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Abstract

Sublimated thin film CdTe photovoltaic devices with conversion efficiencies over 18% and a fill-
factor greater than 79% have been repeatedly obtained using high-rate fabrication processes on
commercial soda-lime glass substrates used in CdTe modules. Four major improvements to the device
have enabled an increase in efficiency from a baseline of approximately 12% to 18.7%: 1) A sputtered
multilayer metal-oxide anti-reflection layer; 2) total replacement of the CdS window layer with a higher
bandgap sputtered Mg.Zn.«O (MZO) window layer; 3) deposition of the CdTe layer at a higher thickness
and substrate temperature; and 4) an evaporated tellurium back-contact. This work describes the effect of
these changes on the device performance and film microstructural characteristics using various methods.
Multiple devices with comparable high efficiency have been fabricated and demonstrated using methods
described in this study, yielding some of the highest efficiencies for CdTe polycrystalline thin-film

photovoltaics.



Thin film CdTe photovoltaics have consistently demonstrated the lowest cost solar electricity
generation, particularly for utility scale applications. CdTe is a p-type absorber that has a bandgap of 1.5
eV which is nearly optimal for photovoltaic conversion. Approximately 2 um is sufficient to absorb most
of the visible solar spectrum.>2 CdTe films are typically deposited on glass substrates using low-cost
hardware and high-rate deposition processes®*° reducing production costs. Typical crystalline silicon
photovoltaics require wafers that are 150-200 microns thick and use a more complex and capital-intensive
fabrication process.®

The low-cost manufacturing of thin-film CdTe PV has enabled agreement for a record low cost
power purchase agreement of ¢3.8/kWh for a 100 MW field,® which is significantly lower than the
average cost of electricity in the U.S. of ¢11/kWh.” With recent improvements, research-scale small
devices have record efficiencies of 22.1%, while modules with up to 18.6%?° efficiency have been
produced. The leading CdTe PV manufacturer, First Solar Inc., has increased average production module
efficiency from 13.5% in the first quarter of 2014° to 16.7% in the first quarter of 2017.%* Further
improving the efficiency without substantial increase in production cost will reduce the levelized cost of
energy for CdTe photovoltaics.'2

Maintaining the dual requirement of high efficiency and low cost requires the use of film
deposition techniques suitable for mass production of millions of solar modules per year. The vapor
deposition methods used for this study, including sublimation, evaporation, and sputter deposition, have
been used in large scale manufacturing for solar and other industries. Commercially available 3.2-mm
soda-lime glass with a fluorine-doped tin-oxide (FTO) transparent conducting layer is a standard substrate
for thin-film PV manufacturing, including for CdTe, due to its sufficient strength, reliability, and low
cost. Using processes suitable for large scale manufacturing, the authors have explored new materials and
process modifications to systematically reduce conversion losses in devices fabricated on low cost glass
substrates. This has resulted in an 18.3% efficient device which has been externally certified by ILX
Lightwave (Newport).** These independent measurements correspond closely to internal measurements

performed at Colorado State University. The performance results have been repeatedly replicated. To the



authors’ knowledge, this is the highest efficiency device for which the complete structure has been
reported in detail. A detailed materials characterization protocol was used to guide the process
optimization. Methods include transmission electron microscopy (TEM) and energy dispersive X-ray
spectroscopy (TEM-EDS) for elemental distribution, and grazing incidence X-ray diffraction (GIXRD)
for grain orientation and film texture. Electrical characterization includes current density-voltage (J-V)
measurements to derive device efficiency parameters and spectral response measurements.
Device Structure for Improved Efficiency

Thin film CdTe device structure and processing improvements were characterized to understand
their impact on performance and microstructure. At the start of the study, baseline device efficiency was
typically 12%, with the device’s structure shown in Figure 1a. At the conclusion of this study, the
devicestructure had been significantly modified, as shown in Figure 1b. This improved structure,
combined with elevated CdTe absorber deposition temperatures, resulted in the increased device
performance of over 18%.
Baseline Device and Film Growth

The devices were fabricated using a vacuum deposition system at Colorado State University
(CSU) capable of performing processes in-line to fabricate a nearly complete CdTe solar cell.*® The
baseline device (Figure 1a) fabrication process begins with the preheating of the substrate, followed by
130 nm of n-type CdS and 2.4 um of CdTe deposition at a substrate temperature of 440°C and 445°C,
respectively.’® The substrate is TEC 12D soda-lime glass produced by NSG. The glass is coated with
fluorine doped tin oxide (FTO) followed by an un-doped, high resistivity transparent (HRT) tin oxide
layer. After CdTe deposition, sublimation of a CdCl; layer and an annealing treatment at approximately
400°C comprise the passivation process for the CdTe absorber. The substrate is then removed from the in-
line vacuum chamber, rinsed with deionized water, and heated again under vacuum to approximately
200°C. A small amount of CuCl is sublimed onto the CdTe and annealed at 200°C to form the device back

contact. The back electrode of this device consists of carbon- and nickel-containing acrylic paints.



Improving Device Response at Low Wavelengths

Cadmium sulfide has been traditionally used with CdTe as an n-type window layer. CdS is a
strong absorber of light above its bandgap of 2.4 eV, and thus the light absorbed within this layer cannot
reach the CdTe absorber layer.'® Photogenerated carriers from CdS are not collected and the light
absorbed in this layer is wasted, limiting Jsc in the baseline devices. Use of HRT layers has been studied
to enable the use of thinner CdS layers to decrease above bandgap absorption, but some CdS is still
needed to maintain voltage.

The CdS n-type window layer is a strong absorber of blue light, which causes lack of absorption
in the CdTe absorber. Using a more transparent window layer would lead to greater absorption of light in
the CdTe absorber layer, leading to higher current generation. Magnesium zinc oxide (MZO) has a high
bandgap of 3.7 eV, which greatly reduces parasitic window layer absorption. ZnO alloyed with MgO to
form a HRT layer has been studied by Kephart, et al.1” In addition to increased ultraviolet transmission,
MZO provides a band-alignment more suitable for CdTe.'®” The Mg,xZn:xO with a composition of
x=0.23 may be used without an n-type CdS window layer to achieve higher Jsc, as well as Voc. These
films are deposited by RF sputtering and are typically 100 nm thick. An initial study of devices using
MZO window layers demonstrated devices with 15.5% efficiency with improved Jsc and Voc relative to
CdS devices.'

