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ABSTRACT: Solution processing provides a versatile and
inexpensive means to prepare functional materials with
specifically designed properties. The current challenge is to
mimic the structural, optical, and/or chemical properties of
thin films fabricated by vacuum-based techniques using
solution-based approaches. In this work we focus on ZnO to
show that thin films grown using a simple, aqueous-based,
chemical bath deposition (CBD) method can mimic the
properties of sputtered coatings, provided that the kinetic and

ZnO Dense and Thin Films

Buffer layers in CZTSSe Solar Cells

Current Density (mA/cmz)

Sputtering
04 02 00 02 04 06
Voltage (V)

thermodynamic reaction parameters are carefully tuned. The role of these parameters toward growing highly oriented and dense
ZnO thin films is fully elucidated through detailed microscopic and spectroscopic investigations. The prepared samples exhibit
bulk-like optical properties, are intrinsic in their electronic characteristics, and possess negligible organic contaminants, especially
when compared to ZnO layers deposited by sol—gel or from nanocrystal inks. The efficacy of our CBD-grown ZnO thin films is
demonstrated through the effective replacement of sputtered ZnO buffer layers within high efficiency solution processed

Cu,ZnSnS,,Sey(;—y) solar cells.
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B INTRODUCTION

Solution processing offers unprecedented control of the
structural, chemical, and optical properties of materials,
particularly at the nanoscale.'~” This enables the possibility
to develop novel, low-cost, and high-performance optoelec-
tronic devices, as well as to improve existing technologies that
utilize alternative deposition methods.® Despite these benefits
there is a strong belief that vacuum processes, such as
sputtering, chemical/physical vapor deposition, and thermal
evaporation are superior for the fabrication of most
optoelectronic devices.” "' In this work we focus on the
chemical bath deposition (CBD) of zinc oxide (ZnO), and we
challenge this assumption by demonstrating that, through
careful manipulation of the reaction conditions, the deposition
method outlined herein can readily mimic those of ZnO
prepared by standard vacuum-based methods.

ZnO is one of the most studied materials for optoelectronics
due to its transparency, excellent electrical properties, high
exciton binding energy, and structural anisotropy.'>”"* While
ZnO is most commonly deposited using vacuum-based
processes, it has also been processed using solution-based
techniques, mainly through sol—gel methods or nanoparticle
(NP) “inks”, and subseg[uently employed within light-emitting
diodes," transistors,"*"” solar cells,"®'® and sensors.>**' The
simplicity of these wet chemical deposition techniques is also
met with major caveats, particularly at low processing
temperatures, including high porosity, poor electronic proper-
ties, and low crystallinity of the deposited films.**** For these
reasons, further improvements are envisaged if the ZnO layers
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could be prepared with the structural and electronic properties
akin to vacuum processes at low temperatures.

To address these issues, we have adapted a CBD synthesis
that was originally developed to prepare arrays of ZnO
nanowires (NWs). The seeded growth of ZnO NWs relies
on the condensation of zinc hydroxo-species formed in an
aqueous solution in the presence of an organic amine.** >
These arrays have been widely applied in catalysis, photo-
detectors, and organic, inorganic, and dye-sensitized solar
cells.”” 7" The successful implementation of ZnO arrays within
such applications hinges upon the ability to control the
structure of these arrays at the nanoscale. It is widely known
that the CBD method enables for the synthesis of a wide range
of ZnO architectures.”>*>** However, of all the currently
available ZnO architectures, none have been made that possess
a well-controlled morphology at very low thicknesses. In this
work, by using optimized seed layers and CBD conditions, we
demonstrate the deposition of dense, thin (<300 nm), and
oriented films, analogous to those obtained through sputtering.

