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ABSTRACT We study the use of cadmium telluride (CdTe) nanocrystal colloids
as a solution-processable “ink” for large-grain CdTe absorber layers in solar cells.
The resulting grain structure and solar cell performance depend on the initial
nanocrystal size, shape, and crystal structure. We find that inks of predominantly
wurtzite tetrapod-shaped nanocrystals with arms ~5.6 nm in diameter exhibit
better device performance compared to inks composed of smaller tetrapods,

Temperature (°C)
N w S w
o (=3 o o
=} =} (=} o

o
S

30° 0
26 (degrees)

irregular faceted nanocrystals, or spherical zincblende nanocrystals despite the fact that the final sintered film has a zincblende crystal structure. Five

different working device architectures were investigated. The indium tin oxide (IT0)/CdTe/zinc oxide structure leads to our best performing device

architecture (with efficiency >11%) compared to others including two structures with a cadmium sulfide (CdS) n-type layer typically used in high efficiency

sublimation-grown CdTe solar cells. Moreover, devices without CdS have improved response at short wavelengths.
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hin film photovoltaic (PV) materials
Toffer an advantage over traditional

silicon solar cells due to their larger
absorption coefficients (primarily resulting
from their direct band gaps), thereby redu-
cing the total amount of material needed to
absorb sunlight. Additionally, thin film ma-
terials such as CdTe, Cu(In,Ga)Se,, Cu,ZnSn-
(S,Se)4, quantum dot solar cells, and perov-
skite materials such as CH3NH3Pbls can be
deposited using inexpensive methods on a
variety of (low cost) substrates to achieve a
reduction in levelized cost of a PV system.
Commercial deposition of thin-film PV ab-
sorber layers typically relies on close space
sublimation or cosputtering/coevaporation
to deposit compound semiconductors. So-
lution-processing of thin materials allows
high-throughput, efficient use of precur-
sors, and lower capital costs. However, the
power conversion efficiencies of solution-
based approaches in some materials cur-
rently fall behind traditional vapor de-
position techniques (CdTe and Cu(ln,Ga)-
Se,), while other material systems' (CZTS
and perovskites) solution-processed films
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out-perform vapor phase deposition.' ™

The lag in record efficiency for certain ab-
sorber materials compared to vapor-phase
deposition indicates a need to more fully
understand and further develop solution-
processed materials.

Solution-based deposition of inorganic
semiconductors has been accomplished
using two distinct techniques. The first gen-
eral set of approaches involves chemical
deposition methods. Challenges arising with
chemical-deposition techniques include con-
trolling stoichiometry, crystal grain size,
phase purity, substrate limitations (e.g.,
needing conductive substrates for electro-
chemical depositions), low throughput, and
effects associated with grains boundaries.®

A second method is the colloidal synthe-
sis of small crystals of the material of interest
(in this report 5—10 nm CdTe) that seed the
growth of large grains when cast into a film
and heated.>®'? Colloidal synthesis prior
to film deposition enables efficient use of
materials yielding nearly 100% conversion
of precursor into final product,”® tunable
stoichiometry,' and control of crystal phase.'®
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Casting solutions of NCs with spraying, dipping, blad-
ing, or spin-coating methods onto substrates forms a
film, but care must be taken to prevent cracking during
postdeposition treatments.'® By using a layer-by-layer
process, relatively thick (>500 nm) crack-free films can
be made as sequential coatings fill in gaps in the
underlying layers.'®'” The ligands used during NC
synthesis are beneficial for controlling growth kinetics,
providing colloidal stability, and passivating surface
states on the nanocrystal; however, they impede elec-
tronic transport and lead to insulating films."””~'® A
method of overcoming electronic transport limitations
from the aliphatic insulating ligands is to remove
them thermally and/or chemically. The NC solution
can then be thought of as an ink for depositing a bulk
film through sintering.2~"" There is precedent for using
such NC inks in PV devices. Various groups have
demonstrated solar cells using this approach with
CdTe NC dispersions.”'® 2" Devices made from com-
binations of CdSe and CdTe NCs further demonstrate
the stoichiometric control possible by using NC sys-
tems.2%2! In another example, inks of Cu,ZnSn(S,5e)4
(CZTSSe) NCs are used in solar cells that obtain >7%
power conversion efficiency (PCE). CZTS NCs are syn-
thesized, spin-coated onto a molybdenum-coated sub-
strate, then annealed in a Se-vapor atmosphere to
expand the lattice, filling voids induced by the removal
of ligands.® Similar approaches have been used to
produce CIGSSe devices with 12% PCE.?> However,
the effects of the contacts and grain structure of ink-
based cells are still not fully understood.