Optimization of CdTe Growth on MZO

Increasing substrate temperatures during growth generally improves grain structure and film
quality. Increasing substrate temperature during deposition of CdTe on CdS window layers produced an
improvement in fill-factors.’® However, the re-sublimation of the CdS window layer restricts further
increase in the CdTe deposition temperatures. In addition to the increased transparency and favorable

band alignment, MZO is thermally stable at high substrate temperatures and does not re-sublime. This



enables deposition of CdTe films at substrate temperatures over 610°C—significantly higher than can be
achieved with CdS. Higher temperature deposition leads to larger CdTe grains, a higher fill-factor, and
thus higher efficiency. This is attributed to fewer grain boundaries, which reduces recombination in the
absorber. Additionally, the optimal thickness of the large-grain CdTe absorber layer is greater than for the
baseline devices.

Increasing the CdTe absorber thickness beyond the baseline device of 2.4 um impacts the device
performance. The effect of increasing CdTe absorber thickness on MZO/CdTe devices is shown in Figure
2a and 2b. Increasing the absorber thickness improved the fill-factor and Jsc of the devices while
maintaining the Voc. The carrier lifetime measured by time resolved photoluminescence (TRPL)
increases with increased CdTe thickness, as shown in Figure 2a. This suggests that interfaces at the back
of the device act as recombination regions. As the thickness is increased, the back interface is moved
away from the junction, improving its lifetime. Though the lifetime continues to increase for CdTe layers
thicker than 3 um, the thicker layers were more difficult to passivate with the CdClI., process. A local
optimum of around 3 um was experimentally identified.

Microstructural Characterization

Cross-sectional high resolution transmission electron microscopy (HRTEM) is performed on devices to
better understand the interaction between the MZO and CdTe. Microscopic elemental distribution within
the film stack is mapped using EDS. A representative TEM micrograph is shown in Figure 5. When
deposited at relative high temperatures and subjected to the CdCl. treatments, there is S diffusion into the
CdTe.? Some inter diffusion is beneficial to reduce defects at the CdS/CdTe interface. Figure 3 shows the
TEM analysis on completed devices (but without the painted electrode layers). The interface between
CdTe and 100 nm MZO is continuous and uniform with a homogenous and conformal coverage over the
TCO (Figure 3b and 3c). CdS has a mismatch of 10% with CdTe and is known to intermix with the
CdTe during high temperature deposition and CdCl; activation.?! MZO has a greater mismatch with
CdTe.® EDS maps of these high efficiency devices show no signs of MZO diffusing into the CdTe layer

within the detection limits of the technique (Figure 3e). In addition, the HRTEM image shows an abrupt



interface between MZO and CdTe that reinforces minimal intermixing and diffusion between these layers
(Figure 3a and 3d). Films deposited at a higher substrate temperature (~610°C) exhibit a large CdTe grain
size compared to films deposited at a relatively lower substrate temperature.???® The CdTe layer
deposited here had an approximate thickness of ~3 pm, and the CdTe grains grow from the MZO layer to
the back surface as a continuous grain with no horizontal intercepting grain boundaries.

Other studies have shown Cl decorating CdTe grain boundaries and the CdS/CdTe interface after
CdCl; passivation treatment using EDS maps.?* Using an Electron Energy Loss Spectroscopy (EELS) line
scan,” Li et al. reported a Cl rich region of 1-2 nm at the CdTe/CdTe grain boundary. It was also reported
that grain boundaries have enhanced carrier collection after CdCl. passivation treatment, suggesting that
CdCl; plays a more critical role than just promoting recrystallization.?® Abbas et al. also found that
excessive accumulation of Cl at interfaces and grain boundaries has a detrimental effect on CdTe device
performance.?® Much lower concentrations of Cl are detected using EDS in CdTe films deposited at high
temperature on MZO in comparison with those on CdS. Good device performance with such minimal ClI
at the suggests that the amount of Cl required for enhanced carrier collection at grain boundaries is
minimal.

GIXRD was used to compare the grain texture of baseline CdTe films with those deposited using
the new, high-temperature process conditions before and after CdClI, passivation. At higher 26 angles,
peaks from Ka, are observed as a doublet peak. For lattice parameter calculation, 20 values from the first
three high intensity peaks were taken into consideration and compared to the standard (Supplementary
Table 1). In all cases, the change in the lattice parameter with respect to the standard value is
insignificant, suggesting no thermal stresses generated after the CdCl, treatment.

There is an increase in the peak intensities in the samples treated with cadmium chloride (Figure
4) indicating improved crystalline quality. To evaluate the preferred orientation (Pna) of a particular plane
in the films, the intensities from the individual and the standard peaks were substituted in the texture
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(Where Iwq is the measured intensity, lona IS the intensity corresponding to the particular plane in
the JCPDS card, and n are the number of the peaks considered.) As-deposited CdTe (baseline or HT) has
a larger texture coefficient, which indicates a strong preferred orientation along {111} plane. After the
CdCl; treatment in the baseline films, the texture coefficient along {111} drops significantly closer to
unity. There is an increase in the texture coefficient along {511} plane, indicating that the preferred
orientation has changed. In the films processed at high temperature, the texture coefficient is still larger
than unity after the CdCl; treatment, which suggests that the preferred orientation has not changed
significantly.

The full width half maximum (FWHM) of the diffracted peaks provides information about the
crystalline quality of the films. For the analysis, the FWHM was measured at the diffracted peaks of the
films treated and not treated with CdCl,. From the graph, it can be observed that after CdCl; treatment
there is a decrease in the peak width, which suggests that the crystalline quality of the CdTe has
increased. No strong correlation was observed between the CdCl, treated samples fabricated at high
temperature and baseline process conditions.

