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ABSTRACT Cu2ZnSnS4 (CZTS) nanocrystals, synthesized by a hot injection solution method, have been fabricated into thin films by
dip-casting onto fluorine doped tin oxide (FTO) substrates. The photoresponse of the CZTS nanocrystal films was evaluated using
absorbance measurements along with photoelectrochemical methods in aqueous electrolytes. Photoelectrochemical characterization
revealed a p-type photoresponse when the films were illuminated in an aqueous Eu3+ redox electrolyte. The effects of CZTS
stoichiometry, film thickness, and low-temperature annealing on the photocurrents from front and back illumination suggest that the
minority carrier diffusion and recombination at the back contact (via reaction of photogenerated holes with Eu2+ produced from
photoreduction by minority carriers) are the main loss mechanisms in the cell. Low-temperature annealing resulted in significant
increases in the photocurrents for films made from both Zn-rich and stoichiometric CZTS nanocrystals.

KEYWORDS: Cu2ZnSnS4 • thin films • solar cells • photoelectrochemistry • nano ink

INTRODUCTION

Interest in the development and commercialization of
thin film solar cells has been growing over the past
decade because of their low cost and scalability-two key

factors needed to make solar technologies competitive with
carbon-based fuels (1). Recent advances in CdTe and
CuIn1-xGaxSe2 (CIGS) thin film solar cells have resulted in
commercially viable photovoltaic modules (1-3). Despite
having moderate efficiencies, CdTe and CIGS are not ame-
nable for eventual terrawatt-scale production due to the cost
and scarcity of Te, In, and Ga (2-4). Therefore, one major
challenge of thin film technology is to develop materials
composed of earth abundant and non-toxic elements that
can be used to manufacture efficient photovoltaic devices.

Cu2ZnSnS4 (CZTS) is an emerging solar absorber that is
structurally similar to CIGS, but contains only earth abun-
dant, non-toxic elements and has a near optimal direct band
gap energy of 1.4-1.6 eV and a large absorption coefficient
of ∼1 × 104 cm-1 (4-6). Katagiri and co-workers have
fabricated CZTS thin film solar cells by sputtering and vapor
deposition techniques with efficiencies of up to 6.7 % (4, 7).
However, these methods for thin film fabrication are costly,
have low throughput, and can lead to inhomogeneous film
composition (8). To reduce fabrication costs and overcome
these drawbacks, many groups have employed other meth-
ods for thin-film solar cell fabrication such as spray pyrolysis

(9, 10), sol-gel sulfurization (11-14), electro- and photo-
chemical deposition followed by sulfurization (2, 15), and
liquid-precursor deposition (16). Kamoun and Kumar re-
ported the spray pyrolysis of CZTS thin films using metal
salts and thiourea precursors sprayed directly onto heated
substrates (9, 10). CuxS impurities were found in films
fabricated using various substrate temperatures and deposi-
tion times, while Kumar reported the films were Zn-rich and
S-deficient. Uchiki and co-workers utilized a sol-gel method
that involved spin-casting and drying CZTS precursor solu-
tions containing metal salts, a solvent, and a stabilizer
(11-14). After the sol-gel had been spin-cast onto the
substrate, the precursor films were annealed in N2 + H2S
gas at 500 °C for 1 h. The resulting films contained near-
stoichiometric CZTS; however, because of the high vapor
pressure of sulfur, they were sulfur-deficient.

Another low-cost and scalable alternative to vacuum
deposition is electrodeposition of the metals followed by a
thermal reaction in sulfur vapor (15, 17-23). Scragg, et al.
earlier reported the electrochemical deposition of metal
layers where the film thickness was monitored by the charge
passed (2). Films consisting of a 1 µm thick, three layer stack
of Cu, Sn, and Zn were annealed at 550 °C in a quartz tube
furnace for 2 h in a sulfur atmosphere. The authors reported
that the films were predominately CZTS but had trace
amounts of binary impurities such as SnS2 and ZnS. In all
cases the films were Zn-rich but the Zn composition varied
across the film. Recently the authors reported using a
rotating disk electrode and a Cu/Sn/Cu/Zn stack followed by
sulfurization, which lead to a more uniform Cu2ZnSnS4

composition with small amounts of Cu2S impurities, (21).
Alternatively, Pawar, et al. reported a similar synthesis
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method involving a single-step electrodeposition of all ele-
ments to eliminate the post sufurization process. To obtain
a crystalline sample, the authors reported annealing the films
at 550 °C under Ar for 1 h (19). Although all of the above-
mentioned methods offer a cost-effective and scalable al-
ternative to vacuum deposition techniques of CZTS thin
films, a majority of the techniques require additional an-
nealing in a sulfur atmosphere at temperatures above 500
°C and the film stoichiometries obtained were not consistent
and often contained binary and ternary impurity phases.

