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a b s t r a c t

A high-temperature gas-templating strategy is proposed to synthesize Cu2ZnSnS4 (CZTS) nanocrystals for

all-aqueous solar inks. Our gas templating process route involves the in-situ generation and stabilization

of nanosized gas bubbles into a molten KSCN-based reaction mixture at 400 °C. Chemical insights of the

templating gas process are provided such as the simultaneous formation of gas bubbles and CZTS nuclei

highlighting the crucial role of the nucleation stage on the sponge and resulting nanocrystals properties.

The high porosity displayed by the resulting CZTS nanocrystals facilitates their further post-fragmen-

tation, yielding individualized nanocrystals. The advantages of our high temperature gas templating

route are illustrated by the following: (i) the low defect concentration displayed by the highly crystalline

nanocrystals, (ii) the synthesis of CZTS nanocrystals displaying S2! polar surfaces after ligand exchange.

The good photoluminescence properties recorded on the pure CZTS nanocrystals reveal potential for

exploration of new complex chalcogenide nanocrystals useful for various applications including photo-

voltaics and water splitting. Here we demonstrate that using these building blocks, a CZTS solar cell can

be successfully fabricated from an environment-friendly all-aqueous ink.

1. Introduction

Chalcogenide nano-objects (e.g. CdS, PbS, ZnS, CuInS2, etc.)

have been proposed as promising building blocks [1–4] for tech-

nological applications in the fields of biomedical diagnosis [5],

optoelectronics [6], thermoelectricity [7] or photovoltaics [8].

Exciting opportunities for both fundamental studies and innova-

tive technologies in the fields of energy materials will emerge

from the design and synthesis of new, complex, chalcogenide

nanocrystals displaying high optoelectronic properties. In parti-

cular, semiconducting nanocrystals displaying low defect con-

centration have received increased attention in the fields of pho-

tovoltaics [8] and hydrogen production [9]. However, structure

crystallization of complex chalcogenide compounds generally

occurs at higher temperatures [10,11] compared to single cation

chalcogenides. As an example, quaternary chalcogenide Cu2ZnSnS4
(CZTS) [10], or doped CZT (S,Se) compounds such as

Cu2!xCd1!xSnS4 [11,12], Cu2ZnSn1!xInxSe4 [13], have been

recently proposed.

Although some synthetic procedures describing the fabrication

of these complex chalcogenide nanocrystals have been already

proposed [14,15], the synthesis of these chalcogenide nanocrystals

showing high chemical homogeneity, high crystallinity and low

electronic-defect concentration, as required for optoelectronic or

photovoltaic applications, still represents a challenge. In particular,

CZTS solar cells fabricated by the ink process were mainly devel-

oped in apolar toxic solvents such as hexanethiol and involving

oleyl-amine capped CZTS nanocrystals. For environmental con-

siderations, design of an ink process in an all-aqueous CZTS

nanocrystals dispersion is of a great interest [16,17]. In this con-

text, synthesis of CZTS nanocrystals displaying low defect con-

centration and polar surfaces is highly desirable.

A strategy to synthesize highly homogeneous, crystalline

complex building blocks is to design a high temperature synthetic

route [18,19]. Indeed, high temperature facilitates both the

achievement of crystallinity and defects annealing while repelling

impurities to the outer surface of the nanocrystals. Nevertheless,

high temperature formation of these nanocrystals remains a key
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issue because of the strong driving force available both for sin-

tering and coarsening leading to irreversible growth and coales-

cence of the starting nanoparticles.

In this paper, we report on an innovative high temperature

route (T¼400–450 °C) for the fabrication of non-aggregated,

highly crystalline CZTS nanocrystals involving a gas template

generated in-situ from molten KSCN. Our process route is oper-

ating both at high temperature and in a high supersaturation

regime yielding nanosized CZTS crystals possessing a highly

crystallized core. Removal of the SCN! species, localized at the

nanocrystal outer surface, is achieved through the S2!/SCN! sur-

face post-exchange [20]. Advantages of the gas templating process

route are illustrated by the good optoelectronic properties as

revealed from photoluminescence data recorded on CZTS nano-

crystals films. More interestingly, by combining CZTS nanocrystals

synthesized from this gas templating route with optimized form-

ing and annealing procedures, first solar cells processed from an

all-aqueous nanocrystals ink were successfully fabricated with

device efficiency up to 2.5%.