Tellurium Back Contact

Several materials, such as Au,?® ZnTe,**3 and Sbh,Tes,22-% frequently doped with Cu have been
studied as back (hole) contacts to CdTe PV devices. Although reasonable contacts can be made to CdTe
using Cu doping, the device performance is quite sensitive to the precise quantity of Cu and subtle
process variations.® As an alternate to Cu, a Te-rich back contact for CdTe photovoltaics has been
studied by Niles et al., Xia et al., and Kraft et al., among others.3-%¢ Niles et al. describes vacuum
evaporated Te as an alternative to chemical etching to avoid the use of acids and the shunting of the
device.* In addition, Te can be deposited in a highly controlled manner with minimal complexity. Xia et
al.*” found that CuxTe, formed from a tellurium back-contact in combination with Cu, had a major impact

on improving the fill-factor of CdTe thin-film devices. In this study, the presence of a 20 nm Te layer



with Cu at the back surface appeared to form an ohmic contact that caused a substantial reduction in the
recombination current, resulting in an improved fill-factor for these devices.3"

To improve the performance of our devices, elemental Te contacts were investigated.
Evaporation of a 20 to 100 nm tellurium layer on the Cu-doped back surface of the CdTe, prior to the
electrode application, was investigated. 20-25 nm of Te film at the back surface was found to be
advantageous, substantially increasing the fill-factor and slightly improving Voc. Further increasing the
thickness of Te did not provide any additional benefit. Devices using the Te contact processed without
intentional Cu demonstrated over 16% efficiency.* The J-V measurements performed at -75 °C on the Te
contacted devices resulted in good fill-factors and no rollover behavior in the fourth power quadrant.
Antireflection Coating Development

Soda-lime glass has a refractive index of 1.51 and an average front-surface reflection of 4.1%.
The addition of an effective and robust anti-reflection (AR) coating can reduce this value to below 1.5%
and allow more light to reach the CdTe absorber, increasing Jsc by approximately 1 mA/cm? for typical
devices. In order to realize these benefits, a 4-layer Ta,0s/SiO; based AR coating was developed. The AR
stack is based on the Reichert design used by Kaminski et al.* and has a total thickness of 200 nm.

The calculated ideal AR coating increased reflection for photon energies below the bandgap and
for high photon energies where the photon flux is low. In the intermediate range, there is a strong
reduction in front-surface reflection. To compare the modeled AR coating with the effect in the actual
device, reflection was measured on the highest-efficiency device and a comparable device made without
AR coating. The actual difference in reflection agrees well with the modeled difference (Figure 5), with a
slight shift to longer wavelengths and interference fringes due to the transparent conductive and window
layers. The estimated loss in Jsc due to reflection for the AM1.5 global spectrum is 2.7 mA/cm? without
the coating and 1.6 mA/cm? with the coating.

High Efficiency Device Fabrication
High-efficiency devices incorporating all improvements have been fabricated. The device

structure is shown in Figure 1b. The substrate is TEC10, a product similar to TEC12D but without a HRT



layer, which is not needed with the MZO window layer, and a slightly lower sheet resistance. This is a
commercial 3.2-mm substrate with approximately 400 nm of FTO deposited by the manufacturer.
Deposition of the MZO window layer was performed using radio-frequency (RF) sputter deposition and a
100 nm film was deposited on the FTO.!8 Thereafter, a 3.0 um CdTe film was deposited using
sublimation, followed by a CdCl; passivation treatment. After rinsing the residual CdCl; film, CuCl was
used to deposit a thin-film of Cu on the CdTe surface via a sublimation process,’#° and a 20 nm Te film
was deposited at room temperature using evaporation to form the back-contact. Following the Te
deposition, carbon and nickel paints were deposited. Further details regarding the film deposition method
and device fabrication can be found in the methods section.

Figure 6 shows the effect of the different improvements on the J-V and external quantum
efficiency (EQE). Comparing the baselines device with the 2.7 um high temp CdTe (HT CdTe) device
shows that replacing the CdS with the MZO significantly improves the device current. The EQE graph
shows that the CdS absorption losses below 500 nm are eliminated. The better band alignment of the
MZO, combined with improved film quality from the high temperature deposition, results in an increased
Voc and fill-factor. The third device with the 3.0 um absorber shows the effect of the optimized AR stack
on device current—the increased thickness further increased the voltage. The increase in Jsc can be
attributed to increase in absorption at wavelengths greater than 700 nm with increase in absorber
thickness, as can be seen in the quantum efficiency plot in Figure 6b. When the EQE data for increasing
thicknesses are plotted against each other, there appears to be a shift of the CdTe band-edge, suggesting
greater carrier collection with greater absorber thickness. Increasing absorber thickness also leads to an
increase in the fill-factor up to 3.5 um absorber thicknesses. This increase in fill-factor may be the result
of moving the back surface of the device away from the depletion region, resulting in a longer carrier

lifetime (Figure 2a) and reduced recombination.

The highest efficiency for devices without AR coatings was measured to be 17.9%, as shown in

Figure 6. Reduced reflection losses resulted in higher absorption, leading to improved Jsc. Such a device



yielded the highest efficiency of 18.7%. A similar device from the same substrate was certified by ILX
Lightwave, Newport with a measured efficiency of 18.3% and a Voc of 863 mV, Jsc of 26.8 mA, and fill-

factor of 79.2% (Figure 7).

Table 1 shows the performance of the best devices within this study. The average measured fill-
factor for these devices was 79.5%, while the average Jsc was observed to be 26.9 mA/cm?. Initial
MZO/CdTe devices had a Voc of 837 mV, fill-factor of 72.6%, and Jsc of 25.2 mA/cm?.18 The highest
Voc observed within this study was measured to be 863 mV, and the increase from the previous study was
attributed to CdTe deposited at a higher substrate temperature (610°C), resulting in larger CdTe grains
and fewer grain boundaries. The J-V plot in Figure 6a shows an excellent fill-factor, and higher
absorption can be confirmed from the EQE plot shown in Figure 6b. EQE also shows greater absorption
at wavelengths lower than 400 nm, suggesting higher charge collection in the absorber with use of MZO
and a multilayer AR coating.