Recently Todorov, et al. reported a liquid processed,
slurry-based coating method for fabricating high-perfor-
mance solar cell devices of Cu2ZnSn(S,Se)4 reaching 9.6%
efficiency without any H2S processing step (24). Their pro-
cess allowed for the in situ formation of CZT(S,Se) directly
onto a conducting substrate simply by combining a slurry
of Cu-Sn chalcogenides in hydrazine with Zn-chalcogenide
precursors (ZnX(N2H4) where X ) S, Se, or Te). One draw-
back of this technique is that in order to crystallize the
precursors into single-phase CZTS, the process required
annealing at 540 °C, leaving minimal control over impurity
phases. Fischereder et al. presented a similar method using
solutions of metal salts and thioacetamide, which allowed
for lower annealing temperatures (180-450 °C) (16). How-
ever, they could not rule out the presence of impurity phases
in the lower-temperature-annealed samples.

To overcome the issues addressed above, a new method
for scaling up solar cell production is based on nanocrystal
“inks”, a printable solution of nanocrystals, which can either
be thermally annealed into larger grain thin films or used as
deposited to make solar cells using 3D arrays of photoactive
nanocrystals (25, 26). The idea of having a printable ink has
spurred interest in the synthesis of ternary nanocrystals such
as CuIn(S,Se)2 for photovoltaics (27-29). Recently, our group
(30), along with others (31-33), have reported the direct
synthesis of quaternary CZTS and CZTSe using the hot
injection method, a first step towards developing photoactive
nanocrystal arrays from solution-processable inks (34). How-
ever, precise control over the solution phase synthesis (i.e.
size, shape, doping concentration), characterization, and
device fabrication of quaternary nanocrystals is in its in-
fancy. It is therefore necessary to develop methods capable
of quickly and effectively screening materials to optimize
their syntheses. One way to do this is by using photoelec-
trochemical (PEC) techniques, which were used for the
characterization of CZTS thin films by Scragg and Pawar
(2, 19). In addition, Kameyama, et al. used PEC measure-
ments to characterize layer-by-layer dipped CZTS nanocrys-
talline thin films (35). Herein, we report the fabrication and
characterization of thin film photoelectrochemical photo-
voltaic cells in an aqueous electrolyte utilizing stoichiometric
and Cu-poor/Zn-rich CZTS nanocrystal inks.

RESULTS AND DISCUSSION
Cu2ZnSnS4 nanocrystals were synthesized using the hot injec-

tionsolutionsynthesismethod,whichhasbeensuccessful for the
syntheses of a wide range of semiconducting chalcogenide nano-
crystals, such as CdX (X ) S, Se, Te) and CIGS (27, 29, 36, 37).

We chose this method because it not only provides control
over composition and morphology, but also enables low-cost
and scalable fabrication of solar cells through drop-casting,
dip-coating, spin-coating, or printing the nanocrystals on an
appropriate substrate ( 27, 29, 36, 38, 39). The hot injection
method involves the injection of a cold solution of precursors
into a hot surfactant solution, initiating the nucleation and
growth of the nanocrystals (37, 40). The best reported CZTS
photovoltaic conversion efficiencies were obtained when the
material was Zn-rich (4, 7, 24); therefore, we synthesized
CZTS samples that were near stoichiometric along with Zn-
rich CZTS. The synthesis was carried out as previously
described (30) with slight modifications presented in the
Supporting Information. Briefly, appropriate amounts of
copper(II) acetylacetonate, zinc acetate, and tin(IV) acetate
were mixed under inert conditions in oleylamine (refer to
Table S1 in the Supporting Information). In a separate vial,
sulfur powder and oleylamine were sonicated until a red-
orange solution was obtained. The reaction flask containing
trioctylphosphine oxide (TOPO) was heated to 300 °C,
followed by the simultaneous injection of the S and metal
precursors. The reaction was quenched after 45 minutes by
removing the product solution from the reaction flask and
injecting minimal amounts of hexanes to prevent solidifica-
tion when cooled to room temperature.

Analysis of the transmission electron microscopy (TEM)
images of the resulting CZTS nanocrystals from the two
reactions (stoichiometric versus Cu-poor/Zn-rich) showed
that the CZTS particles exhibit both triangular and spherical
morphologies with the spherical morphology being more
abundant. (Figure S1 in the Supporting Information) The two
different morphologies are consistent with the results of Guo,
as well as Steinhagen, using similar synthesis procedures
(31, 33). Size analysis reveals that the nanocrystals have
similar average sizes of 10.3 ( 1.3 nm for the stoichiometric
and 9.7 ( 1.3 nm for the Zn-rich composition (see Figure
S1 in the Supporting Information).

