the absorber front interface [86]. Such
nonuniform doping may influence device operation and must be taken
into account in device modeling of realistic solar cells.

The resulting doping level (hole density) depends on the efficiency of
Cui + conversion into Cucq as well as on the density of compensating
donors and defects in CdTe. The efficiency of Cu;" conversion is defined
primarily by the efficient outdiffusion of Cd;"? byproduct outside CdTe
grains after activation [86,226]. In thermodynamic grand canonical
formalism, conditions of efficient Cd outdiffusion are defined by a low
Cd chemical potential [46]. Theoretically, in an uncontaminated CdTe
lattice under low Cd chemical potential, one may achieve fully activated
Cu with hole density above 10'® cm™ for Cu density of 10'7 cm™3,
However, in the actual devices, the density of free holes (10**-10'°
cm™3) is usually much lower than the density of incorporated Cu in CdTe
absorber (1017-10'%) [151], [227], [228]. The reason for such low hole
density is a strong compensation of Cucq acceptors by donor-like defects
and complexes. According to atomistic simulations, in CdTe with Cu and
Cl, point defects and complexes mostly tend to behave as donors with
just a few defects acting as acceptors [46,176]. Therefore, formation of
Cucq acceptors is accompanied by formation of donor defects and
complexes, which leads to partial compensation of Cu doping. Impor-
tantly, Cu doping anneals are always performed after the chlorination
stage required to improve the minority carrier lifetime. The mechanisms
behind lifetime improvement in CdTe deposited using vapor transport
deposition method are recrystallization of the grains with increase of the
average grain size, passivation of interfaces and grain boundaries,
mitigation of extended defects, and passivation of Tecq recombination
centers inside the grains [201,229]. As discussed previously, during
chlorination, Cl is introduced into the CdTe absorber in concentrations
of at least 10'® cm ™3, As opposed to Cu that does not segregate at grain
boundaries [198], chlorine primarily resides at grain boundaries [199,
200], with some residual amount remaining inside the grain interiors
following the chloride treatment that promotes secondary recrystalli-
zation (grain regrowth). Inside the grains, Cl may interact with freshly
formed Cucq acceptors. As a result, (CliCu(;d)+2 double donor complexes
are formed [176], being one of the key reasons of highly compensated
Cu doping and long-term degradation (Fig. 18).

An important limitation of Cu doping is a non-shallow ionization
level of 0.15-0.20 eV of Cucq acceptor based on calculations [46,176].
Such a non-shallow acceptor generates less free holes than a shallow
acceptor, especially at low temperatures, worsening separation of elec-
trons and holes. Consequently, CdTe absorbers with typical (1-5)e10'*
em ™3 hole density from Cu doping have lower performance than if the
acceptors were shallow.

Another consequence of the non-shallow acceptor ionization level of
Cucq is reduced carrier lifetime when Cu doping is high and

_ Cu;-Cucy

olpl

Tecq Cli-Tecy
Cl treatment Cu doping

Fig. 18. Sankey diagram qualitatively showing the defect evolution during Cl
treatment and Cu doping stages. Exact concentrations and flows of defects
depend on experimental conditions. This particular diagram with arbitrary
thicknesses of flows may or may not correspond to real conditions. Figure from
Ref. [176] Copyright Royal Society of Chemistry and reused by the original
authors with permission.
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uncompensated. While the Cu level is not near mid gap, still the electron
lifetime may become limited by recombination a Cucq acceptors [230].
When doping is high, Cucq acceptors are only partially ionized and
neutral Cugd defects can capture free electrons fast, despite the relatively
low calculated electron capture cross-section of 2.5 x 1077 ¢m? [230].
The subsequent capture of a hole finalizing the Schockley-Reed-Hall
(SRH) recombination cycle is fast due to the abundance of holes in
p-type material. If high, uncompensated Cu doping were to be achieved,
such limitation of lifetime could become a bottleneck for efficiency
improvement. This, however, is not the case in typical CdTe-based ab-
sorbers with highly-compensated Cu doping.