Such ZnO films are ideal candidates for replacing equivalent
sputtered layers in many optoelectronic applications. Within
inorganic solar cells, for instance, particularly those fabricated in
a “substrate” configuration (see Figure 1a), such layers provide
electronic buffering to improve both the reliability and the
efficiency of the device.>* ® The ZnO in this case prevents
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Figure 1. Schematic representation of (a) the conventional substrate
architecture for CZTSSe solar cells; (b) the ZnO structures that can be
obtained through aqueous CBD. The red arrows highlight the strategy
used in this work to obtain thin and dense ZnO films.
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direct contact of the transparent conductive oxide (TCO) with
the n-type emitter (commonly CdS), causing an enhanced
shunt resistance and, consequently, maximizing the open-circuit
voltage. If the buffer layer is too thick, series resistance
limitations reduce solar cell performance.’*** Also, if porous
or inhomogeneous films are used, they do not provide a
sufficient barrier to grevent shunting paths between TCO and
the n-type layer.””?® Therefore, only intrinsic, homogeneous,
and dense thin films result in enhanced performance and
reliability of solar cells.

To date, no alternative to sputtering such intrinsic ZnO (i-
ZnO) buffer layers has been demonstrated due to the difficulty
in fulfilling each of the above requirements. The ZnO layers
grown here overcome these challenges by mimicking the
structure and properties of sputtered films. In addition, they
also compliment the growing research effort toward developing
all-solution-processed inorganic solar cells.*** The efficacy of
the method developed here is demonstrated by incorporating
these ZnO layers into Cu,ZnSnS,Sey;_,) (CZTSSe)-based
solar cells processed from solution. Importantly, identical
device characteristics are achieved for sputtered and CBD
grown ZnO, with devices reaching power conversion
efficiencies (PCE) of over 7%.

B EXPERIMENTAL SECTION

All chemicals are reagent grade, and they were used without further
purification.

Sol—-Gel Seed Layer. To prepare the sol—gel solution for ZnO
seeds, zinc acetate dihydrate (Analar, 99.5%) was dissolved in
methoxyethanol (Merck, 99.5%) to a concentration of 0.1 M in the
presence of ethanolamine (Sigma-Aldrich, 99%) in a 1:1 molar ratio
with zinc. Seed layers were deposited by spin coating at 2000 rpm for
30 s, and then the films were annealed at 180 °C in air for 5 min on a
hot plate. This procedure was repeated again to ensure homogeneous
coverage of seeds on the substrates, with the final samples annealed at
180 °C for 10 min.

Chemical Bath Deposition of ZnO Films. An aqueous solution
(90 mL, 83 mM) of zinc nitrate hexahydrate (Sigma-Aldrich, 99%) was
preheated in a water bath at 70 °C. The pH of the zinc nitrate solution
was adjusted to ~7 using a 25% ammonium hydroxide solution in
water (Chem Supply), and then the substrates were dipped with the
seeded surface slightly facing downward and left for 5 min to thermally
equilibrate the temperature. Separately, hexamethylenetetramine
(HMTA, Sigma-Aldrich, 99%) was dissolved in 10 mL of water at
room temperature to give a 0.75 M solution, which was then added to
the zinc nitrate solution, and the samples were kept in the bath for
30—60 min to obtain a thickness in the 100—150 nm range. The
process to achieve these optimized conditions involved variation of
concentration of species, temperature, pH, and duration of the
chemical bath deposition, as discussed in the manuscript and
summarized in Supporting Information, Table S1. After the

deposition, samples were carefully rinsed with water, ultrasonicated
for 2 min in ethanol to remove surface precipitates, and eventually
dried with a nitrogen stream.

ZnO films were deposited on properly seeded silicon or glass
substrates to perform the desired characterizations. Parallel depositions
using CdS-coated substrates where the CdS layer is deposited via CBD
using a published procedure were also carried out.** For impedance
measurements, ZnO films were deposited on patterned ITO/glass
substrates and subsequently covered with a Spiro-OMeTAD-based
layer prepared using a published procedure.*> The diodes were
completed by evaporating silver top contacts (200 nm thick) through a
shadow mask defining an active device area of 0.1 cm®.