To confirm the composition and structure of the CZTS
nanocrystals, energy dispersive x-ray analysis (EDX) and
x-ray diffraction (XRD) were performed on a solid sample
of dried nanocrystals from each reaction. Compositional
analysis from EDX reveals a near stoichiometric ratio of
Cu2.0Zn1.0Sn1.1S3.9, whereas for the Cu-poor/Zn-rich sample,
an average composition of Cu1.9Zn1.2Sn1.0S3.9 was deter-
mined. The XRD patterns (see Figure S2a in the Supporting
Information) for stoichiometric and Zn-rich samples were
indexed to tetragonal Cu2ZnSnS4 (JCPDS 26-0575, Figure
S2b), and the average crystallite size, calculated by the
Williamson-Hall method, was consistent with the particle
size measured in the TEM images. No peaks consistent with
CuxS or SnSx were present in either pattern; however, it was
not possible to rule out the presence of ZnS nor Cu2SnS3

impurities as their diffraction patterns contain peaks over-
lapping CZTS. A more in-depth analysis to confirm the phase
purity of the CZTS nanocrystals can be found in our previous
paper (30).
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Thin films of CZTS nanocrystals, with thicknesses ranging
from 50-650 nm, were prepared by a dip-casting procedure
similar to that reported by Nozik and co-workers (34, 41).
Glass slides with a 400 nm layer of fluorine-doped tin oxide
(FTO) were used as a conducting substrate. The FTO sub-
strates were mechanically dipped at a rate of 260 mm/min
into a concentrated suspension of CZTS nanocrystals in a
hexanes/toluene mixture, and then slowly removed from the
suspension and allowed to dry. To remove the insulating
TOPO capping ligands, we performed an in situ ligand
exchange by dipping the substrate into a 0.01 M solution of
ethylenediamine (EDA) in acetonitrile followed by slow
removal and drying. The FTO substrate was then dipped
back into the solution of nanocrystals and the process was
repeated until a desired thickness was obtained. It has been
shown that short chain ligands in acetonitrile will replace
long chain ligands, which in turn decreases inter-nanocrystal
spacing, Scheme 1, thereby facilitating the charge transfer
through the nanocrystal film (42, 43). ATR-IR spectra taken
of films prepared without ligand exchange show a stretch
around 1140 cm-1, corresponding to phosphine oxide (see
Figure S3 in the Supporting Information). This suggests that
the particles are TOPO-capped. The ATR data for the ligand
exchanged films do not show this stretch. Rather, peaks
were present at 1000 and 890 cm-1 corresponding to the
νCN stretch and νNH bend of ethylenediamine (44). There
is also an NH2 stretch at 3200 cm-1; however, the resolution
is low, making this a difficult stretch to observe. Overall, the
IR data support the proposed ligand exchange mechanism
in Scheme 1.

Figure 1 shows representative scanning electron micros-
copy (SEM) images of the surface and cross section of an
as-prepared CZTS nanocrystal thin film. The top view image
reveals that the nanocrystals are densely packed and dis-
tributed evenly throughout the entire surface of the film and
that it is devoid of cracks. The cross-sectional image of a
CZTS nanocrystal thin film dipped 20 times is shown in the
inset of Figure 1 and shows that the film is approximately
125 nm thick. Considering the particles are ∼10 nm in
diameter, this implies that each successive dip resulted in
submonolayer deposition of nanocrystals.

Optical absorbance measurements were also used to
monitor the thickness of the nanocrystal films. Figure 2 (solid
lines) displays the UV-vis spectra of as-deposited thin films
from each reaction that were used to determine an absorp-

tion coefficient. Extrapolating the linear portion of the plot
(Rhν)2-the square of the absorption coefficient (R) multiplied
by the photon energy (hν)-versus the photon energy yields
direct band gaps of 1.45 and 1.52 eV for stoichiometric
(black solid trace) and Zn-rich compositions (red solid trace),
respectively. These values are consistent with literature
values and are near optimal for solar conversion efficiency
in a single junction device (4-6). Unpassivated nanocrystal
surfaces have surface states that allow for transitions leading
to the small absorption at sub-band gap energies. In addition,
atomic disorder in the crystal structure can result in defect
states that shift the band gap to lower energies, producing
an indirect band gap not present in the ordered bulk crystal.
One way to induce order within the nanocrystals is through
annealing. Therefore, after dip casting, films were annealed
under Ar in the presence of additional CZTS nanopowder at

Scheme 1. Ligand Exchange Mechanism for the In
Situ Replacement of Bulky Insulating Ligands
(Introduced from the Synthetic Method) to a Short
Chain (Less Insulating) Bifunctional Ligand

FIGURE 1. SEM image of a CZTS film prepared by dip-casting with
an in situ ligand exchange to EDA. The top profile shows the CZTS
nanocrystals are tightly packed. The inset is the side profile of the
film.