RESULTS AND DISCUSSION

In this work, we investigate the role of the NC ink
properties (e.g., starting NC shape, crystal structure,
and concentration) on grain growth as well as how
device architecture and film processing further affect
device performance. Through optimization of the ink
and contacts, we achieved devices having power
conversion efficiencies of up to 11.3%. After optimizing
the ink formulation and deposition conditions to
achieve high-quality thin films, we explored the viabi-
lity of using the optimized ink in five different device
architectures. The device structure and electrical con-
tacts determine the energetics of the system and allow
for charge extraction. In order to achieve higher effi-
ciencies, it is important to understand how different
contact materials interact with the solution-processed
CdTefilm.?® In the layer-by-layer approach used here to
construct CdTe absorber films, oleate-terminated NCs
are dissolved in pyridine and heated to 105 °C for 24 h.
This process displaces the oleate ligands, which
loosely binds to Cd—chalcogenide NC surfaces and
can be easily removed with mild thermal annealing.®*
Heating the NCs in pyridine also alters the stoichi-
ometry of the nanocrystals from Cd-rich to near
stoichiometric.?® In previous reports, the CdTe NCs
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used were not spherical but rather rod- or tetrapod-
shaped.'%2%212627 Working under the hypothesis
that spherical NCs could assemble with higher pack-
ing density and therefore more easily convert into
continuous films with less void space and larger
grains, we synthesized different NC morphologies
by modifying the reaction temperature and injection
concentrations. Furthermore, the highest efficiencies
in previously reported CdTe NC ink-based solar cells
include an ITO/CdTe interface, whereas conventional
CdTe solar cells are deposited onto CdS.?® This sug-
gests that CdTe ink-based cells could likely reach
higher efficiencies with more conventional device
structures. This work aims to test ink-based CdTe
absorber films in the highly explored structures used
in traditional CdTe cells.

Film Characteristics Resulting from Modification of the NC
Ink. Parts A—C of Figure 1 show transmission electron
microscope (TEM) images of the starting NCs synthe-
sized by injecting tri-n-butylphosphine telluride
(TBP-Te) into a hot cadmium oleate/octadecene
mixture. By altering the injection temperature and con-
centration of the Te-precursor, we were able to synthe-
size nanocrystals with three distinct morphologies:
nearly spherical (=300 °C), faceted (<240 °C), and
tetrapodal (260—275 °C) nanocrystals. This effect is
not new, as Yu and co-workers also noticed similar
effects by changing the Cd concentration and the
ligands used during synthesis and also saw variation
in crystal shape and phase; they, however, did not
report the ability to synthesize tetrapods using TBP-
Te.'® Parts D and E of Figure 1 show absorbance spectra
and powder X-ray diffraction (XRD) data, respectively,
for the NCs before and after pyridine ligand exchange.
The absorption spectra of the pyridine-capped NCs
match that of the oleate-capped NCs indicating
that the NC size and shape are unaffected by the
pyridine treatment (dot symbols). This is supported
by transmission electron microscope (TEM) images
taken of the NCs before and after pyridine treatment
(Figure S1, Supporting Information), which shows in-
creased agglomeration but no change in the NC size
and shape.

We also synthesized tetrapods by using tri-n-octyl-
phosphine telluride (TOP-Te) and varying the TOP-Te
injection concentration. Using TOP-Te vs TBP-Te al-
lowed us to obtain three sizes of tetrapods with first
exciton peaks occurring at 603, 625, and 670 nm. We
first verified the result by Macdonald et al.?® that larger
NC size yields higher PCE devices before extending our
study to examine the effects of crystal shape and phase
holding the characteristic size (e.g., first exciton peak)
constant. Upon spin-coating, treatment with CdCl,,
and brief annealing on a hot plate (as discussed in
the Methods, a process referred to from here on as
layer-by-layer or LbL processing), the absorption onset
of all films redshift to 850 nm (Figure 1D), accompanied
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Figure 1. (A—C) TEM images of as-synthesized spheres, faceted NCs, and tetrapods, respectively, showing the uniformity of
the shapes (frames are color-coded to match graph traces). (D) Absorbance spectra of the spherical (blue), faceted (green),
and tetrapodal (red) NCs synthesized with oleic acid (solid lines) and after pyridine treatment (dotted lines) displaying similar
absorbance spectra compared to as-synthesized NCs. Also shown are the absorbance spectra for sintered films from each of
these starting NC morphologies (dashed lines). As a control, TEM images of the same samples in A—C after the pyridine
treatment are shown in Figure S1 (Supporting Information), indicating that the pyridine exchange does not significantly alter
the NC shape, but it is noted that the spheres slightly increased in diameter. (E) XRD data for CdTe spheres, faceted, and TPs
where the faceted NCs and tetrapods show mixed wurtzite and zincblende crystal structures with the spheres showing full
zincblende phase before annealing. After annealing at 350 °C for 30 s per layer (12 layers total), the films all result in the
zincblende crystal structure. Standard CdTe wurtzite and zincblende patterns are shown at the bottom of (E). Peaks at 33° and
55.3° on the unannealed CdTe spheres (lower blue trace) are indicative of CdO. The peak at 22.4° in all of the annealed NC
traces has been suspected to be an oxide like TeO, formed upon heating.?

