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ABSTRACT: A facile ligand exchange method for
dispersing Cu2ZnSnS4 (CZTS) nanocrystals (NCs) in
environmentally benign polar solvents, such as ethanol or
n-propanol, at high concentrations (up to 200 mg/mL) is
demonstrated. This approach has been applied to CZTS
nanocrystals synthesized via scalable, noninjection meth-
ods to formulate colloidally stable inks that are suitable for
the solution processing of solar cell devices. Unlike other
inks currently used to fabricate NC solar cells, the CZTS
nanocrystal ink developed here circumvents the need for
hydrazine, pyridine, or thiol coordinating solvents. By
combining our polar CZTS inks with optimized
selenization procedures, substrate CZTSSe solar cells
have been successfully fabricated with device efficiencies
of 7.7%.

The eventual uptake of solution processed solar cells by the
renewable energy market hinges upon both the ability to

synthesize the required semiconductor “ink” dispersions using
scalable low cost methods as well as the processing of these inks
into devices using simple, benign chemistry. Recently,
Cu2ZnSnS4xSe4(1−x) (CZTSSe) has emerged as one of the
most promising candidates for use as the absorber layer in such
devices because of its ideal bad gap, low cost, and the high earth
abundance of its elemental components.1 To date, among the
highest efficiency CZTSSe solar cells are those made from
molecular precursor solutions2−4 or NC dispersions.5−8

Although molecular-based inks are appealing because of their
ready scalability, they are compromised by the necessity of
having to use highly toxic solvents, such as hydrazine,8,9 or
metal−organic precursors that contain extremely high concen-
trations of organic contaminants in order to generate stable
dispersions.4,10

Nanocrystal-based inks offer an excellent alternative to these
approaches. In this regard numerous semiconductor NCs have
emerged as either proven3,11−13 or potential1,14−16 absorber
layer materials. Provided that such NCs are made using
noninjection techniques, they become directly competitive with
molecular-based inks for commercial scale application.
Furthermore, the labile surface chemistry of NCs permits the
native ligands used during synthesis to be readily exchanged
with shorter chain ligands of the desired functionality.17,18 This
enables the ability to reduce the organic component and also
permits their dispersion in a variety of desirable solvents.
Surprisingly, these advantages have been underexploited for
ternary and quaternary NC systems.

Here we show for the first time the fabrication of highly
efficient CZTSSe NC-based solar cells processed from a benign
polar solvent system (1-propanol). The simple method
developed here avoids the use of toxic and pungent
pyridine11,19 and thiol based solvents,5,6,13,20 which to date
have been required to afford NC solar cells with high
efficiencies. Polar (CZTS) NC inks have the added advantage
that they permit the direct solubilization of beneficial dopants,
such as sodium,13,21 potassium,22 and antimony23 in control-
lable amounts. Such NC inks have the potential to circumvent
the need for post deposition dopant incorporation13,23,24 or
complicated syntheses that aim to dope the surface of CZTS
NCs.7 In general, the results presented herein open a window
to the development of more complex NC ink formulations.

CZTS nanocrystals were synthesized according to a non-
injection method developed by our group.25 The reaction
pathway used employs two distinct in situ generated metal
sulfide precursors, which enable complete temporal separation
of the nucleation and growth stages of the reaction. In this way
CZTS NCs with a tight size distribution and compositional
control can be made on multigram scales.25,26 For our study we
chose to use copper deficient NCs with elemental ratios of Cu/
(Zn + Sn) = 0.85 and Zn/Sn = 1.12, on the basis of previously
reported optimal compositions.3 The as-prepared CZTS NCs
were purified and ligand exchanged with 5-amino-1-pentanol
(AP). For details on the ligand exchange and solvent transfer,
see the Supporting Information. The dry exchanged NCs were
then combined with anhydrous n-PrOH to afford the final
CZTS ink (∼140 mg/mL). This ink was found to be stable for
months without aggregation.
Thin films of CZTS NCs were deposited using a layer-by-