Discussion and Conclusions

We have conducted a comprehensive study of sublimated polycrystalline CdTe thin-film
photovoltaics with an efficiency exceeding 18%. This demonstrates that the inherent simplicity and low-
cost manufacturing of CdTe devices is compatible with high efficiency. Sublimated CdTe photovoltaic
devices with efficiencies up to 18.7% are reported here with the highest measured fill-factor of 80.5%, Jsc
of 27.1 mA/cm?, and Voc of 863 mV. These improvements have been achieved through several process
modifications.

Eliminating the CdS window and using MZO enables sublimation of CdTe at temperatures over
600°C. Higher substrate temperatures at the start of CdTe sublimation produces larger CdTe grains. The
sublimated films were about 3 um thick. The CdTe grains appear to grow continuously from the
MZO/CdTe interface to the CdTe back surface. It has been consistently observed that larger grain size
correspond to higher device efficiency (supplementary Figure 1). In addition, using thicker CdTe films

would suggest that back-surface recombination is reduced, since the back surface is situated further from



the CdTe absorber bulk. In the reported study, we show that tellurium deposited using evaporation at
room temperature enhances device performance, and that evaporation allows the deposition of Te to be
controlled and uniform (supplementary Figure 2). Reduced recombination in the bulk, as well as reduced
back-surface recombination, results in a high fill-factor, suggesting higher device quality.

For epitaxial-grown films the interface between absorber and underlying layer must be closely
matched to reduce defects and fabricate good devices. However, CdTe is cubic while MZO is hexagonal,
and the HRTEM images show an abrupt interface between them. EDS maps show no signs of diffusion of
MZO into the CdTe absorber layer. This suggests that improving the quality of this interface can further
improve device performance.

Using MZO provides an added advantage of eliminating the CdS window layer. MZO also
increases the optical bandgap of the layer that leads to better ultraviolet transmission. This reduces losses
from the absorption of photons in the CdS layer, allowing for a greater generation of photo-current and
leading to a higher Jsc. Adding a Ta»0s/SiO, multilayer AR coating further reduces reflection losses,
improving Jsc.

The GIXRD studies confirmed that as-deposited CdTe (baseline or high temperature) has a strong
preferred orientation along {111} plane. After the CdCl, treatment on the high-temperature deposited
CdTe, the preferred orientation along {111} plane was maintained. The FWHM comparisons indicate an

increase in the crystalline quality of CdTe after the CdCl, treatment.



Methods
Mgo.23ZNno.770 Buffer Layer Deposition

The thin films are deposited on NSG TEC 10 soda lime glass coated with fluorine-doped tin
oxide (FTO), a transparent conducting oxide (TCO). 100 nm Mgo.23Zno.77O films are deposited using RF
planar sputter deposition process. The process gas pressure is set at 5 mTorr with a composition of 1%
oxygen in argon. The target has a composition of 11 wt% MgO with 89% ZnO and a diameter of 10 cm.
The substrates are not heated during the sputter deposition.®
Antireflection Coating Deposition

A 4-layer antireflection coating is deposited on the uncoated soda-lime glass side of the TEC 10
substrate using ion beam sputter deposition in a Veeco SPECTOR system. This film is of the Reichert
design*! and is based on the coating reported by Kaminski et al.*® The design uses smooth metal-oxide
layers of a precise thickness to provide destructive interference over a wide range of wavelengths and
angles of incidence. In this case, Ta,Os is used for the high-index layer, and SiO; is used for the low-
index layer. Refractive indices for the two oxide materials are measured using variable angle
spectroscopic ellipsometry (VASE); thickness results are verified with profilometry. A program is written
in MATLAB which calculates the front-surface reflectance of the structure using the transfer-matrix
method. This reflectance is multiplied by the photon flux at each wavelength for the AM1.5G spectrum,
and a global optimization is performed to minimize the calculated loss in Jsc due to reflection. Reflection
measurements are performed using an integrating sphere at 8° from normal.
System for CdTe, CdCl,, and CuCl Deposition

CdTe thin-films deposition, CdCl, passivation treatment and CuCl contact formation are carried
out using an optimized sublimation deposition process using a single vacuum chamber with multiple
sublimation sources called the Advanced Research Deposition System (ARDS).*® This deposition system
enables deposition of multiple subsequent films without breaking vacuum and thus avoiding surface

contamination between deposited layers. The ARDS is comprised of a main deposition chamber and a



load lock chamber separated by a gate valve.'® The main deposition chamber consists of nine process
stations, such as preheating, CdS, CdTe, CdCl,, CdClI; activation, CuCl, annealing and controlled cooling.
The load lock chamber allows the introduction of the substrate into the primary chamber without the need
of venting for each substrate. A CAD (Computer Aided Design) model of a typical sublimation source
used in ARDS is shown in supplementary images. The ARDS primary chamber is vented only to
replenish the deposition material and for occasional preventative maintenance. The substrate is introduced
into the primary sublimation chamber through the load lock using a magnetic transfer arm custom-
designed for this application. The temperature of each deposition source, the sequence of deposition, and
dwell time in each source (up to as little as one second) can be programed using LabView programs
custom-designed for ARDS at Colorado State University. ARDS can be used to fabricate 9-12 substrates
per working day that can produce up to 25 photovoltaic devices on each substrate. The primary
sublimation chamber pressure is maintained at 40 mTorr using a diffusion pump, and ultrahigh purity N
is used as the process gas. The load lock chamber is pumped to process pressure using a mechanical
pump.
CdTe Thin-Film Deposition

Devices described in this study are fabricated on Mgo 23Zno.77O films using a continuous vacuum
process in a conventional superstrate configuration.'®2® The CdTe sublimation source has a bottom heater
to heat the material for sublimation. A top heater positioned above the substrate enables the substrate to
be maintained at the desired temperature. A graphite vapor source containing CdTe is heated to 555°C +
3°C bottom heater and 360°C top heater, while the substrate is preheated to ~610°C in a separate heater
before introducing the hot substrate into the sublimation source. These temperatures and time-set points
are determined after several empirical experimental iterations to achieve the desired thickness of CdTe
films. The thickness of the CdTe films is maintained at ~3.0 pm.