by narrowing of the XRD peaks indicating the forma-
tion of large-grained CdTe. The redshift indicates a loss
of quantum confinement in the sintered films. They
become bulklike with the absorption onset occurring
at the optical bandgap of bulk CdTe. In regard to crystal
structure, the spherical NCs are zincblende whereas
the tetrapods and faceted NCs are mixed phase with
both zincblende and wurtzite domains. Previous stud-
ies of tetrapod-shaped NCs indicate that the core is
zincblende with wurtzite arms.°

To further detail the temperature dependence of
the sintering process, in situ XRD measurements were
taken as a film of CdCl,-treated tetrapodal NCs was
heated from room temperature to 500 °C. Figure 2A
shows an intensity plot of the XRD 26 spectra as a
function of temperature. The color change from blue to
yellow indicates increased XRD intensity. Narrowing of
the diffraction peaks as the temperature is increased
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over 300 °C indicates the gradual grain-growth onset.
Figure 2B shows differential scanning calorimetry
(DSC) data for a similar sample. In the DSC plot, an
endothermic change in heat flow around 280 °C
indicates loss of the remaining surface ligands but
could also indicate a phase change (likely surface
melting) whereas the higher temperature exothermic
peak indicates recrystallization as the film converts
from wurtzite to zincblende.?® These phase changes
over 300 to 400 °C correlate to the in situ XRD data and
indicate that annealing in this temperature range
indeed leads to a transition in crystallographic phase
and crystallite size.

Annealing beyond 350 °C leads to the formation
of CdTeO, and TeO, as indicated by peaks in the 20
angles between 30° and 35°. Similarly, we see a
reduction in the peak intensity at 260 = 43° (as also
seen in Figure 1E, annealed red trace) as the wurtzite
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Figure 2. (A) Intensity contour plot of XRD spectra as a function of temperature. Blue color indicates low XRD intensity while
yellow is high intensity. LbL processing was performed with wurtzite CdTe tetrapodal NCs, but the high-temperature annealing
step was skipped. XRD measurements were taken on the sample as it was heated at 1 °C/min while the XRD signal was
monitored. The temperature was varied from 25 to 500 °C. The peaks gradually sharpen as the temperature is increased, and the
material converts from wurtzite to primarily zincblende. After 400 °C the film undergoes oxidation and numerous peaks appear.
(B) DSC curve showing the relative heat flow as a function of temperature for wurtzite CdTe tetrapodal NCs that were drop cast
and CdCl, treated. There is an endothermic peak near 280 °C that indicates that the NCs are undergoing a phase change as the
surfaces begin to melt. At 320 °C there is an exothermic peak potentially indicating recrystallization into the zincblende crystal
phase. The XRD and DSC data correlate well over this range where the XRD peaks sharpen and shift from wurtzite to zincblende.
Note: the horizontal lines at ~150 and 410 °C in the DSC plot are artifacts of the heating and cooling process.

phase disappears above 300 °C. At temperatures
beyond 400 °C, many new peaks appear and the film
changed from brown to white in correlation with
endothermic response shown in the DSC data. We
note that this data is taken with a slow (1 °C/min)
increase in substrate temperature with good thermal
conductivity between the film and hot stage, whereas
LbL style film progression in device fabrication involves
short rapid anneals where a room temperature film is
placed on a hot plate set to 350 °C for less than 1 min
after each layer. Thus, the side peaks near 20 = 25° are
found to not completely reduce as is found in the LbL
deposition.