Alloying CdTe with Se reduces the band gap, thus increasing pho-
togeneration and short-circuit current. Simultaneously, alloying in-
troduces a number of additional negative and positive effects that
influence cell performance. Among negative effects are the reduced
energy gap for bulk recombination and the lower p-dopability of high-Se
region of absorber. It was found based on first-principles calculations
that acceptor defects have slightly higher formation energy and deeper
levels in CdSeg 25Teg 75 than in binary CdTe, while donors have lower
formation energies. Simulation of Cu doping in CdSeTe graded alloy
predicts stronger compensation of Cu doping in high-Se region of graded
absorber [86]. These results are in agreement with experimental ob-
servations of worse dopability of CdSeTe alloys [231] as well as with the
principles of p-dopability established by Zunger [232]. At the same time,
a reduction of Cucq formation energy in CdSeq 25Te 75 alloy was pre-
dicted based on modeling in Ref. [233] which does not seem to be fully
in line with other data.

Two positive effects of graded CdSeTe alloy films are the grading of
electron affinity towards the main junction creating a pseudo-electric
field as well as the change in band offset at the front interface [79,
233]. These effects facilitate carrier separation in the bulk and reduce
the recombination at the front interface. Another reported effect of Se
alloying is an increased intensity of hyperspectral cathodoluminescence
inside CdSeTe grains [78]. This result suggests that the activity of pri-
mary SRH recombination centers, such as Tecq, are suppressed in Se
alloys by either lower densities of such centers or due to a reduced
capture rate of free carriers [234].

Besides low doping values, another important limitation of Cu
doping is its long-term stability. The gradients of electrochemical po-
tential of free carrier depend on absorber doping [235], therefore
degradation of doping with time worsens separation of photogenerated
charge carriers, thus, reducing cell efficiency. . In chlorine-free Cu-do-
ped single crystals, the literature has had mixed reports of doping sta-
bility, with some indicating stability at room temperature [236] and
others indicating degradation over the course of 1-2 months or when
annealed to 200-250 °C [47]. In chlorine-free polycrystalline films with
supersaturated Cu (~10'° ¢cm™) introduced at high temperature,
doping degradation was explained by a dissolution of the Cu atoms from
precipitates or extended defects at low temperature with formation of
neutral (CuiCqu)O complexes [224].

In chlorinated CdTe absorber with an optimal amount of Cu (~10"
cm ™), degradation of doping with time is always observed [237,238].
This doping degradation is not accompanied by long-range redistribu-
tion of Cu within the absorber. A correlation between the chlorination
conditions and performance stability of Cu-doped devices has also been
reported. While the precipitation and dissolution of Cu; may still
contribute to doping instability in a chlorinated CdTe absorber with
optimal Cu concentration, another plausible hypothesis of doping
instability is the interaction of Cu acceptors with Cl atoms [90]. The
process of slow doping compensation may happen after cells are cooled
down after fabrication. After cool down, Cl is slowly released from a
neutral (Clj-Clye) complex in grain interiors and from grain boundaries
and then binds with Cugq acceptor to form the compensating
(Cli-Cqu)+2 donor complex, which leads to slow doping reduction [90,
176].

Both described mechanisms of doping instability are driven by
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temperature and rely on the injection of interstitial donor species (Cl; or
Cuy;) from a source to CdTe grain bulk. However, only the Cl-related
mechanism allows to explain the absence of doping degradation in Cl-
free devices and doping degradation in chlorinated devices observed
in work [90]. The atomistic mechanism of Cl-related doping degradation
together with the experimental and theoretical impact of doping
degradation on device performance as well as the reversibility of doping
degradation were studied in Ref. [90]. The temperature-driven doping
compensation of Cu doping agrees qualitatively with the slow perfor-
mance decay as well as with downwards/upwards efficiency stabiliza-
tion of Cu-doped modules during winter/summer in the field [239] and
at colder/higher stress temperature in laboratory tests [240]. The
described mechanisms of doping compensation are inherent to Cu
dopant and should be absent in Group-V-doped acceptor. This might
explain excellent doping stability in accelerated life tests of As-doped
CdTe cells observed in Refs. [27,90].

11. Degradation and ageing of devices with Cu and Cl

The majority of fielded power-production CdTe modules at this time
are glass-glass construction with desiccated polyisobutylene edge seals.
On the other hand, most laboratory cells are not encapsulated. In some
cases, e.g. cells with MZO buffer layers, lab-scale cells are known to
change over time and exhibit instabilities possibly as a result of uptake
of water vapor from air. Thus we first remark that some effects found in
stress or degradation studies on lab cells are not always relevant to
actual module behaviors. Others such as the migration of Cu do translate
to modules.

