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Abstract. Quantum-dot sensitized solar cells are an exciting technology because they allow to overcome the
efficiency limit of single-junction solar cells. The tunability of their band gap with quantum-dot size allows
to make multi-junction solar cells with optimized band gaps, moreover using simple production techniques.
Here, we study quantum-dot sensitizers made of the earth-abundant photovoltaic absorbers Cu2ZnSnS4 and
Cu2ZnSnSe4 (CZTS). Using many-body perturbation theory (GW and the Bethe–Salpeter equation) and
time-dependent density-functional theory, we calculate the dependence of the photoemission and optical
band gap on the quantum-dot size, accounting for excitonic effects. Our study completes the existing
knowledge about quantum confinement in CZTS nanocrystals, for which experimental data are sparse and
provide the power law that describes the dependence of the optical gap on the quantum-dot size.

1 Introduction

Silicon is still today the most prominent material for solar
cells: Si-wafer based technology accounted for about 93%
of the total production in 2015, with a record lab cell effi-
ciency of 25.6%.1 The main drawback of silicon is that
such efficiencies require thick, pure and highly crystalline
absorber layers, which prevents a further reduction of
production and installation costs.

It is, however, possible to obtain similarly efficient solar
cells from less perfect and thinner absorbers, provided
that they absorb light better. This is exploited in thin-
film technology, for which comparatively cheap production
methods, such as spray coating, are available. Thin-film
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photovoltaic cells have reached efficiencies of 22.3%,2 not
far from that of crystalline silicon, thanks to excellent
absorbers such as Cu(In,Ga)Se2. Cu2ZnSn(S,Se)4 (CZTS)
is extensively studied to replace expensive indium. CZTS
laboratory cells have however efficiencies below 12.6% [1].

Solar conversion efficiency can be enhanced by combin-
ing layers of absorber materials with different band gaps,
obtaining multi-junction (or “rainbow”) solar cells. One
possibility to vary the band gap is to vary the absorber sto-
ichiometry: Cu2Zn(Sn,Ge)S4 [2,3], (Cu,Ag)2ZnSnSe4 [4],
Cu2ZnSn(S,Se)4 [5,6], and Cu(In,Ga)Se2 [6] nanocrystals
have been studied recently to this purpose. In these works,
the nanocrystals were finally annealed into thin films, with
essentially the electronic properties of the bulk crystal.

Alternatively, excitonic solar cells, which includes
organic, hybrid organic-inorganic, dye-sensitized, and
quantum-dot sensitized cells, are an emerging technology
for inexpensive and environment-friendly solar energy con-
version. Central to this family of devices is a nanoparticle
film that provides a large surface area for the adsorption of
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(2015)
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the light-harvesting complexes. CIGS or CZTS nanocrys-
tals have been proposed as sensitizers in quantum-dot
sensitized solar cells [7–9]. Here again the band gap of the
nanoparticles can be tuned either through stoichiometry
or composition variations, or by controlling the nanopar-
ticle size, taking advantage of quantum confinement. As
sketched in Figure 1, starting from the front electrode,
consecutive layers of quantum dots with increasing size
and decreasing optical band gap could be stacked on top of
each other, possibly on top of a bulk crystal absorber layer.
Several experimental works demonstrated that this sce-
nario is realistic: Khare et al. [8] measured experimentally
the size dependence of the optical gap of CZTS nanocrys-
tals as a function of decreasing size down to 2 nm, and
found that the nanoparticles maintain the bulk band gap
of 1.5 eV for diameters down to 5 nm, while for smaller
diameters the gap opens up, reaching a value of 1.8 eV
in nanoparticles with 2 nm diameter. Liu et al. and Nishi
et al. found a similar gap opening with decreasing size
of CZTS nanoparticles [10,11]. Arul et al. [9] produced
CZTS nanoparticles with an average size of about 3 nm
and found a consistent small gap opening compared to the
bulk. Jara et al. synthesized quantum-dot sensitized solar
cells using CuInS2 quantum-dots, with diameters ranging
from 2.9 to 5.3 nm and band gaps from about 1.5 to 2 eV,
and suggested to use them in “rainbow” solar cells [7].
Santra et al. [12] combined Cd(S,Se) nanoparticles with
different S:Se ratios and hence different band gaps in a
tandem solar cell and found it to be more efficient than
cells made of one kind of dots only. They also showed
that organizing identical quantum dots in layers yielded a
larger efficiency gain than a spatially random distribution.
Wang et al. [13] used colloidal PbS quantum dots with two
different sizes and band gaps (one layer with quantum dots
absorbing at 1 eV, and another absorbing at 1.6 eV) in
a tandem solar cell with a solar power conversion effi-
ciency which exceeds that of solar cells built with the
single constituents. The quantum confinement in CIGS or
CZTS quantum-dots can be further enhanced by covering
the quantum dots with a larger-band gap material in a
core/shell structure [14]. The interfaces of the nanocrys-
tals with the electron- and hole-conducting media are
clearly crucial to optimize charge-carrier extraction and
to achieve a high solar-cell efficiency [15]. Importantly, it
has been shown experimentally that quantum confinement
is preserved when the quantum dots are in contact with
an electrolyte [16].