2. Experimental section

2.1. CZTS nanocrystals synthesis

Metallic salts (CuCl, 2H2O (Sigma Aldrich), ZnCl2 (Sigma

Aldrich), SnCl4 5H2O (Fischer Scientific)) were dissolved in EtOH.

An intimate solid mixture of these salts is achieved after solvent

elimination by roto-evaporation at 80 °C. Solid KSCN (Fluka) was

then added at room temperature to the metallic salts and homo-

geneously mixed using a solid vortex mixer yielding a solid pre-

cursor. These precursors transferred into a SiO2 container were

heat-treated under Ar controlled atmosphere. Reaction mixtures

were maintained at various temperatures ranging from T¼300 °C

to 550 °C with various times duration t, 2 hoto32 h. The tem-

perature ramp rate was varied from 1 °C/min to 3 °C/min. Caution:

Possible (CN)2gas formation requires an appropriate trapping equip-

ment to prevent inhalation. After cooling to room temperature, a

significant volume increase of the reaction mixtures was observed

and the porous solids (CZTS–KC–KSCN sponges) were collected.

The KSCN was removed from the composite sponges by sub-

sequent washing in deionized water and EtOH, yielding a black

solid (CZTS aggregates) which was finally dried at room tem-

perature in air. After ball milling in ethanol, a ligand exchange

involving S2! anions [20] was as performed using an aqueous

(NH4)2S solution, yielding an aqueous CZTS dispersion after size

selection by centrifugation at 6000 rpm.

2.2. CZTS solar cells fabrication

CZTS nanocrystals films were prepared by dip coating from an

all aqueous dispersion (40 g l!1 CZTS) using a multi-step proce-

dure on a Glass/Mo substrate. Typically, 18 layers were succes-

sively deposited at 100 mmmin!1 to achieve a 2 mm crack-free

film. After room temperature drying of the films in air atmosphere,

the films and Se powder (125 mg) were annealed on a graphite

susceptor under a quartz jell bar at 580 °C for 15 min. The com-

plete device stack was Glass/Mo/CZTSSe/CdS/i-ZnO:ZnO:Al. CdS

was applied via chemical bath deposition while i-ZnO and ZnO:Al

were deposited by sputtering.

2.3. Characterizations

2.3.1. BET isotherm

Surface area and pore size distribution of the CZTS aggregates

after H2O washing were measured by nitrogen adsorption/

desorption isotherms using a Micromeritics ASAP 2000 system at

77 K. The sample was degassed at 473 K under vacuum for 8 h

before analysis. The surface area was measured using the Bru-

nauer–Emmet–Teller (BET) model for relative pressure in the

range 0.05–0.30 and the distribution of pore dimensions was

calculated using the Barret–Joyner–Halenda (BHJ) model.

2.3.2. Raman spectroscopy

Micro-Raman measurements were performed using a Horiba

Jobin Yvon XPlora equipped with an Olympus microscope. A 50$

objective and low laser power (0.01 Po, Po¼40 mW at 785 nm)

have been used to avoid any thermal effects due to laser heating.

With 0.1Po laser power, downshift of Raman bands due to heating

was observed while the spectra remain identical with 0.1%. The

focused spot diameter on the samples was %1 mm leading to an

excitation power of 0.5 mW/mm2.

2.3.3. FEG-SEM–TEM

The KSCN–CZTS sponges were imaged by a FEG-SEM and the

relative atomic composition of the sponges were determined using

energy dispersive spectroscopy (EDS). Specimens for low magni-

fication transmission electron microscopy (TEM) and high reso-

lution transmission electron microscopy (HRTEM) were obtained

by drying droplets of a CZTS sample from an ethanolic dispersion

onto a 300 mesh Cu grid, coated with a Lacey carbon film. TEM

images were taken at an accelerating voltage of 100 kV on a JEM

1011. HRTEM images were obtained on a JEOL JEM 2100F at an

accelerating voltage of 200 kV.

2.3.4. Photoluminescence

Time-resolved and time-integrated photoluminescence

experiments were performed using a mode-locked Ti:Sa laser with

1.2 ps pulse duration and 80 MHz repetition frequency, at a

wavelength λ¼760 nm and average power Paver¼3 mW, focussed

to a 50 μm diameter spot. The PL dynamics were recorded with a

S1 photocathode Hamamatsu synchroscan Streak Camera C 5680

with 10 ps overall time resolution.