The degradation mechanisms have been only strongly connected
with the possible diffusion of impurities in the bulk, discussed somewhat
in the previous section, and in the junction. In a CdTe solar cell, impu-
rities might come typically from the following cases (i) impurity ele-
ments from raw material, (ii) impurities including chlorine from CdCly
and similar activation treatments, and (iii) elements released from
substrate and from front and back contacts. The main driving forces for
migration of impurities in the device are temperature and bias, both
generated by the irradiation of light. Migration strongly depends on the
type of impurity; particular impurities of note include Na, Cl, and Cu. If
the CdTe is doped with other dopants, these might also contribute to the
degradation of the device.

The effects of chlorine have been extensively studied. Chlorine does
not contribute to the metastability of the device although it can have an
important role in doping the bulk [241] and in passivating the grain
boundaries [214]. However, only high temperature can lead to move-
ment of chlorine atoms [202]. Sodium can diffuse from the glass into the
device structure [242]. Also, some diffusion of species from the front
contact might occur [243] such as indium diffusion from ITO when CdTe
is deposited at high temperature. However the introduction of high
stability TCOs, such as (but not only) SnOx:F [244] together with a
barrier layer for Na, typically SiO, [245], has scaled back the problem.
For these reasons, Cu happens to be the main impurity responsible for
degradation effects. As already mentioned, Cu has been used for
improving the back contact of the devices by delivering a higher work
function, and, at the same time, its diffusion enhances CdTe doping.

So, Cu can be crucial for high efficiency devices but, at the same time,
can represent the main reason of CdTe solar cell degradation. To manage
the Cu insertion, we have to separate the two effects and control them in
a different manner. In particular we have to analyze separately the ef-
fects of Cu in the two following areas (i) Cu at the back contact and (ii)
Cu in the CdTe bulk. Elemental Cu at the back contact is known to be
strongly detrimental for the stability of the device, in particular Cu ions
tend to diffuse into the CdTe bulk and, even if they can fill cadmium
vacancies, they are not stable in their positions and may diffuse towards
the junction slowly shunting the device. The depth of understanding
relating to the role of Cu has come from CdS/CdTe device structures,
though findings similar to those discussed below have recently been



M.A. Scarpulla et al.

reported for CdSe/CdTe devices, with a noted dependence on the initial
CdSe thickness [246].

Typical accelerated stability tests are done under light at a temper-
ature of 80 °C in two different conditions: at open circuit (OC) or at short
circuit (SC). Limited degradation in SC conditions has been observed
[247] and is explained by the fact that Cu diffuses as a positive ion inside
the CdTe/CdS structure. In the absence of external bias, as in open cir-
cuit condition, Cu™ ions migrate toward the CdS. This is particularly
evident when no treatment on the surface is provided [228]. In this case
Cu* diffuses into the bulk with reduction of shallow defects and
consequentially of carrier concentration.

Instead, if a compound is generated at the surface, Cu is not in its
elemental form and shows a different behavior. Forming a compound
that incorporates Cu is the strategy to reduce or eliminate Cu diffusion
and consequentially deliver high stability solar cells. One of the first and
very important work that has revealed the effect of Cu based compounds
is the work from Wu et al. which demonstrated that CuyTe;., with x£1.4
forms as a very stable compound [248]. CuxTe; x compounds have been
prepared by deposition and growth on the CdTe surface by etching of
CdTe and consequential formation of Te-rich surface and reaction with
Cu at high temperature [228]. Cu can also be sequestered in stable
compounds such as ZnTe [149], AsoTes or BipTeg [249].

On the other hand, once Cu is stabilized at the back contact the need
for Cu inclusion into CdTe for doping has to be engineered, otherwise
CdTe would require an alternative doping. Regarding this, it has to be
considered that Cu has a very low solubility in CdTe. Once the amount of
Cu exceeds the solubility limit it segregates, possibly especially at the
grain boundaries, giving a place for degradation [164,250]. According
to first principle calculations, it can be expected that Cu atoms at CdTe
grain boundaries are energetically favored compared to CdTe bulk
[251]. The solubility of Cu in CdTe single crystals has been measured at
higher temperatures. From this an extrapolation presented by Perrenoud
et al. [164], suggests a Cu solubility between 3 x 10' and 3 x 10'*
Cu/cm® at room temperature. Driving in a 0.1 nm thick Cu layer on a 5
pm thick CdTe layer results in a Cu concentration of 8 x 103 Cu/cm®
[250]. This would exceed the solubility limit but in this case a quenching
of the stack by fast cooling would improve stability.