FIGURE 2. Optical absorption measurements of as-deposited (solid
lines) and annealed (dashed lines) CZTS thin films. The black traces
correspond to a 150 nm thick stoichiometric CZTS film and the red
traces are for a 200 nm thick Zn-rich film. The absorption coefficient
at the band gap is larger for the Zn-rich composition. Upon anneal-
ing, the band gaps slightly increase and become more direct.
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350 °C (1000 Torr) for 1.5 h. The heat treatment, even
though it is only 50 °C hotter than the synthesis tempera-
ture, drastically changed the absorbance of the CZTS films
to have a much steeper onset or more like a direct transition
(Figure 2, dashed lines). In addition, the band gap slightly
increased to 1.56 and 1.59 eV for the stoichiometric and Zn-
rich analogs, respectively. Possible explanations for these
optical absorption changes are that low-temperature anneal-
ing leads to ordering within the nanocrystal, at a lower
temperature than would be expected for macroscopic crys-
tals, and that the annealing step leads to grain growth which
reduces the number of sub-band gap surface states. We can
test the hypothesis for grain growth with SEM and XRD. SEM
images show that after annealing, the film thickness (see
Figure S4 in the Supporting Information) decreases from
about 440 nm to 340 nm or by about 20%, indicating that
the nanocrystals are more densely packed. In addition,
Scherrer analysis of the X-ray diffraction patterns of an as-
deposited film and a film annealed 1.5 h at 350 °C revealed
an increase in average grain size from 12.7 ( 1.0 nm,
consistent with the TEM results, to 47.8 ( 11.1 nm an
almost 4-fold increase that may reduce the number of
surface states (see Figure S5 in the Supporting Information).
Therefore, the outcome of low-temperature annealing results
in condensing the film and increases the grain size, reducing
the number of grain boundaries and the surface area with
potentially fewer surface states. It is also probable that
annealing produced more ordering in the metal sublattice
that would increase the density of states at the Γ point
corresponding with the direct optical transition to account
for the up to a factor of 10 increase in the optical absorption
despite the same amount of CZTS material in the optical path
length. Similar effects were observed when cation disorder
was present in the chalcopyrite structure of ZnSnP2, resulting
in an indirect band gap at lower energies rather than a direct
gap in the ordered material (45).

We next investigated the photoresponse of the as-
deposited films and compared them with the annealed thin
films to determine if the improvements in absorption prop-
erties and changes in morphology lead to better photoelec-

trochemical properties. The nanocrystalline films, both as-
dipped and annealed, were used as photoelectrodes in a
three-electrode photoelectrochemical cell with a platinum
mesh basket counter electrode and saturated Ag|AgCl refer-
ence electrode. The electrolyte contained aqueous 0.1 M KCl
and 0.1 M Eu(III)(NO3)3 which served as the redox mediator.
The photocurrent, produced by illuminating the films with
a chopped ∼17 mW 532 nm green laser, was measured
using a CH-Instruments potentiostat.

Photoelectrochemical characterization was chosen over
preparing solid-state devices as it allows for a rapid, non-
destructive evaluation of the CZTS thin films and eliminates
electrical shorting from a vapor-deposited metal back con-
tact penetrating through the pores in the film to the front
contact. In addition, the conformal contact of electrolyte with
the nanocrystals in the film minimizes the distance minority
carriers (electrons) must diffuse to reduce the Eu3+ to Eu2+

before they can recombine with the photogenerated holes.
The solution-based measurements allowed us to quickly test
a variety of films in order to determine the optimal thickness
and composition, as well as compare as-deposited and
annealed films.