Other solution-processed ZnO films were prepared for comparison:
in detail, ZnO colloids were synthesized using the method published
by Wood et al,*® and the films were deposited by spin-coating a
colloidal solution of the NPs in ethanol. Sol—gel films were deposited
using the same procedure adopted for the seed layers preparation, but
using a 0.7 M solution. These films were eventually annealed at 180 or
400 °C.

CZTSSe Solar Cells. The solar cells were prepared using the
standard device structure in a substrate configuration: glass/Mo/
CZTSSe/CdS/ZnO/ITO/AlL The absorbing layer was deposited by
spin coating a colloidal solution of Cu,ZnSnS, NPs on molybdenum-
coated glass substrates. The nanocrystalline films were subsequently
annealed in selenium-rich atmosphere under argon. The CdS layer was
deposited by chemical bath deposition, ZnO was deposited either by
direct current (DC) sputtering or chemical bath deposition as
described above, ITO was deposited by radio frequency (RF)
sputtering, and eventually Al collection grid was thermally evaporated.
The final devices were defined by mechanical scribing to provide total
(active) areas of 0.5 cm® (0.37 cm?) as measured with optical
microscopy. Details on the CZTSSe deposition procedure and on the
solar cells fabrication are reported elsewhere.**

Characterization. The morphology of the deposited films was
investigated using an FEI Helios Nanolab 600 scanning electron
microscope (SEM). X-ray diffraction (XRD) patterns of the deposited
films were collected using a Bruker D8 diffractometer equipped with a
Cu Ko radiation source and operated at 40 mV and 40 mA. The
average surface roughness of the samples was evaluated using a Veeco
Dektak 6 M profilometer. Optical absorption spectra of films
deposited on glass substrates were measured using a Varian-Cary SE
spectrophotometer. Ellipsometry quantities ¥ and A were measured
using a J.A. Woollam M-2000 spectroscopic ellipsometer, and the
refractive index was evaluated from W and A data using the
CompleteEASE data analysis software. Fourier-transform infrared
spectroscopy (FTIR) measurements on samples deposited on Si
substrates were performed using a Thermo Scientific Nicolet 6700
instrument. Ultraviolet photoelectron spectroscopy (UPS) was carried
out on a Kratos Axis-HSi instrument using He I 21.1 eV radiation.
Samples for these experiments were deposited on silicon substrates.
The Fermi edge of a clean Au film was used as the 0 eV reference, and
all samples were measured under a —9 V bias to separate the sample
and analyzer low-energy cutoff. Impedance spectroscopy measure-
ments were conducted using a Solartron SI 1255 frequency response
analyzer combined with a Solartron SI 1286 electrochemical interface.
The measurements were carried out using an applied voltage of —0.1 V
with an alternating current (AC) amplitude of 10 mV over a frequency
range of 10°~10° Hz. The data were collected and analyzed using
Zview and Zplot software, with fitting performed using an equivalent
RC circuit that featured a constant phase capacitive element (CPE).
The final values were determined from an average of three devices.
CZTSSe solar cells fabricated as described earlier were tested with an
Oriel solar simulator fitted with a 1000 W Xe lamp filtered to give an
output of 100 mW cm™ at AM 1.5. Current—Voltage (J—V) curves
were obtained using a Keithley 2400 sourcemeter controlled by
Labview Software.

dx.doi.org/10.1021/am506611j | ACS Appl. Mater. Interfaces 2014, 6, 22519—22526



ACS Applied Materials & Interfaces

Research Article

25mM, pH 5 25mM, pH 7 75 mM, pH 5 75 mM, pH 7 (0001) plane
2
]
=
wv
o
a
=
o
Q
(0001) plane
15 min i 30 min ! 60 min 120 min 350
3004 d L4
A
T 2501
=
% 200
g g 150 A
=4
= s ¢
£ 1001---¢
so{ &
0 30 60 90 120
Time (min)
350
f A
300 L
E 250
& £
2 @ 200-
< 2 ‘
[ £ 150- A
s = 3
=
2 1001 g 2

A
60 65 70 75 80
Temperature (°C)