Another successful process for including Cu, by controlling accu-
rately its quantity in order not to exceed the solubility of the element in
CdTe, is to convey Cu by chlorine and more specifically by CuCly
deposition and subsequent annealing. Beach et al. suggest that the de-
fects induced by CdCl,, probably Cl-induced donors, increase the solu-
bility of Cucq acceptors [252]. The CuCly is applied after the standard
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CdCl; activation treatment since combining activation treatment and Cu
doping in a single step is not possible: CdCl, activation treatment is
applied at a temperature which would cause significant Cu diffusion if
inserted in its elemental form. On the other hand via chlorine it is able to
solute into the CdTe limiting segregation [133,253].

The benefits and drawbacks of Cu in CdTe devices are evident in
Fig. 19 [254]. Cells with Cu in the back contact and in the bulk CdTe
exhibit a higher initial efficiency but degrade rapidly to a level at or
below devices without Cu. This was the commonly observed trend for
devices prior to 2016. Fabrication of the cells used for Fig. 19 was typical
at NREL [255] with CdS grown by chemical bath deposition, CdTe
deposited by close space sublimation, CdCl, anneal, and
nitric-phosphoric acid back contact etch followed by graphite paste
(with or without Cuj 4Te) then Ag-paste. Cells were stressed under
AM1.5G, 1-sun light intensity, and open-circuit conditions at 65 °C.
Performance changes were determined by periodically removing the
cells to measure JV and CV [256]. The rate at which CdTe devices
containing Cu degrade is a function of the amount of Cu present [246,
254]. Fig. 19 (b) shows the comparison of the degradation rates of two
sets of devices made with the deposition of 2 nm and 0.1 nm Cu thick
layer at the back contact, after bromine-methanol etching. In this case
solar cells have been made by vacuum evaporation at the University of
Verona. The devices were put in a special metal box, kept at 80 °C and,
by a dedicated rack of lamps, under an irradiation of one sun. Looking at
Fig. 19 (b) it can be clearly observed that, for the 2 nm Cu case, the
degradation is prominent in the first 200 h when Cu has the strongest
diffusion. Instead, for the 0.1 nm case, the degradation is milder and
much slower (in Ref. [151] a different degradation mechanism has been
identified), also the stabilized efficiencies are higher).

Although there was a clear correlation between Cu content and
degradation, kinetic models were developed to better understand the
mechanisms. Viable models should account for common observations,
such as (i) degradation modes with strong FF loss, followed by V., and
insignificant Jg loss (sometimes increasing), (ii) increasing rollover of
the JV-curve in forward bias [254,256-258], (iii) replacing the back
contact after stress tests can partially eliminate FF loss and rollover
without V. improvement [258], (iv) thermally activated degradation
rate with activation energy of approximately 1 eV [259], (v) similar
degradation modes observed by exposure to light, electron beam [260],
and dark forward bias, (vi) increasing apparent doping and decreasing
depletion width with stress [254,261], and (vii) stress at V. bias is more
detrimental than stress at Js. (V = 0) bias [257,259,262,263].