layer (LbL) approach.11 Several layers were spin coated on
molybdenum coated glass substrates. After each deposition the
films were annealed for 5 min at 350 °C under an N2
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Scheme 1. Fabrication of a CZTSSe Solar Cell Utilizing a
Scalable Polar NC Ink
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atmosphere. This temperature was selected on the basis of
Fourier transform infrared (FTIR) spectroscopy of thin films
heated at various temperatures (Figure 1A). These measure-

ments showed that heat treatment at 350 °C was sufficient to
remove >95% of the aliphatic impurities. Although higher
temperatures could be utilized to achieve even purer films, this
temperature was selected for our studies to avoid extraneous
sulfur loss.
To compliment these results, thermogravimetric analysis

(TGA) of the CZTS NCs used in this work was performed
(Figure 1B). A total 12% mass loss was observed between 50
and 350 °C, with no further reduction in mass occurring as the
temperature was raised to 500 °C. This confirms near complete
volatilization of surface ligands by ∼350 °C. Importantly, the
TGA shows two distinct mass loss regions at ∼150 and 270 °C
(see arrows), which corresponds to AP and dodecanethiol
(DDT) volatilization, respectively (see also Figure S1,
Supporting Information). From the integrated analysis of the
dm/dT plot (see Figure 1B inset) we estimate that the surface
coverage of the CZTS NCs consists of 56% AP and 44% DDT
by number. This highlights that amines and thiols bind strongly
to distinct subsets of atoms on the CZTS surface. As further
confirmation of this, the AP was found to completely displace
the original oleylamine ligands on the surface (see Figure S1).
Remarkably, this mixed surface ligand shell provides a
sufficiently high polarity to reliably disperse the nanocrystals
in various polar solvents at concentrations up to 200 mg/mL.
Ultimately, optimization of the p-type CZTS NC layer is the

most critical parameter to realize high efficiency solar cell
devices. CZTS NC thin films prepared via the aforementioned
heat treatment procedure have low surface ligand coverage, but
still maintain poor optoelectronic properties.27,28 This arises
from the large number of grain boundaries present with the NC
films. To induce grain growth and reduce the residual
impurities, the CZTS NC films were rapidly heated to high
temperatures in the presence of a high vapor pressure of
selenium. Unlike cation exchange, which occurs via diffusion
through interstitial sites within the lattice, the formation of a
sulfoselenide compound induces large-scale grain growth due to
the dissolution and reformation of the anion-based lattice. The

grain growth associated with the selenization process is known
to enhance the photoconductivity of CZTS NC films,
indicating improved optoelectronic properties.27 The seleniza-
tion process outlined here was conducted by loading the
preannealed films into a cylindrical graphite box (6 cm3 internal
free volume per film, 100 mg of Se pellets per film), which was
then placed in a tube furnace. After several pump/purge cycles
to remove the air, the furnace was rapidly heated (∼50 °C/
min) to the desired temperature under ∼1 atm of argon in
order to generate a high vapor pressure of selenium.
Figure 2A shows cross-sectional scanning electron micro-

scope (SEM) images of the representative changes that occur in

the morphology of the CZTS NC layer over time under our
optimized selenization conditions. The CZTS NC films with
initial thicknesses of 520 nm were heated over 10 min to 450
°C and then maintained at this temperature for different time
periods. It was found that longer selenization times resulted in a
thicker “large grain” top layer and a reduction in the “fine grain”
nanocrystalline underlayer. After 40 min at 450 °C single 550−
600 nm CZTSSe grains are observed, as well as a thin (130 nm)
nanocrystalline underlayer. Heating for longer periods resulted
in no further reduction to this underlayer (see Figure S2),
which is known to be carbon and selenium rich.29 It should be
noted that similar trends were observed at higher temperatures
(up to 500 °C), although shorter times were required to
achieve comparable grain growth. Interestingly, regardless of
the initial NC film thickness, the large grain layer could not be
grown beyond 600−650 nm. Thicker initial NC films simply
resulted in a thicker underlayer. This phenomenon is common
to the selenization of all CZTS and CIGS NC thin films to
date5,6,13,29,30 and presents perhaps the most significant
challenge to future progress in the field of NC-based
optoelectronics.