Film Formation and Characterization. The hot-plate tem-
perature and duration of the thermal anneal affect
device performance and film quality. As seen in
Figures TE and 2A, the rate at which the film is annealed
can have an impact on proper phase conversion from
wurtzite to zincblende. For high-throughput fabrica-
tion of PV modaules, a rapid sintering process is desired.
We found optimal performance with brief (<1 min)
thermal annealing on an aluminum hot plate set to
a temperature between 300 and 400 °C. This correlates
to the highest temperature for pure CdTe phases
before the onset of oxide formation above 350 °C.
We find that annealing at 350 °C for 30 s leads to the
largest grains and highest efficiency. After LbL proces-
sing, all films have a zincblende crystal structure. With-
out CdCl, treatment or if the CdCl, is rinsed off be-
fore sintering, the NCs do not sinter into large grains
(Figure S2, Supporting Information), and devices fabri-
cated in this manner perform poorly due to low J;..
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When the CdCl, treatment is optimized, the CdTe films
become dense (Figure S2, Supporting Information),
convert to zincblende phase, and grow into larger
grains as Figure S1 (B, D, F) (Supporting Information)
shows with cross-sectional SEM images of films sin-
tered from the different shapes of pyridine-treated
NCs. Use of tetrapod-shaped NCs leads to smooth films
with the largest grain size and least amount of void
space. The films possess columnar grains that extend
throughout the entire active layer even though the
sintering process is occurring a layer at a time. The lack
of visible individual layers in the SEM images indi-
cates that each subsequent layer recrystallizes into the
previous layers to form continuous grains. We find
that grains appear larger and pore sizes are smaller
with higher temperature/shorter annealing processes,
while the absorbance spectra are very similar in all
cases tested (Figure S3 and Figure S4, Supporting
Information). The larger grains and reduced pore sizes
likely promote charge carrier transport. Panthani et al.>’
attributed the increase in efficiency over similar solar
cells reported by Jasieniak et al.'® to larger grains
extending throughout the active layer. Here we have
determined what factors lead to the optimal grain
growth by varying the starting ink composition and
the device architecture. Investigating the factors influ-
encing grain-growth explains how each layer amalga-
mates into the previous ones as the NCs undergo a
phase transition from wurtzite to zincblende.

Effects of the Device Structure on Performance of CdTe Ink-
Based Solar Cells. We investigated multiple device archi-
tectures in both substrate and superstrate configurations
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Figure 3. SEM cross-sections and schematic representations of device architectures used in this study. Structures in panels
A and B are substrate configurations where the light is incident on the top of the device stack. Structures in panels C—E are
superstrate configurations where the light is incident upon the glass before being absorbed in the CdTe layer. The bottom
SEM shows the n-type layer made with ZnO:In (1%) via sol—gel but ZnO deposition methods using NC—ZnO and pulsed laser
deposition were also constructed as discussed. In each cell, either the ZnO or the CdS side of the heterojunction is the anode.
Scale bars are 250 nm. (F) Current—voltage characteristics from devices made from each of the structures, each employing a
CdTe film spin-coated from NCs on the order of 550 nm thick. (G) External quantum efficiency (EQE) of four of the most
promising structures. (H) shows EQE for three thicknesses: 330 nm (dotted line), 550 nm (solid line), and 650 nm (dashed line)
of CdTe employed in the structure shown in (E) with all three thicknesses having PCE > 10%. The legend for the symbols in
panels F and G is given in Table 1, and the frame color of panels A—E corresponds to the trace colors in panels F—H.

with various contact materials to the CdTe layer. Figure 3
shows schematic layouts for various device structures
along with cross-sectional SEM images of completed
devices with their performance characteristics. Optimized
devices utilize a ~550 nm thick CdTe absorber fabricated
via spin coating a CdTe ink composed of tetrapods with a
concentration of 40 mg/mL with each layer annealed at
350 °C for 30 s (see Figure S5, Supporting Information).
Panthani et al. recently reported that subjecting the
devices to a forward bias current soak under illumination
improves the interfacial energetics at the p-CdTe/n-ITO
interface yielding power conversion efficiencies >12%.%”
We find that the choice of substrate affects the CdTe
grain size and morphology. Molybdenum-coated glass
substrates with a 5 nm Cu,Te layer lead to the largest
grains (300 nm on average) with minimal void space
(<1 pore/ﬂmz) observed in the CdTe layer as measured
from the SEM cross sections given in Figure 3A—E.

CRISP ET AL.

Depositing the CdTe layer on top of sol—gel ZnO leads
to the smallest grains and most voids in the CdTe film
(Figure 3A—E). Figure 3F shows current—voltage (JV)
characteristics under AM1.5 illumination for each of the
device types with device parameters shown in Table 1.
To briefly describe the device structures, two devices
(Figure 3A,B) were fabricated in a substrate configuration
where light is incident through the top of the device stack
rather than through the glass. For these cells, a transpar-
ent conducting oxide (TCO) layer was used as the top
electrode along with an Al grid to reduce the devices'
series resistance. CdS or ZnO:In (1%) act as window layers
for these structures (parts A and B, respectively, of
Figure 3). Some benefits of using a substrate design are
removal of the absorption and reflection of a glass
superstrate, as well as separating the CdTe growth from
the junction formation. Drawbacks of the substrate struc-
tures include the inability to apply various treatments to
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TABLE 1. Performance Characteristics of Each Device
Structure