Figure 2. (a) SEM images in cross section (upper images) and top view (lower images) of ZnO films grown by CBD at 70 °C for 1 h with different
bath compositions. (b) Schematic representation of the wurtzite ZnO crystalline cell. (c) SEM images in cross section and top view of ZnO films
grown by CBD at 70 °C with different reaction times. (d) Evolution of ZnO thickness with time during two different depositions as measured from
SEM images. (e) SEM images in cross section and top view of ZnO films grown by CBD for 1 h at different bath temperatures. (f) Evolution of ZnO
thickness with temperature as measured from SEM images. All scale bars are 200 nm, and the top scale bar is common to all cross sections, while the

bottom scale bar is common to all top views.

B RESULTS AND DISCUSSION

The general synthetic approach used in this study for
fabricating structurally controlled ZnO layers via CBD is
shown in Figure 1b. The CBD process was carried out on
seeded substrates using an aqueous solution of zinc nitrate in
the presence of an organic amine (HMTA) at a controlled pH.
We first turn our attention to the ZnO seed layer. The quality
of the seed layer is critical as it provides the necessary
heterogeneous growth sites to define the morphology of the
final film. Two types of ZnO seeds were assessed here, namely
those prepared via a colloidal NP method and a sol—gel
approach. In the case of the NP seeds, their random orientation
culminated in the growth of randomly oriented nanowires
(Figure S1). This prevented the transformation of such layers
into dense thin films. In contrast, sol—gel seeds provided
(crystallographically) highly oriented samples (see Figure S2),
which are ideal for directing the vertical growth of ZnO.*’
The sol—gel seed layers were deposited with a minimal
thickness (10—15 nm as measured with ellipsometry) that
ensured a homogeneous and uniform coating of the substrate.
The seed layer was then annealed at 180 °C in air to reach the
onset of crystallization. At this temperature, seed crystallites of
~S nm with a density of ~6 X 10" cm ™ were observed, which
grew into ZnO pillars with a density of ~8 X 10" cm™ after
CBD. This high density of vertically oriented ZnO rods is ideal
for obtaining continuous and dense films. At higher temper-
atures, larger seeds (up to 40 nm) with lower areal density (~7

x 10" cm™) were obtained, which caused the nucleation of a
lower density of ZnO pillars at ~3 X 10'® cm ™ Although these
low-density seed layers provide an ideal template for fabricating
sparse arrays of isolated nanowires (Figure S1), they do not
promote the formation of dense thin films, which is the goal of
this work. We note that seeds annealed at temperatures below
180 °C were found to be unstable when dipped into the
chemical bath, and that ZnO growth was not achieved on
unseeded samples, regardless of the substrate.

Figure 2a shows the SEM micrographs of ZnO layers
deposited from chemical baths with different compositions. It is
well-established that the final ZnO microstructure is drastically
affected by the composition of the chemical bath.**** To obtain
thin, vertically aligned, and dense ZnO coatings, the relative
growth along the c-axis of the hexagonal cell must be reduced
with respect to lateral directions. Fundamentally, one-dimen-
sional ZnO structures grow preferentially along the c-axis,
because the polar Zn-terminated (0001) and O-terminated
(000T) planes possess the highest energy among the low-index
surfaces (see Figure 2b).*”°° The natural polarity of these
planes may be taken advantage of to limit growth along the
vertical (thermodynamically preferred) direction. It has been
shown that the (0001) surface is highly unstable and reacts
readily when in contact with water to form hydroxyl groups.
Meanwhile, the (0001) surface has a strong tendency to adsorb
polar or charged species, such as alcohols, carboxylic acids, or
OH™ groups.”®>* Such adsorbates can therefore limit the
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growth along the c-axis compared to lateral directions. While
this phenomenon is undesirable when growing arrays of NWs
with high aspect ratios, it has been exploited here to achieve
dense and thin coatings.