Figure 1. (A) FTIR of CZTS NC films annealed at various
temperatures for 5 min under N2. Integrated analysis (inset) confirms
a relative 96% reduction in the organic signal after annealing the NC
films at 350 °C. (B) TGA of the dried polar ink performed under N2
showing a total 12% mass loss by 350 °C, after which negligible mass
loss is evident. The inset shows the derivative spectrum highlighting
the mass loss results from two distinct species (see arrows), specifically
5-amino-1-pentanol (AP) and 1-dodecanethiol (DDT). See Support-
ing Information for detailed analysis.

Figure 2. (A) SEM images of a CZTS NC film after various
selenization times at 450 °C. Large grains and minimization of the fine
grain underlayer is achieved after 40 min. Scale bars are 500 nm. (B)
XRD patterns of an as-deposited CZTS NC film and a typical
selenized CZTSSe film (40 min @ 450 °C) on silicon substrates (data
plotted on a square root scale). The dotted lines aid in the assignment
of smaller peaks observed for the selenized film. Photos of typical
CZTS NC film before (blue) and after selenization (red) are shown
for reference. While the as-deposited CZTS NC film appears smooth
and black in color, the selenized sample displays a homogeneous gray/
green color and is highly scattering.
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To confirm the phase purity of the selenized films, X-ray
diffraction (XRD) was performed. Figure 2B shows that the
selenization process induces both shifting and sharpening of the
diffraction peaks, which are associated with the expansion of the
lattice following selenium incorporation and a ∼102 fold
increase in domain size, respectively. All the peaks in the pure
CZTS NC film and the selenized sample can be assigned to
bulk kesterite CZTS (ICDD No. 00-026-0575) and CZTSe
(ICDD No. 04-010-6295) respectively, although in the case of
the selenized sample a slight shift of the reflections to higher
angles is observed because of the presence of residual sulfur in
the lattice. Vegard analysis of the peak positions in the CZTSSe
film confirms ∼90% anion exchange between sulfur and
selenium occurs during selenization.
XRD alone is incapable of adequately identifying the

presence of secondary phases, such as ZnS, which are known
to phase separate at high temperatures under nonideal
conditions.31 As such, Raman spectroscopy was also performed
on the selenized films (see Figure S3). Importantly, both XRD
and Raman analyses confirmed that no major crystalline
secondary phases were generated under our optimized
selenization conditions.
The resulting kesterite CZTSSe layers were fabricated into

solar cell devices by depositing a 50 nm thick n-type CdS layer
using a chemical bath, followed by the sputtering of a 40 nm
thick i-ZnO and a 150 nm thick ITO (∼30 Ω/□) transparent
conductive electrode (TCE) stack. Thermal evaporation of
aluminum through a shadow mask was then performed, which
served as a charge collection grid. The final devices were
defined by mechanical scribing to provide total (active) areas of
0.5 cm2 (0.37 cm2). For details of these procedures, see the
Supporting Information (Figure S4). Notably, prior to CdS
deposition, the selenized films were etched in a 0.4 M aqueous
HCl solution for 5 min. This treatment was found to etch
residual surface contaminants from the selenization proce-
dure.32 This process was necessary to realize a clean interface at
the p−n junction, which was found to improve both device
performance and reproducibility.
Figure 3A,B shows cross-sectional SEM images of the final