Figure 3a shows a current-voltage (JV) curve of an as-
deposited, stoichiometric, 205 nm thick CZTS nanocrystal
thin film. The cathodic photocurrent increased gradually
with increasing negative potential, indicating that the thin
films were p-type (2). In a solid thin film, this would be
attributed to an increase in the depletion layer thickness;
however, the size of the nanocrystals cannot support a
depletion layer because the space charge region is large
compared to the particle size and the mobile ions in the
electrolyte neutralize any electric field. The reduction po-
tential of Eu3+ to Eu2+ is -550 mV vs Ag|AgCl, so we
attribute the increase in dark current at potentials more
negative than -550 mV to the reduction of Eu3+ to Eu2+ on
the film and on the FTO substrate. For this reason, we focus
on photocurrents produced at potentials more positive of
-550 mV, where photogenerated carriers in CZTS are from
the uphill reduction of Eu3+.

FIGURE 3. J-V plots of the photocurrent response of 205 nm thick, (a) stoichiometric and (b) Zn-rich, as-deposited CZTS nanocrystal thin
films scanned cathodically from 0 to -600 mV vs Ag|AgCl at a scan rate of 2 mV/s using a 17 mW, 532 nm laser. The photocurrents increased
with a more negative applied potential for both reactions. The insets are photostability measurements at -500 mV vs Ag|AgCl showing the
photocurrent is quite stable at this potential. Both experiments were performed in a 0.1 M Eu(NO3)3 aqueous electrolyte.

A
R
T
IC

LE

www.acsami.org VOL. 3 • NO. 1 • 58–66 • 2011 61



The stability of the photocurrent of an as-deposited thin
film was evaluated at a constant potential of -500 mV by
chopping the light with 10 sec on and 10 sec off, and the
results are plotted in the inset of Figure 3a. The CZTS
nanocrystal film showed a constant photocurrent-density of
0.19 mA cm-2 that remained stable over time despite being
immersed in an aqueous electrolyte. Similar results were
also obtained with thin films of the Cu-poor/Zn-rich CZTS
nanocrystals as displayed in Figure 3b (as-deposited). This
composition showed a slightly higher photocurrent-density
response than the stoichiometric CZTS nanocrystals, con-
sistent with current CZTS thin film literature (4, 7). The same
photostability test (Figure 3b inset) showed a stable photo-
current-density of around 0.3 mA cm-2.

As was previously displayed in the UV-vis spectra (Figure
2), annealing the CZTS nanocrystal thin films at 350 °C leads
to better absorption properties and a more direct band gap
transition. Using as-deposited films, similar to those tested
in Figure 3a, we annealed them at 350 °C for 1.5 h under
1000 Torr of Ar. The film thickness for each sample de-
creased by about 20% (see Figure S4b in the Supporting
Information). Figure 4a shows the JV curve of an annealed
stoichiometric CZTS nanocrystal thin film, while Figure 4b
displays the JV plot of an annealed Zn-rich CZTS nanocrystal
thin film (220 nm) under illumination from a 17 mW, 532
nm laser. In comparison to the as-deposited films, the dark
current is considerably reduced and the photocurrent den-
sity increases more rapidly. The SEM images show that the
thin films became more condensed, resulting in the area of
the exposed conducting substrate and dark current being
reduced (see Figure S4 in the Supporting Information). The
insets in panels a and b in Figure 4 again show the photo-
stability tests for both sets of annealed thin films using the
same 532 nm laser source. From the as-deposited to the
annealed films, there is an almost 10-fold increase in pho-
tocurrent density to 1.65 and 1.8 mA cm-2 for both the
stoichiometric and Cu-poor/Zn-rich CZTS reactions, respec-
tively. All the chopped photocurrents show decay transients

indicative of recombination of photogenerated carriers
through mechanisms that will be discussed below.

To study the effects of low-temperature annealing and
stoichiometry on the spectral response of the films, we
measured the incident photon to current efficiency (IPCE)
spectra of the CZTS nanocrystal thin films at -0.35 V vs
Ag|AgCl in 0.05 M Eu3+ (pH 4). For comparison we show the
results from the stoichiometric as-deposited film (black solid
trace) and the Zn-rich as-deposited film (red solid trace) in
Figure 5. The IPCE for the stoichiometric CZTS film is 1.8%
at 500 nm, whereas the IPCE for the Zn-rich CZTS film is
2.8% at 500 nm. The increase in IPCE for the Zn-rich sample
was consistent with the photocurrent measurements above,
as well as with previous reports (6, 7, 20, 24). However,
these values are rather low and do not exhibit a sharp onset
of photoresponse when compared to those reported by
Katagiri and Todorov for CZTS thin films ( 7, 24).