3. Results and discussion

Heat treatment under N2 of CuCl–ZnCl2–SnCl4–KSCN mixtures

with (Cuþ:Zn2þ:Sn4þ:SCN!)¼(2:1:1:r)molar ratio, 7.5rrr30 at

temperatures ranging from 325 °C to 500 °C during 16 h produces

after cooling at room temperature sponges (Fig. 1a) containing

CZTS nanocrystals and reaction by-products, namely KCl and

KSCN. Our high temperature process involving an in-situ gener-

ated gas offers the advantage to yield, after KSCN–KCL removal,

loosely-packed CZTS aggregates as shown from a TEM investiga-

tion (Fig. 1b). The loose packing of the CZTS aggregate favors the

formation of 30 nm, perfectly individualized CZTS nanocrystals

(Fig. 1c) achieved by post-fragmentation and selection. More

interestingly, the gas template preserves the low compactness of

the CZTS aggregates during high temperature aging stage (16 h at

400 °C), required for the full crystallization of the CZTS nano-

crystals as shown from a Raman investigation (Fig. 1d).

3.1. Identification of the in-situ generated gas and reaction pathways

Control experiments performed under similar experimental

conditions (Cu:Zn:Sn:S)¼(2:1:1:15)molar, T¼400 °C during 16 h

using Cu2O, ZnO, and SnO2 as metal sources yield CZTS particles,

without any volume expansion of the reaction mixtures, con-

sistent with the reaction Cu2OþZnOþSnO2þ4KSCN¼Cu2ZnSnS4
þ4KCNO [21], These observations demonstrates the crucial role of

the metallic salts addition in the KSCN/CZTS sponges formation.



With the objective to identify the in-situ formed gas, we

performed chemical analysis of the reaction byproducts. No sig-

nificant consumption of the chloride anion during the CZTS

formation reaction was revealed from chemical analysis of the

aqueous solutions recovered from dissolution of the sponges.

Thus, CZTS–KSCN–KCl sponge formation does not arise from oxi-

dation of the chloride anion into Cl2 gas. Interestingly, the sponges'

formation occurs at temperatures around the onset of CZTS for-

mation as shown from an XRD investigation of samples prepared

at various temperatures (see Supporting Information, Fig. S1). This

suggests that the in-situ generation of gas is associated with the

S2! anion formation. In addition, syntheses performed at (Cuþ:

Zn2þ:Sn4þ:SCN!)¼(2:1:1:r)molar, with increased r values, yield

large volume expansions (Fig. 2). Again, this larger volume

expansion observed with dilution of [Cu], [Zn] and [Sn] con-

centrations can be associated to the formation of S2! in a larger

concentration. A reaction pathway to the sponges' formation can

thus be proposed. In a first stage, the decomposition of SCN!

anion at temperatures T, T4275 °C occurs as already reported

[20], with S formation: SCN!
¼SþCN! . Indeed, presence of sulfur

traces was observed on X-ray diffractograms performed on the

solids collected in the cold part of the gas circuit. In a second stage,

formation of S2! anions required for the Cu2ZnSnS4 precipitation

is achieved from the previously reported following oxydo-reduc-

tion reactions [22] (i) Sþ2CN!
¼S2!þ(CN)2 gas or/and (ii)

Sþ2CN!
¼S2!þ2CþN2 gas. In our experimental conditions, our

reaction pathway is confirmed by the presence of carbon in the as-

synthesized CZTS nanocrystals as shown by a Raman spectroscopy

investigation (Fig. S2). Note that in a control experiment, thermal

decomposition of KSCN alone did not produce any gas evolution

confirming that the N2 (and eventually (CN)2) gas formation is

thus closely associated to the CZTS precipitation.