Structure Voc(mV)  Jic(mA/cm?)  FF (%) PCE (%)
A A 679 15.9 54.9 5.94
B A 299 13.9 39.8 1.66
C 709 183 51.3 6.66
D 460 129 28.8 1.73
E:NC-ZnO | 459 18.3 38 3.19
E:PLD mum 556 239 44.9 6.00
E:sol-gel == 686 25.5 64.7 11.3

the CdTe to improve the ohmic behavior of the back
contact. We also use a traditional CdTe architecture
(Figure 3C)—a superstrate design in which light is in-
cident through the glass substrate and then passes
through a TCO and CdS window layer. Superstrate
devices Figure 3D,E each employ ZnO rather than CdS
as the n-type component of the heterostructure with
light incident through the glass in each case; however,
these devices have opposite polarity controlled by the
contact layers. The benefits to using a superstrate
structure include exposing the back of the CdTe to
chemical and physical treatments that allow for im-
proved contact (like the addition of copper at that
interface). Limitations to this structure include in-
creased reflection and absorption from the glass and
the formation of a CdTe,S;_,alloy. Finally, the device
structure in Figure 3E was further expanded by depos-
iting the ZnO layer via three different routes: sol—gel,
nanocrystalline ZnO (NC—ZnO), and pulsed laser de-
position (PLD) (all described in detail in the Methods).

We found that the highest EQE across the largest
spectral width is obtained using a superstrate config-
uration with a sol—gel ZnO:In heterojunction (Figure 3G).
ZnO is transparent to light with a wavelength greater
than ~375 nm, whereas CdS absorbs photons with
wavelength shorter than 515 nm, allowing for in-
creased collection of higher energy photons. This
difference in photon collection accounts for the re-
duced EQE in the blue spectral region for devices
employing a CdS window layer (Figure 3A ,C). By using
a thin absorber layer in the inverted superstrate struc-
ture (Figure 3E) longer wavelength photons likely
make two passes through the absorber layer due to
reflection off the Al contact. The increased optical path
length due to reflection gives an effective thickness
greater than the ~550 nm physical thickness, allowing
more long-wavelength light to be absorbed. Further-
more, using a very thin CdTe layer allows for efficient
collection of blue light even though the charge-
separating junction is located at the rear of the cell
rather than the incident side. However, the depletion
region (calculated by Panthani et al. for a similar device
to be ~400 nm?%’) extends throughout most of the
CdTe layer, thus allowing collection of the blue light
absorbed in the first tens of nanometers. In an effort to
increase the spectral response in the 300—550 nm
spectral range of devices using CdS (structures in
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Figure 3A,C), the CdS layer was replaced with ZnO:In
(1%) via the sol—gel route. Comparing the structure
shown in Figure 3A to the one in Figure 3B shows that,
indeed, replacing the CdS with ZnO leads to a greater
blue response (from ~25% to over 60% EQE). Unfortu-
nately, the devices shown in Figure 3B had significantly
lower collection efficiency in the 600—700 nm spectral
region. As a result, the overall photocurrent suffered
by 2 mA/cm? (see Table 1). Comparing the structure
shown in Figure 3C to the one in Figure 3E, there is
greater spectral response in the blue region, indicating
that using ZnO allows for better collection of the higher
energy photons.

We fabricated a device using the standard super-
strate configuration (Figure 3Q). In this device, the CdS
layer is thinner compared to the substrate device
shown in Figure 3A (80 nm vs 115 nm) so the blue
losses are not as severe, resulting in a larger Jsc of
18.3 mA/cm?, Utilizing an ITO anode and ZnO:In n-type
layer in devices leads to a synergistic effect that allows
for large photocurrent (~25 mA/cm?, see Table 1) and
an appreciable V. > 680 mV after a short light soak in
forward bias as described previously and in the
Methods.?” Other reports have noted transient light
soaking behavior drastically increasing the PCE due
to trap filling in solution-processed metal oxide
layers.3>*3 We further investigated modulating the In
concentration in the ZnO sol—gel (details in the
Methods). Indium doping can increase the crystallinity
of ZnO sol—gel films, increasing the electronic mobility
by reducing grain boundary scattering.3* Kim et al.
found that 3% doping leads to an increase in crystal-
linity and a reduction in the texture coefficient of
sol—gel deposited films3* Figure S6 (Supporting
Information) shows the device performance for de-
vices using ZnO:In layers doped with a 0, 1, 3, and 10%
atomic ratio of In to Zn. 1% In doping gave the best
efficiency, although the highest V. is obtained with
slightly more In. From this structure, we further opti-
mized the CdTe deposition conditions, as discussed
above, and achieved device efficiencies nearing 12%.
Attempts to use ZnO—NCs in these devices leads to
reduced FF and V. compared to the sol—gel ZnO. The
reduction in FF has been attributed to the increased
series resistance in the ZnO films composed of NCs in
previous reports.?’