While diffusion of Cu is certainly a factor during degradation, ion
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Fig. 19. a) Efficiency versus stress time for four CdTe cells with Cu in the back contact (solid lines) and two without Cu (dashed lines). Stress conditions were
AM1.5G, 1-sun light intensity, open-circuit, and T = 65 °C. Image from Ref. [254] copyright IEEE and reused by the original authors with permission. b) Efficiency
versus stress time for two sets of differently contacted all-evaporated CdTe cells: the 2 nm Cu contacted devices strongly degrade in the first 200 h reaching a lower
stabilized efficiency compared to the 0.1 nm Cu contacted cells. Image from Ref. [151] copyright Elsevier and reused with permission by the original authors.
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transport alone cannot account for the range of observations described
above [261,263,264]. The following two mechanisms were tested by
comparing numerical simulations to stress data: (1) large lattice relax-
ation (defect transformations) driven by charge injection in the
absorber, and (2) back contact deterioration (possibly due to Cu
out-diffusion) resulting in an increasing Schottky barrier with stress
[254,265]. In the lattice relaxation mechanism [266], charge injected by
light, e-beam, or voltage bias drives a defect transformation reaction.
The numerical device models showed reasonable correspondence with
the stress data under various conditions if the reaction was assumed to
generate deep recombination defects and shallow acceptor donors
concurrently, as may occur from the dissociation of a defect complex.
This type of model does not specify the defect species involved, but it
does allow for simulation of stress over a wide range of conditions and
the extraction of an activation energy from temperature dependent data
[267]. An activation energy close to 1 eV was determined to be appro-
priate for CdTe cells. The back-contact deterioration mechanism was
found to affect FF and JV curve rollover without modification of other
metrics. Simultaneously applying back contact deterioration and lattice
relaxation mechanisms accounted for the observed changes in perfor-
mance metrics, JV roll-over, and CV data [254]. It is worth noting that
when First Solar first introduced ZnTe as part of the back contact stack,
which should serve to bind Cu tightly, they observed a reduction in
degradation during 300 day accelerated light soak tests from 17% using
their previous metal contact to <10% with ZnTe [55].

Recently, devices with MZO buffer exhibited significant loss of FF
under light/heat stress, without the marked Vo¢ loss observed in CdS-
buffer devices [268]. An increase in the electric field near the Cd(Se,
Te)/MZO interface identified by KPFM electric potential profiling along
with device simulations determined that the degradation was associated
with the presence of charged defects at the interface along with a
decrease in MZO doping during stress. An increase in the conduction
band spike at the Cd(Se,Te)/MZO interface likely also played a role. A
slight increase in the back contact barrier was also detected by KPFM.
Cell stability improved by using a back contact that was less permeable
to moisture [269]. Doping the MZO layer with Ga is another proposed
approach for stabilizing these devices. The degradation mode described
above was irreversible, but it is important to note that reversible perfor-
mance variations were also observed. In the latter case, Cd(Se,Te)/MZO
devices that were in the dark for an extended period of time had an
average efficiency of 12%, which increased to 16.7% after 1-2 h of light
soaking at room temperature. The underlying defect kinetics is an open
question.

This section has described laterally uniform degradation mechanisms
that cause temporal variations of device parameters due to dopant/
defect concentrations and contact barriers. These are simplified 1D
models for processes that may be occurring preferentially at grain
boundaries, extended defects, and interfaces. Such nonuniform mecha-
nisms are prevalent in any polycrystalline material. They are 3D by
nature and give rise to shunting and weak micro-diodes (regions of low
Voe, but not shunted) [270-272]. Such nonuniformities are unavoidable
in high-throughput, large-area, thin-film technology and can have
dominant impacts on device degradation by robbing current from a large
area of the cell or creating hot spot (runaway) instabilities [273].

Lastly, one of the main drivers for adoption of As doping in pro-
duction modules by First Solar in the past few years is the greater sta-
bility and slower degradation in cells using this new doping scheme. In a
recent work, Krasikov et al. [90] lay out arguments that the long-term
degradation of Cu-doped CdSeTe solar cells is driven by the formation
of compensating (Cli-Cugq) "2 compensating donor complexes under the
bias conditions of operating cells and modules. This mechanism is not
present in As-doped cells because of the inefficiency of the Cl-acceptor
complex with As acceptors. The absence of such a long-term degrada-
tion mechanism coupled with the ability (under the right processing
conditions) to achieve doping concentrations in the 106-10'7/cm®
range, which will help with cell performance including Voc as long as
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lifetime is below the radiative limit, make arsenic the current best
dopant for high-efficiency and reliable modules.

12. Environmental and health

Concerns regarding the environmental impact of large-scale
deployment of CdTe-based photovoltaics have been raised since Cd is
listed among the 126 priority pollutants [274] and Te can also be toxic
[275]. However, a recent review indicated that several lifecycle analyses
have suggested CdTe has advantages across all environmental impact
categories (e.g. energy required to produce a module, global warming
potential, and others) relative to other PV technologies ([5,276] and
references therein). Several works have argued that CdTe-based solar
panels effectively encapsulate Cd and Te, which are produced as
byproducts of Cu and Zn mining and refining, between two
hermetically-sealed glass sheets, thereby reducing the overall environ-
mental impacts and exposure hazards [276-278]. This is especially true
since any Cd or Te not recovered during mining, smelting, and refining
would be released to the environment.