We conclude from the discussion above that it is very
desirable to take advantage of quantum confinement to
design more efficient solar cells. CZTS nanoparticles are
particularly interesting as bulk CZTS is an excellent light
absorber, cheap, and environmentally friendly. In the fol-
lowing we will therefore focus on CZTS nanoparticles and
we will analyze the dependence of electronic and optical
properties on the nanocrystal diameter.

2 Methods and computational details

We performed first-principles calculations using many-
body perturbation theory and time-dependent density

QD

hν

sun light

crystalline absorber

Fig. 1. Multilayer solar cell: on top of a crystalline absorber
(e.g., CZTS) are deposited additional layers of quantum dots
(QD, e.g., made of CZTS) of decreasing size, embedded in a
matrix that serves as hole/electron transporting medium.

functional theory (TDDFT). In the framework of many-
body perturbation theory, the Green’s function (GW )
method [17–22], combined with the solution of the
Bethe–Salpeter equation (BSE) [18,19,22–27], is to date
one of the most reliable and versatile approaches to cal-
culate optical response functions, yielding agreement with
experiment both for solids [26–36] and finite nano-objects
[25,37–45]. Due to the strong confinement, we expect that
the localization of electrons and holes enhances excitonic
effects, which are fully accounted for in the GW+BSE
formalism. TDDFT [46] using a PBE0 hybrid exchange-
correlation functional [47] has proved to be an accurate
approach to determine neutral excitations in transition
metal molecules [48]. We decided to employ therefore
these approximation here for larger CZTS clusters, when
GW+BSE calculations become too demanding.

2.1 Geometry optimization

As a first step, we built and optimized nanopar-
ticles of different sizes of stoichiometric Cu2ZnSnS4

and Cu2ZnSnSe4, considering diameters ranging from
1.0 to 1.7 nm. The crystal structure of experimentally
synthesized CZTS nanoparticles is usually found to be
compatible with the zincblende-derived kesterite structure
[2–5]. However, metastable CZTS clusters with wurtzite
structure have been reported as well [49]. In this work,
we use as starting geometries kesterite nanoparticles, but
we allow for the possibility that the clusters undergo a
transformation to a wurtzite-like structure during geome-
try optimization. In order to determine if this is the case,
we analyze the optimized nanoparticles by calculating
their radial distribution functions (RDF) and compar-
ing to those of kesterite and wurtzite. The nanocrystals
were constructed to fulfill the following requirements: (a)
They are stoichiometric, hence charge neutral. (b) The
atoms at the nanocrystal surface have at most two dan-
gling bonds. In fact, in reference [50] it was found for ZnO
that the most stable clusters at a fixed number of atoms
and stoichiometry are those with the minimum number
of dangling bonds. We noticed that unpassivated clusters
undergo strong surface relaxations, with a strong influ-
ence on the electronic properties. In order to extract the

https://epjb.epj.org/
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effect of quantum confinement, we decided to minimize the
effect of surface reconstructions by saturating all dangling
bonds with hydrogen atoms. This choice is further moti-
vated by the fact that often CZTS films are synthesized
from precursor materials dissolved in an organic solvent
[8,51], which leads to the passivation of the nanocrys-
tal surface. Moreover, if used as quantum-dot sensitizer,
CZTS nanoparticles will be embedded in a matrix that
transports holes/electrons, possibly an organic one, which
will necessarily passivate the nanocrystal surface. More
details on the procedure to build the nanocrystals are
given in the Supplementary material.