device (Mo/CZTSSe/CdS/i-ZnO/ITO/Al) and the p−n
junction/TCE interfaces, respectively. For a more detailed
view of the substrate, see Figure S5. The different layers present
within the device have been color coded for clarity. The Mo/
MoSe2 substrate (blue) is composed of Mo (300 nm) and
MoSe2 (190 nm). The p-type CZTSSe layer (850−900 nm)
may be divided into a “large grain” top layer (∼550 nm, brown)
as well as a “fine grain” underlayer (∼350 nm, red). The CdS
window layer (∼50 nm, green), i-ZnO (∼40 nm, purple), and
ITO (150 nm, white) are also highlighted. While the interface
between the CZTSSe layer and the sintered underlayer may be
considered structurally nonideal, each of the interfaces
surrounding the p−n junction are seen to be of a high quality
(Figure 3B).
Figure 3C shows the light and dark current−voltage curves of

the champion cell under AM 1.5G illumination. VOC = 0.41 V,
JSC = 32.9 mA/cm2, FF = 56.9%, and an active area PCE of
7.68% are calculated. Analysis of the J−V curves through a
modified Shockley-diode equation (see Figure S7), yielded a
high dark shunt resistance (RSH) of 710 Ω cm2, a series
resistance (RS) of 1.45 Ω cm2, a saturation current (J0) of 2.1 ×
10−5 A/cm2, and a diode quality factor (n) of 1.82. Notably,
from 12 measured devices, 11 exhibited similar device
parameters and PCE values greater than 6.0%, highlighting

the robust nature of the processing conditions employed here.
The overall device performance observed for these solar cells is
very encouraging, even at this early stage in the exploitation of
the possibilities associated with polar NC inks. Notably, the
devices fabricated here have been made without an
antireflective coating. The device characteristics are directly
comparable to CZTS NC-based solar cells that are currently
prepared using toxic and pungent thiol based solvents,5,6,13,20

with the considerable advantage of being processed from a
benign solvent/ligand combination that is conducive to
printing.
Examination of the EQE data reveals a peak photocurrent

efficiency of >90% at ∼600 nm, below which strong losses
resulting from CdS absorption are observed. A gradual decay in
photocurrent is also seen at longer wavelengths. This factor is
likely a consequence of (i) a less than optimal CZTSSe
thickness, which leads to reduced absorption in this region, and
(ii) higher recombination losses for low energy photons that
are absorbed close to or within the “fine grain” underlayer.
Deeper insight into the resistive effect of this fine grain layer
can be gleaned by examination of a device with duplicate
selenized layers (see Figure S8 for details). From the peak in
the dEQE/dE plot, we estimate the absorber band gap in the
solar cells at 1.06 eV. This is consistent with the observed XRD
data for a nearly pure CZTSe p-type absorber layer.33 When
compared to the Voc, a total voltage deficit of ∼650 meV is
determined, similar to current record CZTSSe devices.3 The
relatively high value of the voltage deficit is indicative of midgap
trap states (recombination centers) present within the
devices,34 which is supported by the moderately high J0 and
n parameters. It is anticipated that each of the above

Figure 3. (A) Cross-sectional SEM of the champion device. For a view
of the uncolored SEM image, see Figure S6. (B) High-resolution SEM
image highlighting the p−n junction and TCE layers. (C) Light and
dark current/voltage curves for the champion cell. (D) The EQE of a
sister cell to the champion cell. The band gap has been estimated as
1.06 eV. Fitted cell statistics are shown in the table (see also Figure
S7).
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observations can be addressed by optimization of the CZTSSe
mircostructure, to achieve a thicker “large grain” component of
the absorbing layer, and through grain boundary engineering.35

In conclusion, we have demonstrated a facile ligand exchange
process for CZTS NCs that enables their dispersion in
environmentally friendly polar solvents. Additional significance
is placed on the fact that these dispersions were formulated
using NCs synthesized via a scalable, noninjection-based
technique. The results presented highlight the viability of
using polar NC ink dispersions to achieve high performing
(>7%) CZTSSe solar cells without the need for toxic or
pungent solvents. Further improvements to device performance
will require developing methods to manipulate the CZTSSe
microstructure and grain-boundaries. Tackling this challenge
will be greatly facilitated by the use of polar NC inks, whose
composition may be tailored through the codissolution of
beneficial dopants and growth promoting additives.
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