CdCl, Passivation Treatment



After the deposition of the CdTe film, the substrate is then passed over a CdCl, source for the
CdCl; deposition and activation process immediately after CdTe deposition, without breaking vacuum.
An approximately 4 um CdCl; film is sublimated on CdTe, where the CdClI, bottom source temperature is
maintained at 447°C while the top heater—to maintain substrate temperature—is set at 387°C. This
deposition takes 180 seconds, after which CdCl; activation is carried out for another 180 seconds,
wherein both top and bottom heater temperatures are maintained at 400°C.*° The cadmium chloride
passivation treatment is carried out in an N atmosphere. After CdCl; activation for 180 seconds the
substrate is transferred to a cooling station for 300 seconds, which has only a top heater maintained at
435°C. This station does not possess a bottom heater. Following cooling, the substrate is removed from
the ARDS and rinsed using deionized water.
CuCl Treatment

Copper chloride in controlled quantities has been known to be critical for the formation of back
contacts and bulk doping of CdTe photovoltaic films.*° For the Cu treatment of CdTe film with CdCl,
passivation is reintroduced into the ARDS and heated for 85 seconds using a heating source set at 330°C.
Following the preheating step, the substrate is introduced into the CuCl sublimation source, where the
bottom source temperature is set at 190C and the top heater for the substrate is set at 170°C. CuCl
sublimation is performed for 110 seconds and then the film is annealed in another process station within
the ARDS at 200°C top and bottom source temperatures for 220 seconds.
Te Back Contact Deposition

The 20 nm tellurium back contact is deposited using a Cooke Vacuum Products physical vapor
deposition (PVD) system: model MK VII — FR. 99.999% pure tellurium pieces used for deposition are
obtained from Sigma-Aldrich Corporation. Tellurium pieces are placed in a molybdenum evaporation
boat coated with alumina. Acoustic impedance for deposition is set at 9.81 g cm s*. During deposition,
the electric current is set between 70 A and 90 A to achieve a steady deposition rate of 5-10 A/s. The

deposition rate and thickness are measured using a quartz crystal monitor and monitored via an external



digital display. A sliding shutter between the deposition boat and the substrate allows for the abrupt start
and termination of Te deposition on the substrate. This shutter is manually operated from outside the
vacuum chamber. The pressure during Te deposition is maintained at 10° Torr or less. The substrate is
not heated during Te deposition.
Carbon and Nickel Back Electrode Fabrication

Following the deposition of the 20 nm Te back contact layer, the films are ready to be coated with
carbon and nickel paint to form the back electrode. Carbon (graphite) paint in a polymer matrix that is
diluted using methyl ethyl ketone (MEK) is sprayed on the Te surface to a thickness of about 50 pum. This
paint is allowed to dry for 2-5 minutes, after which similar nickel paint is sprayed. The nickel paint is
made from fine nickel particles suspended in a polymer binder diluted with methyl ethyl ketone. The
thickness of this nickel paint is about 100 um. The painted surface is allowed to dry for 6-8 hours.
Delineation and Photovoltaic Device Fabrication

Once the paint is completely dry, the films are delineated into 25 square devices on each
substrate, with each square device measuring approximately 0.65 cm?. Delineation is carried out by
masking the painted surface of the film and blasting the unmasked regions, thus exposing the TCO in the
unmasked areas. Blasting is performed using plastic media to avoid damage to the glass and the TCO. A
thin line of indium is soldered in the regions between the cells that have TCO exposed to from the front
electrode contact.
Electrical Characterization

Electrical measurements are performed with a Model 10600 solar simulator from ABET
Technologies using a high-pressure xenon arc lamp with an AML1.5 filter. Current density v/s voltage
curves were generated based on electrical measurements performed using the Keithley 2420 SourceMeter
controlled by a LabView program. The Jsc density was calibrated to cells measured by NREL. The device
areas are measured using a webcam that takes an image of a backlit solar cell and counts the pixels below

a certain brightness. Both the light intensity and area are calibrated before each set of measurements. The



cells are contacted by a fixture of spring-loaded pins that provide 4-point connection and collect current
from all around the front contact of the device.
Scanning Electron Microscopy

A Jeol JSM-6500F Field Emission Gun Scanning Electron Microscope (FEG-SEM) is used for
microstructural analysis of the cadmium telluride solar cell stacks, as well as for the individual layers
which make up a cell. The FEG-SEM is generally used to look at the surface of the depositions using an
in-lens detector, which requires a short working distance as it detects low energy secondary electrons
coming from the surface of the sample. A high acceleration voltage of 20 kV with an aperture of 30 um is
used. Energy Dispersive X-ray (EDX) analysis is also carried out in the FEG-SEM using a 20 kV
acceleration voltage and 60 pm aperture to give both quantitative and qualitative chemical analysis with a
Thermo Noran energy-dispersive spectrophotometer (EDS).

Transmission Electron Microscopy (TEM) and Energy Dispersive X-ray Spectroscopy (EDS)

TEM is carried out using a Jeol JEM 2000FX equipped with an Oxford Instruments 30 mm? EDX
detector and a Gatan Erlangshen ES500W digital camera above the phosphor screen. The TEM provides a
clearer view of the grain structure than most other electron based techniques, as the electrons pass through
the sample and are detected on the other side, giving a small interaction volume. As the sample is ultra-
thin, EDX can also be carried out at a higher resolution, making the detection of any inter-diffusion
between layers possible. The TEM sample dimensions are relatively small in comparison to SEM
samples. A normal size would be 5 um — 10 um in length. This means that the sample’s extraction
location must be chosen with care. If a sample is not homogenous, several TEM samples must be
produced at different locations to be able to observe any variation.