Geometry optimizations were performed with density-
functional theory (DFT) using the program NWChem
[52]. The band gap of bulk CZTS is very sensitive to
the metal–chalcogen distance [53], and it is necessary to
go beyond (semi-)local exchange-correlation functionals to
obtain the correct bond length and band gap [53]. Hence
we used the hybrid PBE0 functional [47] for the geometry
optimization of the nanocrystals.

Gaussian basis functions were chosen to represent the
electronic wavefunctions since they are numerically effi-
cient in electronic-structure calculations for finite sys-
tems. Here, we used the double-ζ Gaussian basis set
“lanl2dz-ecp” and the associated relativistic pseudopo-
tential or effective core potential (ECP) of Dunning and
coworkers for all elements except hydrogen [54–57]. These
choices are validated by the extensive convergence studies
that we have performed in a previous work [48] for small
transition-metal molecules. Further convergence tests for
the smallest nanoparticles have been done in this work
and are reported in the Supplementary material.

All geometries were optimized until the energy
difference of two consecutive steps is below
10−6 Hartree and the maximum force is smaller than
1.8× 10−3 Hartree/Bohr. After geometry optimization,
unbound H atoms and H2 molecules (those with a
distance larger than about 2 Å from the cluster) were
removed. In some cases, a SeH2 or SH2 molecule detached
from the cluster during geometry optimization. Those
molecules were however included in the subsequent
calculation of electronic excitations (see Fig. 2).

As a final comment on the comparison and the com-
plementarity of experimental and theoretical data, we
observe that experimental measurements refer to statisti-
cal averages of quantum-dots of similar sizes, while we can
easily control the precise size of the studied nanoparticle.
On the other hand, we are here neglecting temperature
and entropic effects, which also lead to modifications of
the structure.

2.2 Quasiparticle and optical gaps from GW+BSE

Relying on the nanoparticle geometries optimized with the
PBE0 functional, we corrected the PBE0 energy levels
by performing perturbative GW (G0W0) calculations. We
proved in reference [48] that this approach provides reli-
able quasiparticle gaps of molecules containing transition
metals. We also showed in that work that a subsequent
BSE calculation yields excellent optical gaps [48].

These calculations were done using the code Fiesta
[43,45,58]. The frequency integration of the G0W0 self-
energy was performed using contour-deformation tech-
niques (no plasmon-pole approximation was made) [58].
Within the Coulomb-fitting resolution of the identity
(RI−V) approach implemented in the Fiesta pro-
gram, two-point functions were expanded in an auxiliary
Gaussian basis [58,59] with angular momentum numbers
up to l = 4. As in reference [58], we chose the exponen-
tial radial decay coefficients α of the auxiliary Gaussian
basis functions such that αi/αi+1 = constant, following
an even-tempered distribution [60]. The auxiliary basis
is then defined by the maximum and minimum coeffi-
cient and the number of different coefficients. We chose as
minimum and maximum coefficient twice the minimum
and maximum coefficients of the DFT basis, thus span-
ning the product space of radial basis functions. Such a
methodology and bases were carefully tested in a pre-
vious study of small transition-metal clusters [48]. We
used an auxiliary basis of six radial functions per angu-
lar momentum for Cu and Zn, and of four for the other
elements.

Whereas in crystalline CZTS excitonic effects have
almost no influence on the band gap [61–65], in small
clusters the excitonic binding energy is expected to be
much stronger than in the crystal. We therefore included
excitonic effects in the calculation of optical band gaps
by solving the BSE [66], always using the code Fiesta.
The full Bethe–Salpeter Hamiltonian was built including
coupling terms (i.e., no Tamm–Dancoff approximation).
Seven occupied and seven unoccupied states were included
when building the Bethe–Salpeter Hamiltonian to obtain
the lowest 12 electronic excitations. This choice is well-
justified for small clusters, whereas it is possible that for
large clusters, this number may be too small to yield fully
converged excitonic states, which could lead to a small
error in the optical gaps.