From Figure 5, it is clear that after annealing, the CZTS
films of both the stoichiometric (dashed black curve) and the
Zn-rich composition (dashed red curve) show a significantly
enhanced photocurrent response. The onset of photocurrent
is more pronounced with an overall increase of IPCE through-
out the visible region for both annealed films but especially
in the Zn-rich sample. In fact, at 500 nm the IPCE for the
stoichiometric composition showed an increase from 1.8%
to 3.1% after annealing, whereas the Zn-rich composition
exhibited an over 3.5 times increase from 2.8 to 10.1%. On
the basis of the UV-vis absorption spectra in Figure 2, the
absorption coefficient for the Zn-rich sample are larger than
those for the stoichiometric sample leading to better light
absorption over all wavelengths.

Although annealing produced significant improvements
in the photoresponse of the nanocrystal films, the values are
less than those measured in polycrystalline thin film CZTS
devices. Photocurrents in a photoconversion system depend
on the separation of carriers in a space charge field, diffusion
lengths, and recombination velocities of the photogenerated
carriers (46). Because the nanocrystals are immersed in an

FIGURE 4. J-V plots of the photocurrent response from annealed, 150 nm thick CZTS nanocrystal thin films from (a) stoichiometric and (b)
Zn-rich reactions, with the insets displaying the photostability measurements using a 0.1 M Eu(NO3)3 aqueous electrolyte. The dark current
is reduced compared to the as-deposited films and the photocurrent density increases with a more negative applied potential. The annealed
thin films both produced close to a 10-fold increase in the stable photocurrent density at -500 mV vs Ag|AgCl under illumination from a 17
mW, 532 nm laser.
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electrolyte containing mobile ions, a space charge field is not
present, as it will be cancelled by the mobile ionic charges.
Therefore, these devices should act much like the dye
sensitized solar cell (DSSC), which operates on chemical
potential gradients rather than electric field gradients. The
majority carrier holes (whereas in a typical DSSC they are
electrons) must diffuse through the nanocrystal network to
be collected at the back FTO contact before they can
recombine with a photogenerated electron or reoxidize Eu2+

in the electrolyte. The diffusion of carriers depends on the
concentration gradients in the device as well as the number
and energy distribution of recombination centers. The ab-
sorption profile of the incident light defines the concentra-
tion profile for the photogeneration of carriers and can be
calculated by plotting e-Rd, where R is the absorption coef-
ficient, as a function of distance, d. The absorption profiles
for our films calculated for three different wavelengths, 473,
532, and 632 nm, are shown in Figure 6 where the red
curves are for the Zn-rich annealed films and the black
curves represent the stoichiometric annealed films. The
photocurrent in these devices, as in many thin film solar
cells, is a trade off between absorbing all the light in a thicker
film and collecting the majority carriers at the back contact
via diffusion through the film. The majority carrier diffusion
is particularly problematic in nanocrystal devices since they
must traverse a tortuous path through many nanocrystals
where interface states can act as recombination centers.
Because the nanocrystal devices are porous and immersed
in a redox electrolyte the collection of the minority carriers

should be relatively facile because they need to diffuse at
most only half the distance of the nanocrystal diameter, less
than 10 nm for the as-deposited films and between 15 and
25 nm for annealed film, to reduce a Eu3+ to Eu2+.

We can estimate the diffusion length of holes by examin-
ing the absorbed photon to current efficiency (APCE), a
function of the IPCE values for the 340 nm thick film. The
APCE, shown in Figure 5b, is calculated by taking the IPCE
and dividing it by the light harvesting efficiency (LHE), where
LHE is equal to 1-10-Abs. In our case the best films have
higher APCE values at all wavelengths beyond 550 nm and
nearly identical APCE as IPCE values at lower wavelengths.
According to the absorption profiles in Figure 6, at longer
wavelengths of light, photogenerated charge carriers are
produced throughout the film, requiring the holes to have
much shorter diffusion lengths. On the contrary, based on
the APCE value at 473 nm and Figure 6a, for front illumina-
tion, 80% of the light at this wavelength is absorbed and
creates most of the charge carriers in the first 250 nm of
the film. Therefore, most of the collected holes at the back
contact must have diffused more than 100 nm, an impres-
sive distance for such a disordered low-band-gap nanocrystal
film. However, in comparison the electrons in a nanocrys-
talline TiO2 cell can diffuse many micrometers.