3.2. Kinetics of formation of the gas bubbles and their stabilization

into the molten salt

A large range of pores exhibiting sizes ranging from the milli-

meter to the nanometer scale was observed on optical and elec-

tronic microscopy images recorded on the KSCN–KCl–CZTS

sponges (Fig. 1). This indicates reasonably good stabilization and

trapping of the gas bubbles respectively during the aging and

cooling stages. Formation kinetic of bubbles was investigated on

samples yielding large volume expansion ((Cuþ:Zn2þ:Sn4þ:

SCN!)mole¼(2:1:1:r), r¼20 and v¼6 °C/min, v¼temperature

ramping rate) and recovered at various stages of the process. A

nearly constant sponge volume was determined as well on the

sponges collected just after the first stages of nucleation-growth

(1 min, 400 °C), as on samples recovered after various aging times,

up to 16 h at 400 °C (Fig. 3). In order to better specify the gas

volume generated during the aging step (16 h at 400 °C), a control

experiment performed in identical experimental conditions, but

including a degassing stage under vacuum just after the first stage

of nucleation-growth (1 min, 400 °C) showed a sponge volume

decrease of 50% (Fig. 3). These observations demonstrate both the

formation of bubbles in large quantity during the first step of

nucleation-growth and their stabilization into the reaction mix-

ture during the aging period at 400 °C. Besides, this suggests a low

rate of gas bubbles coalescence into the molten salt. Lastly, these

results are consistent with the proposed reaction pathway con-

cerning the in-situ gas generation. Indeed, gas generation is acti-

vated by the S2! anion formation required from the CZTS

Fig. 1. (a) FE-SEM image of fractured KSCN–KCl–CZTS sponge showing pores sizes d, 10 mmodo1 mm. Sample prepared at (Cu:Zn:Sn:SCN)¼(2:1:1:20), 400 °C, 16 h,

v¼1 °C/min. (b) Typical TEM image of CZTS aggregates obtained after KSCN–KCL removal, showing porous architecture. Loosed-packed aggregates are formed from primary

crystallites of 30 nm and pores with sizes d, nmodomm. (c) TEM image of perfectly individualized CZTS nanocrystals after fragmentation by ball milling and size selection

performed by ultracentrifugation at 4500 rpm. (d) Raman spectra recorded on CZTS nanocrystals showing two main peaks at 286 and 337 cm!1 (A1 symmetry modes). A

better short distance order is observed for samples synthesized at longer aging times at 400 °C. (Cu:Zn:Sn:SCN)¼(2:1:1:20), v¼1 °C/min. The curves have been displaced

vertically for clarity.



Fig. 2. (a) Photographs of CZTS/KSCN sponges prepared at increased v values, v¼temperature ramp rate in °C/min, (r¼15, T¼400 °C, 16 h). (b) Photographs of CZTS/KSCN

sponges prepared at increased r values, r¼KSCN moles (T¼400 °C, 16 h, v¼1 °C/min). (c) Absorption–desorption isotherms recorded on CZTS aggregates prepared at various

temperature ramp rates, v, T¼400 °C, 16 h. (Cu:Zn:Sn:S)¼(2:1:1:20). (d) Absorption–desorption isotherms recorded on CZTS aggregates prepared at various r, r¼KSCN

compositions. The adsorption–desorption curves have been displaced vertically for clarity.

Fig. 3. (a) Photographs of KSCN–KCl–CZTS sponges recovered at various stages of the process illustrating the kinetic of formation of the gas bubbles into the molten reaction

mixture. ((Cu:Zn:Sn:KSCN)¼(2:1:1:20), at T¼400 °C, and v¼6 °C/min). A nearly constant sponge volume is observed for aging time up to 16 h. (b) Photograph of KSCN–KCl–

CZTS sponge recovered in a control experiment involving a degassing stage (t¼15 min vacuum) just after the first stage of nucleation growth showing a clear decrease of the

sponge volume compared to a reference sample synthesized in similar conditions. ((Cu:Zn:Sn:KSCN)¼(2:1:1:20), at T¼400 °C, 16 h and v¼6 °C/min).



precipitation which mainly occurs during the first stages of the

CZTS formation.