The Cd release to the surficial environment and worker exposure
have also been evaluated during the manufacture of CdTe-based mod-
ules, as well as risks associated with total module lifecycle [276,279,
280]. An evaluation of the manufacturing process at First Solar reveals
low environmental releases of Cd and low worker exposures during
routine manufacturing process, both far below regulatory limits [276,
277,281,282]. Results from experiments attempting to mimic panel field
breakage are mixed, due to variable experimental design, but typical
results do not exceed screening values [282]. Further evaluation of
unusual events, such as fire and severe weather suggested that these
events would likely not be significant routes of Cd to the surficial
environment. In contrast, disposal in landfills or incineration could
result in environmental releases, necessitating careful PV end-of-life
management [276-278,283,284]. In terms of carcinogenic risks, Cd is
most bioavailable in the form of highly-water-soluble salts such as CdCl,
which allow easy uptake into organisms. The bioavailability of Cd from
CdTe has been quantified to be approximately 100 times lower than
from CdCly in acidic gastric fluids mimicking an ingestion route of
exposure [285].

It is important to note that the total amount of CdTe used in a PV
module is very small compared to the total mass of the module and
balance of systems components like racking. The volume of active
semiconductor in cm® per module area in m? is numerically the same as
its thickness in pm (so a module with 3 pm-thick CdTe absorber uses 3
cm®/m? while Si-based modules with 300 pm-thick cells use 300 cm®/
m? of Si). In glass-glass CdTe modules the volume of glass is 4000 cm®/
m? for 2 mm-thick and 6000 cm®/m? for 3-mm-thick glass. For refer-
ence, the rated PV generating capacity for per m? is the AM1.5 spectral
power of 1 kWp/m2 times the module efficiency which can be roughly
estimated as 18-20% (so 180-200 Wp/mz). The mass of other compo-
nents like cabling, plastic junction box, elastomeric sealant, metal
racking, and other installation components are likewise very large. Thus,
even if the production of these components on a per mass or per volume
basis uses or emits smaller amounts of harmful substances as byproducts
or has lower embodied energy or CO5 emissions compared to the CdTe,
the large utilization ratio in the overall system argues that the material
used as the active semiconductor plays a minimal overall role in deter-
mining the environmental or health impacts.

Concerns over the potential toxicity of PV modules should be put into
context by comparing to other commonly-used materials and scenarios
with de-facto societally-accepted risks to environment and health. A
widely-accepted product with parallels in terms of using a harmful
heavy-metal element in a well-encapsulated manner with near-ideal
end-of-useful-life reclamation procedures is the use of lead-acid starter
batteries in the estimated~1.5 billion motor vehicles worldwide. Each
such battery currently in use contains on the order of 10 kg lead (~50
mol Pb atoms) and on the order of 1 L of a Pb-saturated sulfuric acid
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electrolyte. For comparison, the mass of Cd in a modern CdTe solar
module of 2.5-3 m? area is approximately 20 g which is 0.2 mol of Cd
atoms or about 250 times fewer heavy metal atoms than a car battery.
The lifecycle risk of Pb emissions from battery use, which accounts for
88% of global Pb use [286], exists from mining and manufacturing to
accidents or fires during use. However, the main route of Pb emission
from such batteries comes from improper or inadequately-controlled
recycling [287]. Lead-acid batteries have been recycled for nearly 100
years and in the US, the rate of lead-acid battery recycling is higher than
for any other single product at 97-99%, which sets an incredibly suc-
cessful template for closed-loop use of very useful but toxic elements
[288]. The CdTe PV industry, chiefly First Solar as the largest-scale
manufacturer worldwide to date, has set an example of guaranteed
recycling. In the context of utility-scale installations, proper reclamation
and recycling of CdTe from end-of-life modules is the norm. If CdTe
modules begin to be sold into other, less-centrally-controlled markets
like building-integrated, residential or commercial rooftops, care will be
needed to ensure proper recovery and recycling of those modules.
Fig. 20 shows a recycling plant run by First Solar to recover and recycle
its own Cd, Te, glass, and other materials from rejected parts from
manufacturing as well as decommissioned modules. As it moved to
large-scale manufacturing in the past decade, First Solar established a
novel independently-held fund to guarantee recycling of its modules to
ensure recovery especially of the CdTe but also the other useful
materials.