To elucidate the role of carrier diffusion in these devices
we measured IPCE spectra for both front illumination and
back illumination (through the transparent substrate) in the
redox electrolyte. Figure 7 shows a series of the front and
back illumination IPCE spectra for the non-stoichiometric
(Zn-rich) annealed film with film thicknesses ranging from
70 nm to 610 nm. The thinner 70, 95, and 125 nm thick
films in Figure 7a-c, show only small differences in the
shape of the IPCE spectra when illuminated from the back
or the front but with an increase in the overall IPCE values
as the films get thicker. The absorption profiles in Figure 6
reveal that a majority of the light still passes through the film
resulting in a more uniform generation of carriers through-
out the film and thus there is very little difference in the
ability of the minority carriers to reach the back contact.
However, once the film thickness increased to 340 nm
(Figure 7d), there is a striking difference between front and
back illumination. Longer wavelengths gave similar IPCE
values for both front and back illumination but as the
wavelength decreases, IPCE values for front illumination
continued to increase, whereas for back illumination the
IPCE values decreased more than an order of magnitude
when compared to front illumination. A similar trend was
also observed for a 610 nm thick film but with much smaller
IPCE values at all wavelengths as shown in Figure 7e. Figure
8 summarizes IPCE values taken from plots a-e in Figure 7
at 473, 532, and 632 nm as a function of film thickness
showing that as the film thickness increases the IPCE values
produced from front illumination increased almost linearly
up until a film thicknesses of 340 nm and then decreased
for a thicker 610 nm film, whereas the back illumination
IPCE values only increased until the film thickness reached

FIGURE 5. (a) IPCE measurements taken of as-deposited (solid) and
annealed (dashed) stoichiometric CZTS films (black trace) and Zn-
rich films (red trace). The measured IPCE mirrors the UV-vis and
shows a more direct onset of IPCE for the annealed films. At 500
nm the IPCE for the stoichiometric film was 1.8 and 3.1% for as-
deposited and annealed, respectively. The IPCE increased for the
Zn-rich composition from 2.8% (as-deposited) to 10.1% (annealed
film). (b) APCE values (dashed line) calculated from the IPCE and
LHE values of an annealed Zn-rich CZTS film.
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125 nm and then decreased. At film thicknesses up to 125
nm, front and back illumination give similar IPCE values
(47).

The absorption profiles in Figure 6 show that the majority
(>80%) of the incoming light is absorbed when the film is
thicker than 200 nm for 473 nm illumination, 260 nm for a
532 nm illumination, and almost 450 nm at 632 nm il-
lumination. The greater light absorption in the thicker films
produces both more total photogenerated carriers and a
concentration gradient of carriers across the film, the direc-
tion of which is determined by the illumination direction.
These trends can be understood by considering the absorp-
tion profiles shown in Figure 6. The thinner nanocrystal films
will have low light absorption at all wavelengths resulting in
nearly uniform generation of electron-hole pairs in the film
with either front or back illumination and relatively small
photocurrents. The redox couple can easily scavenge the
small concentration of minority carriers, resulting in very
low concentrations of reduced europium, and the holes have
a relatively short distance to diffuse to the back FTO contact.
As the films get thicker the majority of the electron-hole pairs
are created near the front or back of the film depending on
front or back illumination respectively, especially for the
short wavelengths where the extinction coefficient is largest.
The thicker films show nearly identical front and back

FIGURE 6. Absorption profiles calculated based on exp(-Rd), where R is the absorption coefficient for (a) 473 nm, (b) 532 nm, and (c) 632 nm
and d is the distance. The red traces correspond to the Zn-rich annealed films, whereas the black traces are for the stoichiometric annealed
films. Nearly 80% of the incident short wavelength light is absorbed in the first couple hundred nanometers of the film but as the wavelength
increases, the light penetrates deeper into the films and more passes through the film. The blue traces indicate the various film thicknesses
tested.

FIGURE 7. Photocurrent spectra recorded as a function of Zn-rich annealed films of various thickness with front and back illumination. The
film thicknesses investigated were (a) 70, (b) 95, (c) 125, (d) 340, and (e) 610 nm.

FIGURE 8. Plot of the IPCE values for both front (solid) and back
(open) illumination at 473 nm (squares), 532 nm (circles), and 632
nm (triangles) wavelengths taken from the data in Figure 7. There
is a general increase in front illuminated IPCE values with increasing
film thickness up to 350 nm, after which the IPCE values significantly
decrease. Back illumination IPCE values follow the same trend for
films thinner than 125 nm, but as the film thickness increases, the
IPCE values deviate substantially from those produced by front
illumination.
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illumination IPCE values in their photoresponse spectra at
wavelengths red of about 780 nm where the light is not
strongly absorbed. The large decrease in photoresponse
from back illumination in the blue region of the spectra is
most likely due to recombination at the back contact. A large
concentration of photogenerated electrons created near the
back contact will produce a high concentration of Eu2+ near
this contact. If the exchange current density for the usually
slow electron transfer reaction of the Eu3+/ Eu2+ couple is
much faster on the FTO surface than on the CZTS surface
then the holes that make it to the back contact will simply
reoxidize the Eu2+ created from the photogenerated elec-
trons. This usually slow electron transfer reaction must not
have a high exchange current on semiconducting CZTS due
to the low dark currents in pure Eu3+ solutions, especially
considering the extremely high surface area of the nano-
crystal films.