Concerning the Kohn–Sham basis used to generate the
eigenstates needed to perform the GW and BSE calcu-
lations, the lanl2dz-ecp basis is small enough to allow us
to carry out the G0W0+BSE calculations for nanocrys-
tal sizes approaching or bridging the experimental range.
However, this basis is a trade-off between speed and accu-
racy. The lanl2dz-ecp basis yields G0W0 quasiparticle
energy gaps that are 0.1 to 0.2 eV too large due to basis
incompleteness, compared to the augmented double-zeta
Gaussian basis set “sbkjc-vdz-ecp” of references [67–69],
associated with the corresponding “sbkjc-ecp” pseudopo-
tentials, used in our previous work [48], which already
contains a finite-size error of ≈0.1 eV. In total we hence
estimate a maximum of ≈0.3 eV as the basis-size related
error in the quasiparticle gaps. The optical gaps obtained
with the BSE might inherit this error. As we show in the
Supplementary material, the error in the optical gaps is
actually smaller then this estimate, it is only about 0.1–
0.2 eV. We also observe that convergence issues are more
critical for the smallest clusters, and we expect therefore
that this is an upper limit to the convergence error. In
fact, since Gaussian atomic basis orbitals may extend well
beyond the second-nearest neighbors, the basis centered
on a given atom can be significantly enriched if several
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Fig. 2. Optimized geometry of the smallest and the largest
(CZTSe)n cluster considered (n = 3 and n = 15, respectively).

shells of neighbors are present, explaining a faster con-
vergence in larger systems. It is therefore expected that
the accuracy improves further for larger nanoparticle size,
for which unfortunately convergence tests are computa-
tionally much more demanding. We also emphasize that
we are mainly interested in establishing reliable trends,
namely the evolution of the quasiparticle and optical gaps
with increasing cluster radii. The convergence studies are
discussed in the Supplementary material.

Semicore electrons must be included in the calculation
of the GW self-energy if their wavefunctions spatially
overlap with the upper valence orbitals [70]. This usu-
ally happens for semicore states that belong to the same
electronic shell, as for example in the case of the 3s and
3p states of Cu [71–73] and Zn [74]. In CZTS the band
edges are formed by Cu 3d states, S 3p or Se 4p states,
and Sn 5s states [75–77]. These are the states we need to
treat accurately. Hence, we included the 3s, 3p, 3d, and
4s electrons of Cu, the 3d and 4s electrons of Zn, the 4s
and 4p electrons of Se, the 3s and 3p electrons of S, and
the 5s and 5p electrons of Sn as valence electrons in the
calculation.

2.3 Dependence of the optical gap on the
quantum-dot size

Optical gaps from TDDFT

Alternatively, excitonic effects can be included in the
calculation of optical properties using TDDFT, which
is computationally more efficient than the GW+BSE
approach, and it is known to give absorption spectra of
comparable quality for molecules when properly tuned
global or range-separated hybrids are used to capture the
non-local electron–hole interaction [78,79]. However, the
use of TDDFT for transition metal clusters has not been
explored extensively yet. In a previous work, we found
that TDDFT using an adiabatic approximation of the
PBE0 hybrid functional yields accurate optical gaps for
small transition-metal clusters [48]. The situation is more
complicated for solids [22,80,81], where GW+BSE cal-
culations can better describe excitonic effects. It is also
true that TDDFT using hybrid functionals can yield a
good agreement with experiments for small band gap
semiconductors with no bound excitons, such as CZTS

[75,82]. Here, we calculated optical gaps with TDDFT for
comparison with BSE@G0W0@PBE0, using the hybrid
PBE0 functional and the program NWChem. For the
nanocrystals with diameters above about 1.5 nm, only
TDDFT gaps were obtained, because of the large memory
and computation time demand of the G0W0 calcula-
tions. As for the BSE calculations, coupling terms in
the TDDFT kernel were included (i.e., no Tamm–Dancoff
approximation). In order to further limit computation
time and memory requirements, only the six lowest
TDDFT transitions were calculated, and only 100 states
(the 50 highest occupied and the 50 lowest unoccupied
ones) were allowed to contribute.