In addition to solution-processed ZnO deposited
from NC solutions and sol—gel methods as discussed
above andinref 27, PLD ZnO was tested to determine if
ZnO is the limiting layer. Using PLD, the electronic
properties of ZnO can be modulated by changing the
partial pressure of O, during deposition. This affects
the position of the Fermi level as well as the conduc-
tivity. Furthermore, by changing the deposition condi-
tions during growth, the energy band profile within the
ZnO layer can be adjusted. In an effort to increase
carrier extraction, a bilayer structure was explored that
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introduced a highly conductive PLD ZnO layer directly
on the CdTe as well as a lower conductivity PLD ZnO
capping layer above the conductive layer to aid in
reducing interfacial carrier recombination. We found
that the bilayer structure improved performance, lead-
ing to high J;. but lower power conversion efficiency
than devices using sol—gel ZnO. Devices with ZnO—NCs
had higher series resistance (1225 Q cm?) than
those with PLD ZnO (9.08 Q cm?) and sol—gel ZnO
(3.19 Q cm?), which trends with device performance
indicating that not only crystallinity but dopant levels
play a significant role in device performance.

The superstrate device structure with a ZnO n-type
layer (Figure 3D) aims to solve the potential problem of
having the junction at the back of the optical path by
positioning the n-type ZnO layer at the light incidence
side but suffers from large series resistance and poor FF
shown in the JV curves of Figure 3F and Table 1. The
decreased performance could potentially be due to
degradation of the ZnO during the CdTe processing
steps. We also observe greater void space and a smaller
CdTe grain size when depositing on ZnO compared to
depositing on ITO (<100 nm average grain dimen-
sion vs ~200 nm, respectively. Pore sizes range from
25 to 9 nm and pore areal density changes from ~46 to
~2.5 pore/um?> when grown on ZnO vs ITO, respec-
tively). This likely impedes charge transport within the
CdTe film as an increased number of grain boundaries
could lead to increased grain-boundary scattering,
leading to the reduction in mobility and thus device
performance. The series resistance for the device in
Figure 3D was 30.9 Q cm? compared to 8.5 Q cm? for
both structures in Figure 3A,C, indicating that increased
series resistance plays a role in device performance.

Using a structure utilizing a sol—gel ZnO layer, we
varied the thickness of the CdTe film to explore the
effect of absorber thickness on photocurrent genera-
tion and achieved >10% efficiency for CdTe film thick-
nesses between 330 and 650 nm. As shown in
Figure 3H, greater blue response is observed for the
thinnest device, as the higher energy photons are
absorbed closer to the CdTe/ZnO junction and in the
depletion region. However, using thinner absorber layers
results in lower EQE at longer wavelengths due to
reduced absorption of low energy photons. The EQE of
the thickest device monotonically decreases with de-
creasing wavelength because photogenerated charges
further away from the junction (in the first few nanome-
ters of the device) have lower probability for collection

METHODS

Nanocrystal Synthesis. All chemicals and powders were pur-
chased from Sigma-Aldrich and used as received. CdTe NCs
were synthesized by slight modification of the synthesis
described by Jasieniak et al.’® and Panthani et al.?” For the
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due to short carrier diffusion lengths. Optimized devices
have thicknesses around 550 nm where the sum of
losses from these mechanisms is minimized.

It is surprising that we do not observe our highest
power conversion efficiency using structures like in
Figure 3A,C that have demonstrated PCE >15% and
>13%, respectively, with CSS-CdTe.?®*> We find that
ZnO:In sol—gel approach on ITO yields the most
appropriate structure for CdTe films made from NCs.
On the basis of the broad spectral response, larger
open-circuit voltage, and best FF, the device structure
in Figure 3E shows the most promise for efficiently
extracting photogenerated charges from smooth and
thin CdTe films made of sintered NCs.

CONCLUSIONS

This study explores grain growth of sintered CdTe
NC-based absorber layers and device performance in
various device architectures. We examined various
NC shapes: spheres, faceted NCs, and tetrapods. We
found that larger tetrapods spin-coated in a layer-
by-layer process at lower concentration in solution
form the largest grains and produce the highest effi-
ciency devices. By utilizing the well-studied vacuum
processed CdTe structures and comparing them to
the structures used in most CdTe NC ink device
reports,'%2%212627 \ye show that CdTe deposited from
NC inks behaves differently in various structures and
that an ITO contact with a CdTe/ZnO heterojunction in
conjunction with solution processing results in the
highest efficiency devices. We find that such solution-
processed CdTe and ZnO films yield high efficiency
devices that enable broader-band spectral response
compared to CdS as is traditionally used in CdTe PVs.
Respectable efficiencies are achievable using this ink-
based approach that allow for a thin, smooth, CdTe
absorber layer deposited without high-temperature or
high-vacuum processing. The ZnO layer that yields
highest power conversion efficiency is processed using
a sol—gel approach with 1% doping with indium. This
device structure yields comparable photocurrent den-
sity to the highest performance CdTe devices but has a
Voc that is ~200 mV lower. This report serves as a first
step in fully understanding the grain growth required
for utilizing NC-based inks in commercial PV modules.
This work also demonstrates that solution-processed
absorber layers for other material systems may require
changes in solar cell device structure from those of
vapor-phase deposition.