Scanning Transmission Electron Microscopy (STEM) is carried out in a FEI Tecnai F20 (S)TEM
equipped with Gatan Bright and Dark field STEM detectors, a Fischione High Angle Annular Dark Field
(HAADF) STEM detector, a Gatan Enfina Electron Energy Loss Spectrometer, and an Oxford

Instruments X-Max 80mm? windowless energy-dispersive spectrometer (EDX). STEM imaging is



performed at 200 kV with a camera length of 100 mm and condenser aperture size of 70 pm using a spot
size of seven. HAADF images are collected in conjunction with STEM bright field images. HAADF
imaging gives a unique perspective, as the higher the atomic weight of the material, the more the
electrons passing through the sample will be detected. Therefore, the amount of signal collected will
depend on the atomic weights of the sample, providing atomic weight contrast in the image.

The (S)TEM system is equipped with a Silicon Drift Detector (SDD), allowing high spatial
resolution Energy Dispersive X-ray (EDX) measurements and chemical mapping. This is largely used for
mapping the diffusion of elements such as chlorine and sulphur in the cadmium telluride matrix. Point
analysis is also useful, as quantification of elements can be acquired with a sensitivity of ~0.5 at% for
light elements such as chlorine. EDX spectra are collected for 120 seconds. Maps are collected using the
largest condenser aperture (150 um) with the largest spot size. This allows for a high number of counts.
The dead time is controlled by changing the process time; each frame took approximately 120 seconds to
collect. Maps are collected from in periods from ten minutes to one hour with no discernible sample drift.
Focused lon Beam (Dual Beam) TEM Specimen Fabrication

High quality TEM samples are prepared using an FEI Nova 600 Nanolab dual-beam system,
where a standard in-situ lift-out procedure is used. This involved depositing a layer of platinum onto the
sample surface above the area to be analyzed, using the ion beam with a current of 0.5 nA. A typical area
of 20 um by 2 um is covered, with a thickness of 2 um. An SEM image showing the sample after it is
deposited is shown in Figure 4.1A. If the top 50 nm of the sample is required for analysis, then a layer of
electron beam deposited platinum (using a voltage of 5 kV and current of 1.1 nA) is deposited before the
ion beam platinum. Electron beam platinum is advantageous in that it does not implant ions into the
sample surface; however, the deposition of platinum with the electron beam is too slow to use for the
whole platinum layer thickness. Two staircase trenches are then cut on either side of the platinum layer
which are approximately 25 pm x 15 um,; the depth depends on the sample etching rate, but it is usually of
the order of less than 10 um using an ion beam current of 20 nA, as shown in Figure 4.1B. After the

formation of the trenches a few micrometers from the platinum, a cleaning cross section is used at the



lower current of 7 nA to clean up to the platinum, leaving a sample of approximately 1 micrometer thick,
shown in Figure 4.1C. Once this is done, the sample is tilted to 7° and a U-shaped cut is formed, leaving a
small uncut part to support the sample shown in Figure 4.1D. The omniprobe is then inserted and welded
onto the platinum protective layer, with the platinum at 50 pA shown in Figure 4.1D, and the final support
of the TEM sample to the bulk sample is then disconnected using a 1 nA beam. Once this is done, the
sample should be free and lifted out on the needle by lowering the stage. The next step is to attach the
TEM sample to a copper grid and detach it from the omniprobe using a platinum weld at 50 pA and ion
beam at 1 nA, respectively.

Once the sample is attached to the copper grid it can be further thinned down to approximately
100 nm, as shown in Figure 4.1F. This is achieved by milling the sample with the ion beam, starting at 1
nA with the sample tilted 0.7° either side of 52°. The sample is milled until it is 500 nm thick. The ion
beam current is then reduced to 0.5 nA, and the end 10 um of the sample is milled on each side until the
sample is 200 nm thick. The current is further reduced to 0.3 nA and the end 5 um is thinned to 150 nm.
Finally, the last 5 um of the sample is thinned using a 100 pA current until the thickness is ~100 nm.
X-ray Diffraction

Glancing angle X-ray diffraction is conducted using a Bruker D8 Discovery system. The Cu Ka
radiation is 1.54060 A° and the grazing incident angle is 2° degrees. The scintillator detector is scanned
from 10° degrees to 80° degrees with a step size of 0.05° degrees and scan speed of 1°/min. The measured
peaks were fitted using a Pearson VII function in a R programming script (reference) and compared with

JCPDS card #00-015-0770 for Cadmium Telluride.



References

1.

10.

11.

Mitchell, K., Fahrenbruch, A. L. & Bube, R. H. Photovoltaic determination of optical - absorption
coefficient in CdTe. J. Appl. Phys. 829, 29-31 (2016).

Marple, D. T. F. Optical Absorption Edge in CdTe : Experimenal*. Phys. Rev. 1351, 728-734
(1966).

Sampath, W. S. CdTe Photovoltaics PV for Sustainable Electricity Generation. www.youtube.com
(2016).

Barth, K. L. PRODUCTION RAMPING OF ABOUND SOLAR'S CdTe THIN FILM
MANUFACTURING PROCESS. Photovoltaic Specialists Conference (PVSC), 37" IEEE 3394—
3398 (2011).

Munshi, A. & Sampath, W. CdTe Photovoltaics for Sustainable Electricity Generation. J.
Electron. Mater. (2016). doi:10.1007/s11664-016-4484-7

Baldarelli, J. Public Utilities Commission of Nevada Electronic Filing. (2015). doi:18f540af-0d52-
461b-823e-b3b542b676ee

(EIA), U. S. E. I. A. Electric Power Monthly with Data for Novermber 2015. (2016).

Garabedian Rafi. Technology Update. (2016). Available at -
http://files.shareholder.com/downloads/FSLR/3945522691x0x884415/15EEFBFE-58CD-41E1-
A505-8FCDOFAEE7B7/FS_AnalystDay_TechnologyUpdate.pdf

Eric, W. Exclusive: First Solar’s CTO Discusses Record 18.6% Efficient Thin-Film Module.
Greentech Media (2015). Available at: http://www.greentechmedia.com/articles/read/Exclusive-
First-Solars-CTO-Discusses-Record-18.6-Efficient-Thin-Film-Mod.

David Brady, Steve Haymore, S. K. First Solar, INC. Announces First Quarter 2014 Financial
Results. (2014).