3 Discussion of results

3.1 Cluster geometries

As expected, the nanoparticles become more stable (the
absolute value of the formation enthalpy per atom
increases) with increasing size (see Figs. 3a and 3b), as the
surface/volume ratio decreases. The optimized geometries
of the nanocrystals preserve the tetrahedral coordination
present in the initial kesterite structure as well as in
the wurtzite structure. The interatomic distances in the
clusters are too distorted to resolve the second-nearest
and third-nearest neighbor peaks necessary to distin-
guish between kesterite and wurtzite phase (see also the
Supplementary material for more details). The average
coordination number (the number of neighbors in a sphere
with radius 3 Å around each atom) of Cu and Zn is much
larger (about six for the smallest clusters) than its bulk
value, whereas that of Sn, S, and Se are already close
to their bulk value, which is four for all species (see
Figs. 3c and 3d). We find that CZTS(e) nanoparticles
do not behave like covalent Si, where each atom ideally
forms four bonds. Although crystalline CZTS(e) is stable
in the kesterite structure with tetrahedral bonds like Si,
at the nanoparticle surface the atoms often form one to
seven bonds, where the additional bonds, as compared to
the crystal, are those to hydrogen atoms. This is not sur-
prising, since the elements in CZTS have different formal
valence states (from S2− or Se2− to Sn4+) and only fullfil
the octet rule if the bulk coordination is preserved, which
is not the case at the nanocrystal surfaces.

3.2 Quasiparticle and optical gaps

The HOMO and LUMO energy levels, the HOMO–LUMO
gaps, and the optical absorption onsets of [CZTS(e)]n clus-
ters as a function of the cluster diameter are depicted in
Figure 3. For the smallest clusters, the excitonic binding
energy is as large as one half of the quasiparticle gap.
We note that the excitonic binding energy is instead only
few meV in the bulk [61]. Over the range of crystallite
diameters studied here (about 1–1.5 nm), TDPBE0 gives
results for the size-dependent optical gap comparable with
BSE@G0W0@PBE0. We reached the same conclusion for
small molecules in our previous work [48]. We have hence
confirmed that TDDFT with hybrid functionals can yield

https://epjb.epj.org/
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Fig. 3. Upper row: (a) atomization energy per atom, (c) average coordination number, (e) the calculated HOMO (squares) and
LUMO (triangles) levels from G0W0, and (g) energy gaps calculated with G0W0, G0W0+BSE, and TDPBE0 as a function of the
nanoparticle diameter for Cu2ZnSnSe4 nanoparticles. Lower row: (b), (d), (f), and (h) the same for Cu2ZnSnS4 nanoparticles.
The horizontal lines in (g) and (h) are the gaps in the bulk crystal. The difference between the green and brown lines/symbols
measures the strength of excitonic effects. Experimental optical gaps are from references [8,10] for nanocrystals and from
reference [95] for the bulk. In (e) and (f), the experimental bulk valence and conduction bands of CZTSe and CZTS, respectively
[96], are shaded in blue. The experimental valence and conduction bands of TiO2 [97] and ZnTe [98] as possible electron and
hole conductors are indicated by thick vertical gray and red bars, respectively.

optical excitation energies of nanostructured Cu chalco-
genides close to those obtained with GW+BSE in a large
range of diameters.

For two large cluster geometries, TDDFT gaps are
strongly reduced compared to other clusters with simi-
lar size. This may be related to strong deviations from
the ideal kesterite structure, which we find for these clus-
ters. However, also other clusters show such strong surface
reconstruction, without obvious effects on the gaps.

The experimental optical gaps measured in refer-
ences [8,10] are shown as well. For CZTS, where more
experimental data are available, the calculated gap open-
ing is consistent with the measurements for larger crys-
tallite sizes. The size dependence of the gap was fit using
equation (2) with fit parameters listed in Table 1.

The effective-mass approximation (EMA) predicts a
1/d2 behavior for the quasiparticle gap as a function of
the nanocrystal diameter d and a decrease as

|a|/d2 − |b|/d, (1)

for the optical gap [83–86], where the first term repre-
sents the quasiparticle gap and the second the Coulomb