tetrapod synthesis, in brief, 1.25 g of CdO and 11.4 g of oleic acid
(OA) were dispersed in 150 mL of octadecene (ODE) and stirred
in a three-neck flask and degassed at 100 °C under vacuum for
20 min. The flask was filled with nitrogen, and the solution
temperature was increased to 270 °C at which point the
solution turned clear. Nine milliliters of 0.75 M solution of
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tri-n-butylphosphine telluride (TBP-Te) mixed with 10 mL of
ODE was injected at 270 °C, and the flask was immediately taken
off the heating mantle and cooled naturally to room tempera-
ture. For the faceted NC synthesis, 0.26 g of CdO and 4.4 g of
OA were dispersed in 60 mL of ODE, stirred in a three-neck flask,
and degassed at 100 °C under vacuum for 20 min. The flask was
filled with nitrogen and the solution heated to 260 °C until the
solution turned clear. It was then cooled to 235 °C, and once the
temperature was stable, 2 mL of 0.75 M solution of TBP-Te
mixed with 4 mL of ODE was injected and the flask immediately
taken off the heating mantle and cooled naturally to room
temperature. For the sphere-shaped NC synthesis, 74 mg of
CdO and 0.6 mL of OA were dispersed in 30 mL of ODE, stirred in
a three-neck flask, and degassed at 100 °C under vacuum for
20 min. The solution was heated to 310 °C where it first turned
clear and then slightly gray (following the procedure outlined
by Kloper et al.3®), at which point 0.95 mL of 0.75 M TBP-Te
mixed with 5 mL of ODE were injected and the reaction was
immediately taken off the heating mantle and allowed to cool
naturally. For all CdTe syntheses, the nanocrystals were pre-
cipitated with ethanol and redispersed in hexane in air. This
process was repeated three times to remove excess ligands
and unreacted precursors. The purified nanocrystals were then
moved into a glovebox and redispersed in hexane where
they were kept until the pyridine treatment was performed. A
portion of the NCs were precipitated with ethanol and redis-
persed in pyridine at a concentration of ~20 mg/mL. The CdTe
NCs in pyridine were stirred in the glovebox overnight on a hot
plate set to 105 °C. This solution was precipitated with hexane
and redispersed in a 1:2 vol/vol mixture of pyridine and
1-propanol at a concentration of 40 mg/mL and stored in the
glovebox until needed.

(dTe Film Processing. CdTe nanocrystals were deposited on
the various substrates (first cleaned by sonicating in acetone
and then 2-propanol for 5 min each) by spin-coating at
1000 rpm for 60 s. When solution is added onto the substrate
before spinning, it is important to cover the entire substrate
because irregularities in the film thickness and smoothness can
develop and propagate across the substrate as a result of bare
spots. The substrates were placed onto a hot plate held at 150 °C
for 2 min followed by a dip in a saturated solution of CdCl,
dissolved in methanol at 58 °C (~400 mg CdCl; in 35 mL MeOH).
When not in use, the CdCl, solution was stirred at this tempera-
ture, but when the substrates were dipped into it, the stirring
was stopped. On some occasions the vigorous stirring caused
the CdTe to flake off the substrate and also caused visible CdCl,
buildup on the film. The substrates were swiftly removed from
the CdCl; solution, dipped into 2-propanol, then rinsed with
2-propanol and dried with a stream of dry air. The substrate was
then placed on a second hot plate held at various temperatures,
as measured by a thermocouple, but typically 350 °C for
30 s then swiftly removed and placed on a room temperature
Al block. This process was repeated multiple times (typically
12—14) to build a film of the desired thickness.

Contact Layer Processing and Device Completion. In-doped CdS for
device structures in Figure 3A,B was deposited by radio fre-
quency magnetron sputtering at room temperature from a
target with a composition of 0.5 mol % In,S; in CdS. The film
was grown to a thickness of 115 nm in an ambient of 2 vol % O,
in Ar at a power of 60 W. The device structure in Figure 3C was
fabricated as described by Rose et al.>” and Gessert et al.>® aside
from the deposition and processing of the CdTe layer. The CdTe
solar cells in device in Figure 3C were mesa-isolated with an
area of 0.25 cm?, while the cells in the device in Figure 3A B
were isolated by scribing and had a nominal area of 0.42 cm?.
Figure S7 (Supporting Information) shows the additional pro-
cessing steps used to optimize devices in Figure 3A,C. By
applying a postcontact anneal of 250 °C for 5 min for the device
in Figure 3A and varying the deposition temperature of the
ZnTe:Cu for device in Figure 3C from 310 °C to room tempera-
ture and then applying a short postcontact anneal, we found an
improvement in the V., Js, and FF for these devices. The device
in Figure 3B saw no such improvement with further annealing.