During the deposition of ZnO from a dilute solution of
reagents commonly adopted for NW synthesis ([Zn] = 25 mM;
[HMTA] = 25 mM), we obtained arrays of thin nanorods,
which eventually evolved into long wires if the temperature
and/or the reaction time were increased.>’ Upon increasing the
concentration of the reagents ([Zn] = 75 mM; [HMTA] = 75
mM), we obtained denser and thicker coatings composed of
larger rods. These differences are consistent with (i) the faster
nucleation and growth kinetics at higher precursor concen-
trations and (ii) the enhanced lateral growth dynamics resulting
from the larger [OH™] at the increased [HMTA].>>**** The
relative axial growth rates can also be explicitly controlled by
modifying the pH using aqueous ammonia.> It was found that
ZnO structures grown at neutral pH showed increased lateral
growth with respect to samples synthesized under acidic
conditions (see also Figure S3). By combining high reagent
concentrations with small and evenly distributed sol—gel seeds,
dense ZnO films composed of highly oriented rods could be
formed. Notably, the ZnO coatings formed from a solution
buffered with ammonia to a pH & 7 were of a higher quality
and more reproducible compared to films grown at lower pH
values. This may be attributed to more controlled growth and a
higher stability of the underlying ZnO seed layer at neutral pH.

In addition to these conditions, time and temperature also
play a fundamental role in defining the final morphology of the
deposited films. Figure 2c shows cross-sectional and topo-
graphic SEM images of the ZnO film grown using our
optimized reaction conditions and a bath temperature of 70 °C.
During the initial stages of the CBD (<15 min), ZnO
deposition results in the formation of short rods and in the
incomplete coating of the substrate. As the ZnO rods continue
to grow, after ~30 min, the ZnO microstructure densifies to
form a thin (~100 nm) uniform coating. Longer reaction times
resulted in thicker films with little change to the overall film
morphology, despite a slight increase in surface roughness, due
to further crystal growth (see Table S2). During the 2 h
reaction window investigated here, these films were found to
grow linearly with time along the c-axis at a growth rate of ~2.2
nm/min (Figure 2d). Interestingly, this growth rate is
approximately the same as that typically utilized for sputtering
ZnO layers (~2—3 nm/min). Notably, the average lateral size
of the ZnO rods also progressively grew throughout the
reaction. From statistical characterization we calculate a lateral
growth rate of ~0.8 nm/min (see Figure S4).

The effect of temperature has an equally important role on
the final ZnO structure. This is demonstrated in Figure 2e,f for
systems grown for 60 min. It can be seen that in the low-
temperature regime (<80 °C), dense ZnO thin films form with
a thickness that progressively increases with temperature.
However, at 80 °C (and above) the growth conditions become
modified, enhancing the relative growth along the c-axis. This
results in a significant increase to the overall film growth rate
(~5.3 nm/min) at the cost of growing more isolated nanowire
arrays. This increase is consistent with growth rates reported in
the literature for ZnO NWs deposited at high temperature, for
example ~16 nm/min at 95 °C.** Collectively, these results
demonstrate that through the judicial use of high Zn and
HMTA concentrations, neutral pH, temperatures below 80 °C,
and the use of sol—gel seed layers, CBD can be used to deliver

dense and thin ZnO films. A summary of the optimized
conditions is presented in Table S1.

To compare the microstructural properties of the ZnO thin
films developed here to those of sputtered layers, we fabricated
thin films of a nominal thickness of 150 nm via each method. In
Figure 3a,b we show SEM images of these samples, respectively.
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Figure 3. (a) SEM images of ZnO films deposited by CBD (left) and
with sputtering (right) in cross section (upper images) and top view
(lower images). All scale bars are 200 nm. (b) XRD patterns of ZnO
films from CBD (scan A) and from sputtering (scan B). The reference
pattern for wurtzite ZnO (ICDD No. 36—1451) is reported at the
bottom.