attraction between electron and hole. The size dependence
of effective masses and dielectric constants are neglected
in this simple model. Experimentally, the dependence of
the optical gap of PbS and PbSe quantum dots was found
to scale approximately like 1/d or 1/(d+ c) with c being
a constant [87,88]. For PbSe, a tight-binding study found
an optical gap decreasing as 1/d [89]. However, several
ab initio studies find that both the quasiparticle energy
gap and the Coulomb energy of the exciton decay softer
than the EMA predicts (as 1/dα with α < 2 for the quasi-
particle gap and α < 1 for the Coulomb energy) for Si,
GaAs and CdSe quantum dots [90,91] and PbS and PbSe
quantum dots [92]. A finite-potential effective-mass model
was successfully fit to the optical gap of CuInS2 and
other chalcopyrite nanocrystals [93]. In this case, the gap
dependence on the crystal diameter has to be determined
numerically as there is no analytical solution, but is clear
that the dependence is softer than the usual EMA with
infinite confining potential predicts. Here, we fit the size
dependence of both the quasiparticle and the optical gap
using the function

Eg(d) =
A

dα
+ E∞g , (2)

https://epjb.epj.org/
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Table 1. Fit parameters A and α with standard error for
the G0W0 and optical (TDPBE0, BSE) gaps (cf. Eq. (2)).
σ is the standard deviation of the fit data.

A (eV) α E∞g (eV) σ (eV)

CZTSe, G0W0 4.93 ± 0.28 1.50 ± 0.21 1.01 0.33
CZTSe, TDPBE0 2.25 ± 0.21 2.48 ± 0.35 1.03 0.24
CZTSe, BSE 2.16 ± 0.20 2.36 ± 0.40 1.03 0.23
CZTS, G0W0 3.88 ± 0.17 1.20 ± 0.21 1.64 0.25
CZTS, TDPBE0 1.47 ± 0.26 3.10 ± 0.89 1.61 0.38
CZTS, BSE 1.28 ± 0.17 2.44 ± 0.73 1.61 0.23

where d is the particle diameter, defined as
d = 2 3

√
3NV/4π (N and V are the number of formula

units in the cluster and the volume per formula unit in
the solid, respectively), Eg(∞) is the gap in the solid, and
A and α are fit parameters. We conclude that in principle
the dependence of the optical gap on the quantum-dot
size is more complicated than a simple power law, but
that in practice a simple power law is quite accurate
in the considered range of diameters. For fitting the
quasiparticle and optical gaps of the CZTS and CZTSe
nanoparticles, we used the calculated quasiparticle and
optical gaps of the bulk crystal, respectively, as E∞g .
The calculated quasiparticle gap of the bulk crystal was
obtained with selfconsistent GW [53], the optical one
from a BSE calculation on top of selfconsistent GW
[61]. Note that the energy differences between calculated
quasiparticle and optical gaps for the bulk crystals are
just few meV [65], which is smaller than the numerical
accuracy of our calculations.

The quasiparticle gaps decay with size more softly than
the 1/d2 law predicted by the EMA, as discussed above.
The optical gap (Eq. (1)) can be fit with a simple power
law 1/dα with a larger exponent of approximately 2 <
α < 3. The diameter dependence with an exponent α < 2
of the quasiparticle gap of CTZS nanocrystals is hence in
line with results for other semiconductors. In the case of
the optical gaps, our single exponent α > 2 for the optical
gap of CZTS is larger than those found for other semi-
conductors and also larger than predicted by the EMA.
This might point towards a faster decay of the Coulomb
energy than with α = 1, caused by a size-dependence
of the dielectric constant [94]. However, the small num-
ber of data points in a small diameter range collected in
this work forms a small statistical sample that makes it
difficult to extract a reliable exponent (see also the Sup-
plementary material). This will affect more strongly the
smaller optical gaps than the larger quasiparticle gaps.

The atomization energy per atom shows that there is
apparently no simple relation between the position of the
highest occupied and lowest unoccupied molecular orbital
(HOMO and LUMO, respectively) and the atomization
energy (stability) of the nanocrystal.

3.3 Excitonic wave functions

Whereas in bulk CZTS, the VBM is made up of Cu
d and S or Se p orbitals and the CBM is made of Sn
p orbitals, we find for the CZTS nanocrystals that the
excitonic wave functions of the electron and hole are

Fig. 4. Density isosurface (2 × 10−4 a.u.) of the (hole-
averaged) electron-distribution (left) and (electron-averaged)
hole distribution for the first excited state in a (CZTSe)12
nanocrystal, obtained with G0W0+BSE.

typically sp3-like and localized at two different Sn atoms,
so that charge transfer between different sites occurs (see
Fig. 4 for an example), justifying a posteriori the use of
a formalism (Bethe–Salpeter) that can capture long-range
electron–hole interactions. The HOMO and LUMO do not
show a preferential localization at the nanocrystal sur-
face. From the strongly localized HOMO and LUMO we
conclude that the effective mass model, which assumes
bulk-like extended wavefunctions, is not applicable here.
In fact, even for very regular, symmetric silicon nanocrys-
tals, it was observed that the EMA cannot accurately
describe the shape of the excitonic wave functions and
size dependence of the gap [90,99].