Kinetic discrimination of redox processes is similar to the
DSSC where the TiO2 surface has very slow kinetics for
reduction of triiodide and the cells are very inefficient with
faster redox couples such as ferrocene/ferrocenium or when
fabricated on bare metal substrates. Indeed a much faster
redox mediator, the reduction of cobaltacenium to cobalta-
cene (Co(III)/Co(II)), with our CZTS nanocrystal thin film
produces very poor photoresponse because the holes will
quickly reoxidize any cobaltacene that was produced by
photoreduction (Figure S6). One way to improve the device
efficiency by slowing the electron transfer reaction is by
using a blocking layer on the back contact. Indeed, the DSSC
efficiency is improved by coating the conducting oxide back
contact with a thin layer of TiO2 (48, 49). The addition of a
thin blocking layer to the FTO surface, which has a low
exchange current density for the Eu3+/Eu2+ couple, is cur-
rently under investigation to improve the photoresponse in
our devices.

However, additional recombination processes in these
films may be occurring as suggested by the low APCE values,
calculated from the IPCE and LHE results, for the CZTS
nanocrystal thin films. Some insight into these processes can
come from the light-intensity (I0) dependence of the photo-
current density (J) because at reasonable light intensities
there is a linear relationship between these parameters.
Because all the photocurrents in our CZTS films show a
transient response that decays to a more steady state value
(Figures 3 and 4), it is apparent that there is a fast recom-
bination process that may not be associated with the time
scale for carrier diffusion. The results of the intensity de-
pendence of the steady-state photocurrent, measured 8 s
after illumination in a 0.1 M Eu(III) electrolyte, for the 340
nm thick films at an applied bias of -500 mV vs Ag|AgCl
are presented in Figure 9. In an ideal system the short-circuit,
JSC, scales linearly with I0; however, Figure 9a shows that it
is not linear in our devices. Figure 9b shows the same data
plotted on a log-log scale where a linear dependence is
observed with a slope of 0.75 (R2 ) 0.999). Recombination
is often a second-order process, because it is dependent on
both the concentration of electrons and holes, but in our

case, it may also be influenced by the diffusion of Eu3+ and
Eu2+ that react with minority and majority carriers, respec-
tively, resulting in a power dependence close to 0.75. Further
investigation of the time, potential, and intensity depen-
dence of the transient photocurrents will be necessary to
elucidate the competing recombination pathways in these
devices.

CONCLUSIONS
Stoichiometric and Cu-poor/Zn-rich CZTS nanocrystals

have been synthesized using the hot-injection method. We
have shown that CZTS nanocrystal thin films-fabricated by
dip casting onto FTO substrates and ligand exchanged with
ethylenediamine-immersed in a Eu3+ containing redox
electrolyte, exhibit p-type photocurrents that increase with
negative applied bias. The influence of film thickness and
low-temperature annealing on the photocurrent response
was studied on both stoichiometric and Zn-rich films. Low-
temperature annealing of the as-deposited films at 350 °C
for 1.5 h greatly improved the IPCE for both the stoichio-
metric and Zn-rich CZTS films from 1.8 to 3.1% (stoichio-
metric) and 2.8 to 10.1% (Zn-rich) at 500 nm, respectively.
Although these photoconversion efficiencies are low in

FIGURE 9. Steady-state photocurrent density, recorded 8 s after
illumination from a 532 nm light source, as a function of light
intensity at -500 mV vs Ag|AgCl. The data is plotted on (a) a linear
scale and (b) in a log-log plot. The data in the log-log plot has a
slope of 0.75 (R2 ) 0.999).
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comparison to the bulk counterparts, our studies were aimed
at investigating the carrier transport processes in the semi-
conducting nanocrystalline thin films. Optical absorbance
measurements and photocurrent spectroscopy with both
front and back illumination revealed that the CZTS nano-
crystal thin films behave like a p-type version of the nano-
crystalline TiO2 scaffold in a dye-sensitized solar cell, and
that a major loss mechanism in this cell is recombination
via the redox couple at the back contact. This is due to
oxidation of Eu2+ produced by the photogenerated electrons
with the photogenerated holes diffusing to the back contact,
which is due to the higher exchange current for this redox
couple on FTO than on the surface of the CZTS nanocrystals.
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