3.3. Sponge properties are dictated by the first stages of nucleation-

growth

To fully demonstrate the key-role of the first stages of nucleation-

growth on the sponge properties, samples were synthesized at various

temperature ramping rates (0.5 °C/minovo6.0 °C/min) and collected

just after the onset of the aging stage (1 min at 400 °C). Although the

generated gas volumes should be theoretically identical for experi-

ments performed at a constant number of CZTS moles, samples pre-

pared in higher super-saturation regimes yield higher porous volumes

(Fig. S3). Indeed, an approximately 1.5 fold increase was observed for

the CZTS–KCl–KSCN sponge volume formed in similar conditions of

composition ((Cu:Zn:Sn:SCN)¼(2:1:1:15), T¼400 °C) but at a higher

ramp rate, v¼3.0 °C/min, compared with the sample prepared at low

temperature ramping rate, v¼1.0 °C/min. In another set of experi-

ments performed at constant number of CZTS moles, larger volume

expansions were also observed for samples prepared with dilution of

metallic salts concentrations (increased r values) and recovered after

the first stages of nucleation-growth (t¼1min, 400 °C). Increase of

sponge volumes of these samples is attributed to the more important

gas emission associated to the S2! anions formation arising in larger

concentration required by the CZTS precipitation in diluted metallic

cations reaction mixtures. Note that in these diluted reaction mixtures,

gas bubbles are generated in larger proportion very close to the CTZS

nuclei, but at large inter-nuclei distances due to the dilution.

For these two sets of experiments, the large volume expansions

recorded after the first stages of nucleation-growth are preserved

all along the aging stage at 400 °C during 16 h (Fig. 2), highlighting

the crucial role of the first stages of nucleation-growth on the

properties control both of sponges and of the resulting CZTS

aggregates.

3.4. A gas templating process route

Control of the sponges properties was achieved in the first

stages of CZTS precipitation, both by variation of CZTS nanocrystal

nucleation rates (Fig. 2a) or by CZTS formation in diluted reaction

mixtures (Fig. 2b). Fine inspection of the corresponding KSCN–

KCl–CZTS sponges by Hg porosimetry reveals that samples exhi-

biting a large volume expansion also possess a large porous

volume of (sub)-micronic pores (Do1.5 mm) with pores volume

fraction Φp, up to 45% (Table 1). Interestingly, with regard to the

global pore population, these samples also display the largest

proportion of (sub)-micronic size pores (Fig. 4). Concerning sam-

ples prepared at high super-saturation regimes, high sponge

volume expansions could thus be attributed in parallel to the high

number of CZTS nuclei formation, to the concomitant generation

of a higher number of smaller size gas bubbles. Because the

growth and coalescence of gas bubbles in the molten KSCN were

previously shown to display a low kinetic, these small size bubbles

yield later the observed larger proportion of (sub)-micronic pores.

For the samples prepared in diluted reaction mixtures, the large

volume expansions probably result from the high bubbles volume

fraction generated in the vicinity of the CZTS nuclei. In this later

case, bubbles coalescence is delayed because of the high inter-

nuclei distance. In these two set of experiments, large sponge

volume expansions could thus be ascribed to the simultaneous

generation of a high volume fraction of small size gas bubbles in

the nearby vicinity of CZTS nuclei.

After removal of the reaction by-products, a Brunauer–

Emmett–Teller (BET) investigation shows that the corresponding

CZTS aggregates prepared from a series of sponges displaying

increased volume expansions exhibit a continuous variation of the

porosity at the nanometer scale. Fig. 2c and d compares BET

absorbed volumes of CZTS aggregates obtained from sponges

prepared at various nucleation rates or at various metallic salt

dilutions (high r values). In these two sets of experiments, highly

porous CZTS aggregates with BET nanosized porosity up to 56%

were obtained from KSCN–KCl–CZTS sponges possessing higher

pore volume (Table 1). These results reveal that the porous

architecture of the CZTS aggregates is thus strongly dependent of

the volume fraction of (sub)-micronic gas bubbles formed inside

the molten reaction mixture.

In contrast to the millimetric size bubbles usually observed by

gas bubbling into a molten salt [23], the reasonable high volume

fraction of submicronic pores along the ellipsoidal morphology

displayed by some micronic pores observed on our sponges

(Fig. 5a), indicate a slow kinetic of bubbles growth and their sta-

bilization into the reaction mixture. This bubbles stabilization

probably arises from a high interaction between the gas bubbles

and the CZTS nanocrystals surfaces. Indeed, high magnification FE-

SEM images recorded on the fractured KSCN–KCL–CZTS sponges

(Fig. 5b) clearly show the presence of gas/CZTS nanocrystal along

gas/KSCN interfaces at pores periphery. We thus propose that CZTS

Table 1

Textural characteristics of KSCN–KCl–CZTS sponges and corresponding CZTS

aggregates prepared at T¼400 °C showing a dependence of pore volume fraction of

CZTS aggregates on the sponges porosity arising from pores in the (sub)-micronic

range. Porous characteristics of KSCN–KCl–CZTS sponges and of CZTS aggregates

were respectively determined from Hg porosimetry and BET adsorption curves.