Both films are composed of anisotropic ZnO nanorods, which
are both highly oriented and densely packed. The width of the
rods prepared by CBD is slightly larger compared to the
sputtered sample. In addition, the surface roughness of the films
prepared with these two contrasting techniques is similar (see
Table S2). Structurally, both samples exhibit strong alignment
along the c-axis of wurtzite ZnO (ICDD No. 36—1451), as is
evident from the prominent (002) diffraction peak observed in
the XRD patterns (Figure 3c). This peak is slightly broader in
the sputtered sample, indicating smaller crystals, consistent with
SEM observations. We note that even though the ZnO films
deposited from chemical bath are highly oriented, they do show
very weak, secondary diffraction peaks. Despite this, determi-
nation of the texture coefficient reveals that CBD produces
films with an alignment factor as high as 90% (see Figure S2
and Table S3)—an unprecedented value for alternative
solution-processed ZnO layers.*®

Ultimately, the structural, optical, chemical, and electronic
properties must be equivalent to claim mimicry of sputtered
ZnO by our CBD method. To this extent, we employed various
spectroscopic techniques to better appreciate these properties
(see Figure 4). From an optical perspective, the as-deposited
ZnO films are highly transparent in the visible range and show a
strong UV absorption onset at ~380 nm, indicative of bulk
ZnO (Figure 4a). Moreover, when the films were deposited on
seeded CdS films, as dictated by the substrate architecture of
the solar cells outlined earlier, the optical properties of the ZnO
films remain unchanged (Figure 4a). Specifically, these optical
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Figure 4. (a) Optical absorption spectra of ZnO films from CBD
grown on glass and glass-CdS substrate. The dashed line highlights the
UV absorption onset of ZnO. (inset) A picture of the ZnO sample on
glass (upper left) and on glass/CdS (upper right); the glass and glass/
CdS substrates are also reported (lower left and right). (b) Optical
absorption spectra of ZnO films from CBD and from sputtering of
similar thickness deposited on glass substrates. (inset) An enlarged
view of the UV absorption onset. (c) Refractive index curves for ZnO
films from CBD and from sputtering. The values for bulk ZnO are
reported as black dots.®” (inset) A picture of (left to right): glass
substrate, ZnO from CBD and sputtered ZnO. (d) FTIR spectra of
ZnO films from CBD and from sputtering; the spectra are offset
vertically for clarity. The box highlights the range of —OH vibrations.

properties are identical to those of sputtered ZnO (Figure 4b).
The similarity in the optical absorption profile resulting from
these two contrasting deposition techniques is supported by
ellipsometric measurements (Figure 4c), which demonstrate
comparable refractive index values close to 2 in the visible range
(bulk ZnO has a refractive index value of 2.01 at 589 nm).”’
The ~2% lower values of the CBD grown films are ascribed to
residual porosity present in the solution-processed films,
especially closer to the ZnO seed layer. Using the Bruggeman
effective medium model, the pore volume fraction has been
estimated to be less than 2% in the sputtered film and ~5% in
the film deposited from chemical bath.>® Importantly, the
refractive index of the ZnO grown by CBD is much larger than
that of coatings prepared by more conventional solution-based
methods such as NP and sol—gel (see Figure SS and Table $4),
which have higher porosity (35—40%), lower crystallinity, and
smaller grain sizes (see also Figure S2).

FTIR spectroscopy, which probes the chemical signatures of
the materials, shows that sputtered ZnO films exhibit only the
440 cm™! Zn—O stretching vibration,* while those prepared
via CBD also show the residual —OH vibrations in the 3000—
3500 cm™' range (Figure 4d). The latter observation is
consistent with the aqueous CBD deposition process, which
proceeds through Zn—OH intermediates, and the lack of any
post deposition thermal treatments. Importantly, the samples
exhibit no organic impurities, which are typically observed in
ZnO films made using sol—gel or NP-based approaches (Figure
S6).