First Solar, I. First Solar Q1 *17 Earnings Call. (2017). Available at -
http://files.shareholder.com/downloads/FSLR/3686816330x0x940398/4719D64B-6A92-4026-

A3A3-EC7C89FFA404/Q117_Earnings_Call_Presentation_Final.pdf



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Jones-albertus, R., Feldman, D., Fu, R., Horowitz, K. & Woodhouse, M. Technology advances
needed for photovoltaics to achieve widespread grid price parity. 1-12 (2016). doi:10.1002/pip
Haegel, N. M. et al. Terawatt-scale photovoltaics: Trajectories and challenges. Science (80-. ).
356, (2017).

Sites, James R, Munshi, Amit M, Kephart, Jason M., Swanson, Drew E., Sampath, W. S. Progress
and Challenges with CdTe Cell Efficiency. in 43rd IEEE Photovoltaics Specialists Conference
(PVSC) (IEEE, 2016).

Swanson, D. E. et al. Single vacuum chamber with multiple close space sublimation sources to
fabricate CdTe solar cells Single vacuum chamber with multiple close space sublimation sources
to fabricate CdTe solar cells. Journal of Vacuum Science & Technology A: Vacuum, Surface and
Films. 21202, 0-6 (2016).

Kephart, J. M. Optimization of the front contact to minimize short-circuit current losses in CdTe
thin-film solar cells. (Thesis - Colorado State Univeristy, 2015).

Kephart, J. M. et al. Solar Energy Materials & Solar Cells Band alignment of front contact layers
for high-ef fi ciency CdTe solar cells. Solar Energy Materials and Solar Cells 157, 266-275
(2016).

J.M. Kephart, J.W. McCamy, Z. Ma, A. Ganjoo, F.M. Alamgir, W. S. S. Band alignment of front
contact layers for high-efficiency CdTe solar cells. Sol. Energy Mater. Sol. Cells

Munshi, A. et al. Effect of varying process parameters on CdTe thin film device performance and
its relationship to film microstructure. Photovoltaics Specialists Conference (PVSC), 2014 IEEE
40™. |IEEE 1643-1648 (2014).

McCandless, B. E., Moulton, L. V. & Birkmire, R. W. Recrystallization and sulfur diffusion in
CdCl,-treated CdTe/CdS thin films. Prog. Photovoltaics Res. Appl. 5, 249-260 (1997).

Mao, D. et al. Interdiffusion in polycrystalline thin - film CdTe / CdS solar cells Interdiffusion in
Polycrystalline Thin-Film CdTe / CdS Solar Cells.AlIP Conference Proceedings 352, (1999).

Li, C. et al. Grain-Boundary-Enhanced Carrier Collection in CdTe Solar Cells. Phys. Rev. Lett.



23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

112, 156103 (2014).

Munshi, Amit H., Kephart, Jason M., Abbas Ali, Shimpi, Tushar M., Barth Kurt L., Walls, John
M., Sampath, W. S. Effect of Varying Deposition and Substrate Temperature on Sublimated CdTe
Thin-Film Photovoltaics. in 43rd IEEE Photovoltaics Specialists Conference (PVSC) (IEEE,
2016).

Ali Abbas, Geoff D. West, Jake W. Bowers, Piotr M. Kaminski, John M. Walls, Kurt L. Barth, W.
S. S. Cadmium Chloride Assisted Re-Crystallisation of CdTe: The Effect on the CdS Window
Layer. MRS Proc. 1738, (2015).

Li, C. et al. Grain-Boundary-Enhanced Carrier Collection in CdTe Solar Cells. Physical Review
Letters 112(15) 156103, 1-5 (2014).

Ali Abbas, Geoff D. West, Jake W. Bowers, Piotr M. Kaminski, B. Maniscalco, John M. Walls,
Kurt L. Barth, W. S. S. Cadmium Chloride Assisted Re-Crystallization of CdTe: The Effect of
Varying the Annealing Time. MRS Proc. 1638, (2014).

Barrett, C.S., Massalski, T. B. Structure of Metals: Crystallographic Mehtods, Principles and
Data. (McGraw-Hill, 1966).

Niemegeers, A. & Burgelman, M. Effects of the Au/CdTe back contact on IV and CV
characteristics of Au/CdTe/CdS/TCO solar cells. Journal of Applied Physics 81, 2881 (1997).
Batzner, D. L. Development of efficient and stable back contacts on CdTe r CdS solar cells. Thin
Solid Films 387, 151-154 (2001).

Gessert, T. A. et al. Development of Cu-doped ZnTe as a back-contact interface layer for thin-film
CdS/CdTe solar cells. J. Vac. Sci. Technol. A Vacuum, Surfaces, Film. 14, 806 (1996).

Rioux, D., Niles, D. W. & Hochst, H. ZnTe: A potential interlayer to form low resistance back
contacts in CdS/CdTe solar cells. J. Appl. Phys. 73, 8381-8385 (1993).

Schmidt, T., Durose, K., Rothenh&usler, C. & Lerch, M. Chemical stability of Sh 2 Te 3 back
contacts to CdS/CdTe solar cells. Thin Solid Films 362, 383-387 (2000).

Abken, A. E. Chemical stability of sputtered Mo / Sb 2 Te 3 and Ni/ Sb 2 Te 3 layers in view of



34.

35.

36.

37.

38.

39.

40.

41.

stable back contacts for CdTe / CdS thin film solar cells. Solar Energy Materials and Solar Cells
73(4), 391-409 (2002).

Romeo, N., Bosio, A., Tedeschi, R. & Canevari, V. Back contacts to CSSCdS/CdTe solar cells and
stability of performances. Thin Solid Films 361, 327-329 (2000).

Pudov, A., Gloakler, M., Demtsu, S., Siltes, J., Barth, K., Enzenroth, R., Sampath, W. Effect of
Back-Contact Copper Concentration on CdTe Cell Operation. in Photovoltaic Specialist
Conference, 2002. Conference Record of the Twenty-Ninth IEEE 760-763 (IEEE, 2002).

Niles, D. W., Li, X. & Sheldon, P. Photoemission determination of the band diagram of the
Te/CdTe interface. J. Appl. Phys. 77, 4489-4493 (1995).