Primary crystallite sizes (D cryst) were determined from TEM images.

V¼1 °C/min V¼3 °C/min

16 h 400 °C r¼7.5 r¼15 r¼20 r¼20

KSCN–KCL–CZTS sponges

Vp (cm3/g) 0.35 0.55 0.70 0.70

Φv 0.35 0.41 0.45 0.45

D pores (mm) 1.5 1 1 1.2

CZTS aggregates

Vp (cm3/g) 0.02 0.08 0.14 0.265

Φv 0.09 0.28 0.40 0.56

SS (m2/g) 3 16 36 58

D cryst (nm) 30 30 30 30

Fig. 4. Pores distribution of KSCN–KCl–CZTS samples showing a larger proportion

of sub-(micronic) pores compared to the pores global population for the sample

displaying higher volume expansion (r¼20). Inset: Cumulative pore volume

determined by Hg porosimetry showing that the sample exhibiting the larger

proportion of sub-(micsronic) pores also display the higher (sub)-micronic pore

volume.



nanocrystals probably act as solid surfactants in molten KSCN,

stabilizing gas bubbles inside the molten salt, in the same way as

solid inorganic particles are known to stabilize liquid droplets in

biphasic emulsions [24,25]. All these observations show that the

CZTS aggregate properties such as its porosity could be controlled

by the gas template, particularly by a fine-tuning of the size and

volume fraction of the gas bubbles generated in the nearby vicinity

of the CZTS nuclei.

3.5. Nanocrystals properties

The optoelectronic properties and the role of defects in the

non-doped CZTS material were investigated by absorption, time-

integrated and time-resolved photoluminescence (PL) spectro-

scopy on films prepared from CZTS nanoparticles and post cal-

cined at 550 °C under N2 atmosphere. Fig. 6a presents the

absorption and PL spectra at room temperature. The absorption

Fig. 5. (a) FE-SEM image of a fractured KSCN–KCL–CZTS sponge showing a pseudo ellipsoidal morphology of micronic pores. (T¼400 °C, 16 h. (Cu:Zn:Sn:S)¼(2:1:1:20),

v¼3 °C/min). (b) MEB-FEG high magnification image of a KSCN–KCL–CZTS fractured sponge showing pores/KSCN and pore/CZTS nanocrystal interfaces. These interfaces can

be differentiated by the less-defined morphology of CZTS nanocrystals observed in domains containing KSCN.

Fig. 6. (a) PL spectrum measured at T¼300 K on CZTS films after annealing at 550 °C under N2. The dependence of (αhν)² on photon energy where α is the absorption

coefficient is also plotted showing a Stokes shift of 185 meV. (b) Corresponding photoluminescence kinetics recorded at various temperatures showing long decay times at

low temperature, characteristics of Donor Acceptor Pair transitions. The kinetics has been displaced for clarity. Inset: PL peak energy as a function of the temperature.

(c) Light and dark J(V) characteristics under simulated 1 sun AM 1.5 G of a Glass/Mo/CZTS/CdS/ZnO;ZnO:Al solar cell processed from an all-aqueous ink and annealed at

580 °C 15 min under PSe.Insert: Top view SEM image of annealed CZTS(Se) film showing large grains up to the micrometer. (d) EQE spectrum of the CZTS(Se) device

fabricated from the aqueous CZTS nanocrystals ink.



shows a bandgap energy EgE1.5 eV at T¼300 K consistent with

the values reported in the literature ranging from 1.45 to 1.6 eV

[26]. The PL peak energy is measured at 1.315 eV at T¼300 K,

which is significantly smaller than the bandgap. This demonstrates

that the main radiative recombination channel does not occur

between free electrons and free holes in the conduction and

valence bands respectively. The observation of an increase of the

PL peak energy, from 1.28 eV at 15 K to 1.315 eV at 300 K (inset of

Fig. 6b) together with the measurement of very long PL decay

times (45 ns) at low temperature (Fig. 6b), are characteristic of

Donor–Acceptor Pair (DAP) transitions. These are associated with

the presence of a high density of intrinsic point defects yielding

local deviations in the distribution of donors (ZnCu) and acceptors

(VCu), and introducing fluctuations in the band structure [27,28].