Another strand of concern regarding CdTe solar modules are the
chance of carcinogenic emissions if modules are involved in fires [289].
It is worth remembering that, in the event of a structure fire, common
materials such as wood, paint, furniture, synthetic fiber rugs, elec-
tronics, adhesives, flooring, vinyl siding, insulation, and even galva-
nized steel also release carcinogenic, toxic, or otherwise harmful
substances as vapors and smoke. Many organic molecules emitted from
incomplete combustion of even the most sustainable plant-derived ma-
terials like wood are also known carcinogens [290]. The enormous

Fig. 20. View of a First Solar module recycling facility. First Solar has over 10
years of experience in large-scale recovery and recycling its manufacturing
rejects and end-of-life fielded modules, with capacity in Malaysia, Germany,
Vietnam, and the US for processing >2 million modules per year. To date, more
than 230,000 metric tons of modules have been recycled. Image courtesy of
First Solar.

21

Solar Energy Materials and Solar Cells 255 (2023) 112289

volumes of these materials used in the built environment are similarly
subject to fire risks overall are de-facto judged as societally-acceptable.
The majority of contemporary Si modules utilize polymer/plastic
backsheets which can also release toxic and carcinogenic substances
under conditions of incomplete combustion. It is important to consider
such secondary risks of CdTe photovoltaics not in isolation but in the
context of other points of comparison.

Summing up, CdTe photovoltaics relies on potentially toxic ele-
ments, Cd and Te. However, Cd and Te are recovered as byproducts of
base metal extraction and CdTe PV modules sequester these elements,
which would otherwise not be recovered and released to the surficial
environment in mine wastes, in a low-bioavailability compound
encapsulated inside long-lifetime products. While utilizing these ele-
ments in PV has some inherent risk associated with it to human and
environmental health, the exposures have proven to be low during de-
vice manufacture, during both routine use and under lower probability
events (e.g., fire), and recycling. The largest concern is associated with
end-of-life recapture and recycling, since this will occur at a larger and
larger scales into the future. Further, the risks from using CdTe as the
active semiconductor in PV modules should not be judged in isolation,
but rather within the context and compared to other alternatives. This
suggests an interesting area of study in risk and impact quantification for
various PV technologies, as well as comparisons to other technologies in
the built environment for context. Comparisons in terms of cradle-to-
grave carbon emission is one example in this direction [5].

13. Cd and Te mining and refining

Supplies and utilization of the elements Cd and Te have been dis-
cussed in depth in Refs. [291-310]. Cadmium and tellurium are both
obtained primarily as byproducts of Cu, lead (Pb), bismuth (Bi) and zinc
(Zn) mining and refining [291-294], which effectively decouples supply
and demand for Cd and Te because of the much larger scales of the
production of the primary base metal targets. For example, Cu is pro-
duced worldwide on the 10 million tons/yr scale while Te production is
measured in hundreds of tons per year (Cd is produced on the order of
10’s of thousands of tons/yr). In simple terms, Cd and Te are byproducts
of the production of other metals and concentrate in and are recovered
from waste products [291,292]. Currently, only small fractions of the Te
and Cd contained in ores are recovered [297-301,304-308]. In this
sense, the use of Cd and Te as CdTe photovoltaics represents a very good
use for these derivatives of primary metal production that would
otherwise be released to the environment or require managed seques-
tration. CdTe photovoltaics currently consumes a significant fraction of
global Te production, but Te is also used in thermoelectric devices (e.g.
PbTe), metallurgy, vulcanizing rubber, and other uses [292].