Xia, W. et al. Solar Energy Materials & Solar Cells Te / Cu bi-layer : A low-resistance back
contact buffer for thin fi Im CdS / CdTe solar cells. Solar Energy Materials and Solar Cells 128,
411-420 (2014).

Kraft, D. et al. Characterization of tellurium layers for back contact formation on close to
technology treated CdTe surfaces Characterization of tellurium layers for back contact formation
on close to technology treated CdTe surfaces. J. Appl. Phys 94.5 3589, (2003).

Kaminski, P. M., Lisco, F. & Walls, J. M. Multilayer Broadband Antireflective Coatings for More
Efficient Thin Film CdTe Solar Cells. IEEE Journal of Photovoltaics 4, 452-456 (2014).

Barth, Kurt; Sampath, Walajabad S; Enzenroth, R. A. "Apparatus and Processes for the Mass
Production of Photovoltaic Modules.” U.S. Patent No. 7,220,321 (2007).

Macleod, A. H. Thin-Film Optical Filters. (CRC Press, 2010).

The references are not consistent. Sometimes et al is used but in others all the authors are named.

Sometimes & is used and sometimes not. All capitals are used for one paper title. Needs to be

made consistent.



Acknowledgements

We would like to thank everyone at Colorado State University’s Next Generation Photovoltaics
Center who, although not directly involved in this study, contributed to its success through experimental
preparation and discussion—particularly Dr. James R. Sites. The authors would also like to thank Dr.
Jennifer Drayton for her help with electrical measurements, and Dr. Drew Swanson for performing the
time resolved photoluminescence (TRPL) measurements for this study. We are also thankful to Kevan
Cameron and the undergraduate staff at CSU’s Next Generation Photovoltaics Center for help with tool
maintenance and device measurements. This work was partially supported by the National Science
Foundation (NSF) Industry/University Collaborative Research Center (I/UCRC) under award number
1540007 and the National Science Foundation (NSF) PFI:AIR-RA program under award number
1538733. The authors at Loughborough University are grateful to RCUK for funding through the EPSRC
Supergen SuperSolar Hub.
Author Contribution

The investigation of higher sublimation temperatures was initiated by Kurt L. Barth. The idea of
using a higher temperature deposition for CdTe, along with the Mgo.23Zno770 buffer layer, was proposed
by Amit H. Munshi and Kurt L. Barth. Fabrication of devices and some material’s characterization for
this study was performed by Amit H. Munshi. TEM imaging and EDS mapping was performed by Ali
Abbas and analyzed by Ali Abbas and John M. Walls. Electrical characterization of finished devices was
performed by Amit Munshi. Jason Kephart was responsible for the development of the Ta,Os/SiO;
antireflection coating, as well as the Mgo.23Zno.770O buffer layer. XRD data was collected and analyzed by
Tushar M. Shimpi. The manuscript was mainly written by Amit H. Munshi, Jason M. Kephart, Kurt L.
Barth, and Tushar M. Shimpi. Walajabad S. Sampath is the principle investigator leading the entire
project.
Competing interests

The authors declare no competing financial interests.



Figures:

(a) (b) o
400
31 ﬂ‘ﬁ Ta205/Si02 Based 4-layer AR Coating
Tec 12 Glass Substrate 1m"1
g\
m)“ﬂ1 Tec 10 Glass Substrate
Sn0,:F TCO 10011"‘ wo(.m
CdS $n0,:F TCO o'

Mgg,23ZNg 770

p-type CdTe

p-type CdTe

C Paint in Polymer Binder

Ni Paint in Polymer Binder

Te Back-Contact

C Paint in Polymer Binder

Ni Paint in Polymer Binder

Figure 1| Schematic of (a) CdS/CdTe baseline device (b) device with
changes incorporated to achieve high efficiency (not to scale).
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Figure 3| Microscopic analysis. (a)TEM image TCO/Mgo.3Zno.770/CdTe/Te film stack (b) high
magnification TEM image of TCO/ Mgo23Zno.770 and Mgo23Zno.770/CdTe interface showing conformal
coverage of Mgo.23Zno.770 (c) HRTEM image of CdTe grain boundary showing no apparent signs of line
or bulk defects (d) HRTEM image of Mgo.23Zno.770/CdTe interface showing abrupt interface with
minimal intermixing (e) EDS elemental map of TCO/Mgo.23Zno.770/CdTe/Te film stack showing no
diffusion of materials within detection limits.
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Figure 7| ILX Lightwave certified results. (a) J-V Curve (b) and External quantum efficiency for
device structure under investigation

Table 1| Best performing devices measured within the presented study

Voc (mV) Jsc (mA/cm?) FF (%) Efficiency (%) Cell Area
(cm?)
1A 858 27.1 80.5 18.71 0.661
1B* 863 26.8 79.2 18.30 0.573**
2 856 27.0 80.1 18.55 0.669
3 856 27.1 79.7 18.46 0.665
4 857 27.0 76.6 18.40 0.666
5 858 26.9 80.5 18.61 0.667
6 858 27.0 80.2 18.59 0.665

*Sample 1B is certified performance for sample 1A by ILX Lightwave, Newport, CA on a masked area**.
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Supplementary Figure 1| Cross-section HRTEM images of CdTe films showing the effect to larger CdTe

grain size on device efficiency.

ion beam
deposited Pt

Supplementary Figure 2| Cross-section HRTEM images of CdTe uniform coverage of Te on CdTe surface



Supplementary Table 1| For lattice parameter calculation, 26 values from the first three high intensity
peaks

20 Lattice Parameter (A) | % change wrt standard value

Baseline (No CdCl,)

23.735 6.487 0.09%

39.257 6.485 0.13%

46.408 6.484 0.05%
Baseline (CdCl,)

23.762 6.480 -0.02%

39.275 6.482 0.09%

46.404 6.484 0.06%
HT (No CdCly)

23.748 6.484 0.04%

39.266 6.484 0.11%

46.409 6.483 0.05%
HT (CdCly)

23.754 6.482 0.02%

39.275 6.482 0.09%

46.450 6.478 -0.04%