In addition to the optical characterization, we used ultraviolet
photoelectron spectroscopy (UPS) to evaluate the electronic
structure of the various ZnO films assessed here (see Figure S7
and Table S5). The films deposited by sputtering and chemical
bath exhibit almost identical band structure, with the

conduction band, valence band, and Fermi energy values
versus vacuum being —3.8, —7.2, and —3.9 eV, respectively. For
comparison, the Fermi energy levels of ZnO layers deposited
from sol—gel and NP solutions show a shift toward the
conduction band edge, indicating the formation of highly n-
type doped ZnO (not intrinsic). This phenomenon is typical
for sol—gel and base-catalyzed colloidal ZnO.'>%

Finally, through impedance spectroscopy, we compared the
electrical properties of the deposited layers within a diode
configuration consisting of ITO/ZnO/Spiro-OMeTAD/Ag
(Figure S8 and Table S6). Both sputtered and CBD-grown
ZnO films with comparable thicknesses show excellent blocking
properties, with parallel resistance values extracted from the
equivalent RC elements of ~10° Q. Importantly, these values
are ~3 orders of magnitude higher than those measured for
sol—gel and NPs-based ZnO,®" which is in perfect agreement
with the stronger n-type character of these latter films, as
confirmed by UPS analysis.

The above characterizations highlight unambiguously that
optical, structural, and electronic mimicry of sputtered ZnO
was achieved under our optimized CBD conditions. To assess
whether this deposition process is genuinely suitable for
optoelectronic applications, we evaluated the two ZnO films as
buffer layers within nanocrystal based CZTSSe solar cells
prepared in a substrate configuration (see Figure 1).** The
cross-sectional structure of such a device with our CBD grown
ZnO is presented in Figure 5a,b. The CZTSSe layer is seen to
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Figure 5. (a, b) Cross-sectional SEM images at different
magnifications of a CZTSSe solar cell incorporating a ZnO buffer
layer from CBD. The scale bars are S00 nm for image (a) and 100 nm
for image (b). (c) J-V curves for a CZTSSe solar cell incorporating
our solution-processed ZnO buffer layer and a reference cell prepared
using a standard sputtered ZnO layer. The device parameters for the
two cells are also reported.

be composed of a “large grain” microcrystalline top layer and a
“fine grain” nanocrystalline underlayer. This microstructure is
consistent with that reported extensively for CZTSSe films
deposited from either NP inks or molecular precursors.”>”%
Figure Sb shows the columnar ZnO film conformal to the
underlying p—n junction and covered with the ITO top
contact. These SEM images confirm that even when using
highly rough samples with nonplanar surfaces (typical of large

dx.doi.org/10.1021/am506611j | ACS Appl. Mater. Interfaces 2014, 6, 22519—22526



ACS Applied Materials & Interfaces

Research Article

CZTSSe grains), high-quality buffer layers may be deposited
using CBD. Figure Sc shows the current—voltage (J—V)
characteristics of the completed solar cells. The device
parameters demonstrate clearly that the open-circuit voltages
(Voe, ~0.41 V), short circuit currents (Jsc, ~32 mA cm™2), fill
factors (FF, ~55%), and power conversion efficiencies (PCE,
>7%) are nearly identical for both ZnO depositions.

B CONCLUSION

In conclusion, we have presented a detailed investigation of the
growth of ZnO thin films using a low-temperature chemical
bath deposition method. Through careful manipulation of the
thermodynamic and kinetic parameters of the chemical bath
system, the microstructure and the properties of solution-
processed ZnO were tuned to mimic those of ZnO produced
via sputter coating. The mild, aqueous conditions used for the
deposition, and the dense and highly oriented thin films that
can be produced in this manner, provide clear processing
advantages over existing vacuum-based depositions and a
lucrative avenue for developing functional thin films. We have
explicitly demonstrated this factor for high-efficiency, earth-
abundant CZTSSe solar cells. This work serves to highlight the
opportunity that exists of adopting solution processing within
applications that currently rely on vacuum-based techniques,
particularly where thin and conformal coatings are required.

B ASSOCIATED CONTENT
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Additional characterizations and data: SEM, FTIR, XRD, UPS,
ellipsometry, impedance spectroscopy, and profilometry. This
material is available free of charge via the Internet at http://
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