Most Cu is currently recovered from sulfide ores using a pyromet-
allurgical process, although oxidized ores are becoming an important
source and are typically recovered using hydrometallurgical leaching
techniques [311]. In addition to Cu, these ores contain low concentra-
tions of gold (Au), silver (Ag), platinum (Pt) and other precious metals,
as well as Se and Te. In the pyrometallurgical process, Cu minerals in ore
are concentrated by flotation and refined to industrial purity by smelting
followed by electrolytic refining. In the final electrolytic refining step,
less pure copper anodes are dissolved and plated onto cathodes to pro-
duce Cu with >99.99% [311]. Elements, including Te, Se, and precious
metals are concentrated in the left-behind anode slimes or precipitate
out of the bath as tank slimes. In many operations, these slimes are next
processed to recover additional Cu and Te, Se, and precious metals
[311]. However, it is estimated that less than 5% of Te present in ores is
concentrated into the anode slimes from which Te is currently recovered
[302-304]. Assessment of the fate of the estimated 95% Te recovered
from anode slimes and evaluation of opportunities for its recovery could
be a valuable contribution.

Recent studies [298,299] have estimated that globally only about
26% of the Te present in anode slimes (1.3% of that in ores) is currently
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recovered. The low overall Te recovery rate is due to two factors. First
not all anode slimes are processed in a way that recovers Te. Indeed,
recovery processes optimized for precious metals require different
chemical conditions than those optimized for Se and Te recovery [312].
Second, although benchtop rates of Te recovery from anode slimes are
quite high (greater than 90%, in some cases), industrial-scale processes
report recoveries approximately 30-60% [313]. Thus, more widespread
recovery of Te from Cu refining operations and increasing recovery rates
present opportunities.

Increasing the Te recovery rate from copper refineries could be of
great interest to the industry, although different or additional processes
may be required. For example, in 2022 Rio Tinto initiated enhanced Te
recovery at the Bingham Canyon mine in Utah [296], highlighting that
Te can be recovered within the U.S. Anode slimes are a very attractive
target since they are often significantly enriched relative to geological
sources; approximately a few wt% compared to mg/kg of ore [306].
Additionally, other sources of Te are currently being investigated, such
as byproduct Te recovery from operating gold mines [295,301] and
historical mine wastes [308]. While indeed representing potential
sources enriched in Te, these are on smaller scales than that represented
by Cu refining.

After recovery, the Cd, Se, Te, and any dopant elements to be used in
high-performance CdTe-based photovoltaics undergo further refining
and purification steps by specialty material suppliers. This stems from
the fundamental fact that solar cells are minority carrier devices (ther-
moelectrics, for example, are majority carrier devices and thus can have
more impurity tolerance). Although direct-gap semiconductors can in
general tolerate higher concentrations of impurities causing non-
radiative recombination than indirect materials like Si, it is still it is
critical to reduce lifetime-killing impurities to levels where they do not
impact the minority carrier lifetime. For example, in CdTe (which has
~2.8 x 102 atoms/cm®) doped p-type to 10*®/cm® with radiative life-
time ~500 ns, hypothetical mid-gap impurities with electron capture
cross sections 1078 to 107! cm? would be expected to begin to affect
the intragrain lifetime at concentrations near (respectively) 108 to
10'3/cm®. The formation of CdTe occurs by direct reaction at elevated
temperatures and for long times in high-purity inert containers, perhaps
involving multiple reaction and mixing steps. Typically, a granulated or
powder product is used as the source for VTD deposition.

14. Conclusions and outlook

Herein we have reviewed the developments in the cell technology
that has enabled CdTe solar modules to emerge as the highest-
production thin film photovoltaic technology. The primary in-
novations were scaling manufacturing which is enabled by the intrinsic
benefits of thin film technology, coupled with the ability to deposit CdTe
with vapor transport deposition. Rapid improvements in short circuit
current Jgc were achieved through optimization of the buffer and win-
dow layers and alloying with Se to reduce the absorber bandgap. Opti-
mization of CdCl, treatments and the addition of Se have resulted in
large increases in minority carrier lifetimes, leading to higher voltages.
The path to further increases in efficiency hinges primarily on increasing
the Vo and FF through innovations in materials, fabrication methods,
and device stacks followed by translation into modules. To reach >25%
efficiency, combining V,. above 1 V is the primary goal. The path to
these metrics is believed to require further reducing grain boundary and
interface recombination, band tailing, and achieving low-resistance,
passivated, Ohmic, carrier selective contacts at the front and back in-
terfaces. Many of these goals have been realized separately, and the
research and development community is working hard to integrate these
innovations together to keep the rapid growth trajectory of CdTe tech-
nology moving in order to supply renewable electricity worldwide at the
terawatt scale.
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