ZnO NCs were synthesized by adding 0.44 g of Zn acetate
dihydrate to 40 mL of ethanol in a flask and heating at 60 °C.
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After 30 min of heating, 2 mL of tetramethylammonium hydro-
xide (20% in MeOH) in 10 mL of ethanol was added dropwise
to the solution over 5 min similarly to Wood et al.>® The ZnO
nanoparticle solution was heated at 60 °C for 30 min to attain
the ZnO NCs of 5 nm in size. ZnO NCs dispersed in their growth
solution were precipitated with hexane and centrifuged. The
supernatant was discarded, and the precipitated nanoparticles
were redispersed in 1-propanol at a concentration of 40 mg/mL.
The ZnO NCs were then spin-coated at 900 rpm for 60 s prior to a
2 min heat treatment on a hot plate set to 300 °C to dry residual
solvent.

One variation of the device in Figure 3E employs ZnO
as deposited by pulsed laser deposition as discussed in ref.*
The PLD system had a base pressure of <1.0 x 107° Torr
and ablates material with a KrF laser operating at 248 nm. For
these experiments, a pulse energy of 280 mJ at 5 Hz repetition
rate was used to deliver an energy density to the target of
approximately 0.76 J/cm? after optical losses. Depositions of
80—100 nm of material typically took 1 h. The substrate
temperature and chamber atmosphere were fixed at 300 °C
and 1.1 x 1073 Torr partial pressure of oxygen, respectively, for
the first half of the deposition then the heater was turned off
and the sample cooled naturally before the last 50 nm were
deposited. The substrate was mounted to the heater block
using silver paint to increase thermal conductivity.

ZnO:In sol gel was prepared in a similar manner as Ohyama
et al*' and similar to our previously published work*? by
dissolving 1.2 g Zn acetate dihydrate in 12 mL of 2-methox-
yethanol and 0.31 mL of ethanolamine. Indium was introduced
by addition of various atomic percentages as described in the
manuscript from direct addition of InCl; into the sol—gel
mixture. This solution was then spin-coated onto a substrate
at 3000 rpm followed by annealing at 300 °C (measured by a
thermocouple) on a hot plate in air for 2 min. The physical
characteristics of the ZnO films from all three deposition
methods can be found in the associated references.

MoO, and Al top contacts were thermally evaporated
following the procedure described by Gao et al.*® The MoOx
was needed in the structure shown in Figure 3D to provide a
p-type contact to the CdTe layer similar to the work done by Lin
et al.*** The structures in Figure 3D,E used circular top contacts
evaporated through a shadow mask on unpatterned ITO with a
nominal area of 0.11 cm?.

Device Characterization and Testing. Sample annealing was mon-
itored with in situ X-ray diffraction (XRD) using a Bruker D8
Discover with a Vantec area detector (sample-to-detector dis-
tance of 15 cm) and an Anton Paar DHS 900 hot stage. The
sample was placed on the hot stage with spring clips and
illuminated with X-rays from a copper target (40 kV, 35 mA)
using a Goebel mirror (parallel optics) and 1 mm circular
collimator. The stage was ramped to 500 °C from room tem-
perature in air at a 1 °C/min ramp rate, and 3 min XRD data
frames centered at ~36° 20 were acquired every ~3.5 min
starting with the temperature ramp onset. The nominal tem-
perature for each data frame is the average temperature during
that data frame.

Completed solar cells were tested on a Newport class B solar
simulator. The light intensity was adjusted to match the current
output of a reference GaAs solar cell to the predetermined
AM1.5 photoresponse as measured by the measurements and
characterization group at NREL. The light soak under forward
bias (Current/light soak) was done by holding the cell under
+3 V forward bias and monitoring the current as it slowly
increases under 1-sun illumination. After roughly 10 min, the
current plateaus at ~0.2 A, then the V. is monitored and slowly
increases as well; once it also stabilizes, the JV scan is run from
+1to —0.4 V. Only devices with a CdTe/ITO interface show an
increase in efficiency with current/light soaking as shown in
Figure S8 (Supporting Information). In order to verify the
stability of the devices after current/light soaking, the JV scan
was run repeatedly in both directions (forward to reverse bias
and reverse to forward bias) and found to remain steady after a
small initial drop as shown Figure S9 (Supporting Information).
Similar effects have been found in other systems with other
metal oxide n-type layers.3233
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