The reasonable PL intensity recorded at 300 K indicates that our

highly crystallized CZTS nanocrystals possess a rather low non-

radiative defect concentration. This is consistent with a PL decay

time of %50 ps at room temperature (Fig. 6b) and demonstrates

that the optoelectronic properties of our CZTS films are compar-

able with photovoltaic quality CZTS materials.

Use of a gas-template has the advantage to minimize pollutants

incorporation into the CZTS nanocrystals in a high temperature

process route. With the objective to take full advantage of the

good optoelectronic properties previously shown, a surface pur-

ification of the as-synthesized CZTS nanocrystals exhibiting SCN!-

capped surfaces (Fig. S4) was performed by a S2!/SCN! ligand

exchange. The highly charged, polar surfaces of the resulting S2!-

CZTS capped nanocrystals has facilitated the fabrication of an

environment-friendly, all-aqueous, CZTS ink. Due to the high

interfacial tension existing in a wet aqueous nanocrystals film,

films of thickness larger than 400 nm form with a fully inter-

connected crack network. In contrast, using a layer by layer

deposition process, a crack-free film of a final thickness of around

2 mm was produced by consecutively depositing 110 nm thick

coatings (18 times) (Fig. S5). Complete carbon purification of

nanocrystals films (Fig. S2) was achieved by implementing a

purification step (500 °C 30 min, 125 mg Se) in our annealing

process. Combined with optimized selenization procedure (580 °C,

125 mg Se), a significant grain growth was obtained on annealed

pure CZTSe films with CZTSe grain size up to 1 mm (Fig. 6c). More

interestingly, unlike the use of non-well crystallized nanoparticles

[29], use of highly crystallized building blocks offers the advantage

to yield CZTSe films without formation of any secondary phase

such as ZnS(Se) as shown from a Raman spectroscopy kinetic

investigation (Fig. S6). By taking benefit of these gas-templated

CZTS nanocrystals possessing high optoelectronic properties and

polar surfaces, we have thus successfully fabricated first CZTS solar

cells from an all aqueous ink, with device efficiencies of 2.5%

(Fig. 6c). Examination of the EQE data shows a peak photocurrent

efficiency of 67% at 5̴60 nm (Fig. 6d). This relatively low value

could arise from a short diffusion length of minority carriers or

from a slight sulfur gradient of the absorber. For wavelengths

below 560 nm, losses of photocarriers are mainly due to the front

contact ZnO/CdS. At longer wavelengths, i.e. between 560 nm and

1400 nm, the observed gradual decrease of the photocurrent could

be ascribed to the reduced light absorption in this spectral region

caused by a less than optimal film thickness of the absorber layer

which was 1̴.0 mm. The observed photocurrent decay in the infra-

red domain may also result from defect-related recombination

losses. From these results, we anticipate that higher conversion

efficiencies should be achieved with an increase of the absorber

thickness (41 mm) and with an improved control of the annealing

conditions (optimization of the annealing atmosphere to minimize

possible absorber chemical degradation).

4. Conclusions

A high-temperature, gas templating process route is proposed

yielding complex Cu2ZnSnS4 chalcogenide nanocrystals. Stabiliza-

tion of in-situ generated gas bubbles in a molten reaction mixture

is achieved via CZTS nanocrystal surfaces/gas interactions. The gas

template is shown to control the CZTS aggregates porosity.

Moreover, the gas template facilitates the CZTS nanocrystal full

crystallization while preserving their nanometer size. Coupled to a

S2! ligand surface exchange, this synthetic methodology enables

the preparation of highly crystallized chalcogenide nanocrystal

cores displaying polar surfaces. We have taken benefit of the good

optoelectronic properties of these nanocrystals to develop an

environment-friendly film forming process. First CZTS solar cells

were thus successfully fabricated from all-aqueous CZTS inks with

devices efficiencies up of 2.5%. This gas templating strategy offers a

general process route for preparing a broad class of highly crys-

talline, complex, semiconducting chalcogenides. These highly

crystalline chalcogenide building blocks should be of great interest

for films preparation in various applications such as H2 production,

CO2, photovoltaic or thermoelectric conversions.
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