The fact that some roughness of the gap as a func-
tion of size exists, which does not correlate with the
atomization energy of the nanoparticle as depicted in
Figures 3a and 3b, leads us to assume that it is instead
related to strong reconstruction of the nanocrystal sur-
face. The HOMO and LUMO states are not always of
the same nature, so that the optical transitions do not
always occur between the same type of orbitals, which
explains the observed scattering in gaps and oscillator
strengths (for the latter, see Figs. S.4a and S.4b in the
Supplementary material).

3.4 Band gap alignment with surrounding matrix

It is outside the scope of this work to consider interfaces
between the QD and the charge-transporting media and
charge-extraction mechanisms, but it is reasonable to say
that it is important to properly align the HOMO and
LUMO levels of the sensitizing QD with those of suit-
able hole- and electron-transporting media. To that end,
we compared the calculated HOMO and LUMO levels
with experimental band edges of different materials, and
find that CZTS(e) nanoparticles are compatible with TiO2

and ZnTe as electron and hole conductors (thick vertical
red and gray bars in Figs. 3e and 3f). We note however
that fully converged calculations would yield lower-lying
quantum-dot states, especially in the case of the unoccu-
pied ones, resulting in a HOMO or valence-band maximum
below that of ZnTe and possibly also below that of other
hole conductors with a lower valence band edge.

Such a down-shift of the energy levels would not affect
electron injection from the QD into the matrix, since the

https://epjb.epj.org/
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LUMO’s of the QD’s always significantly higher in energy
than the conduction-band edges of ZnTe and TiO2. On
the contrary, the injection of a hole from the QD to the
ZnTe matrix seems more problematic, since in a few cases
the QD HOMO lies ≈1 eV above the valence-band edge of
ZnTe, a difference that cannot be compensated by better-
converged calculations that may result in lowering our
QD HOMO by an estimated 0.5 eV. However, we have
assumed a worst-case scenario such that our CZTS and
CZTSe nanocrystal band edges represent an upper limit
both with respect to convergence of the calculation and
with respect to the surface termination of the cluster and
its embedding in a hole/electron conductor, through which
the position of the HOMO and LUMO may be further
controlled [100]. Finally, we find that excitonic binding
energies are so large that electron-hole separation will be
difficult, which is typical for quantum-dot absorbers. How-
ever, in practice, the electron–hole binding energy can be
reduced by embedding the clusters in a dielectric matrix.
According to the band alignments in Figures 3e and 3f,
the electrons will have a strong drive to delocalize in
the host matrix, facilitating electron–hole separation and
extraction.

4 Conclusion

We have determined optical gaps of CZTS and CZTSe
nanocrystals between 1 and about 1.5 nm diameter,
obtaining an overall agreement with experimental data
for larger diameters. The optical gap as a function of
particle diameter follows approximately an inverse power
law with an exponent between 2 and 3, and opens up to
about 3 eV at 1 nm particle diameter. Hence, nanoclus-
ters with different diameters between 1 and 3 nm allow
light absorption in the whole visible range. The quasi-
particle gaps decrease more slowly with nanocrystal size
than the optical ones, with an exponent between 1 and 2.
For the investigated particle sizes, both G0W0+BSE and
TDDFT with a hybrid functional (TDPBE0) yield compa-
rable optical gaps, at different computational cost. If used
as a sensitizer, the positions of HOMO and LUMO of the
nanoparticles are apparently compatible with TiO2 and
ZnTe as electron and hole conductors, respectively. The
strong localization of HOMO and LUMO orbitals makes it
necessary to go beyond the effective-mass approximation.

This work was funded by the French Agence Nationale de
la Recherche (ANR) (project PANELS NR-12-BS04-0001-
02). Computer time was provided by the French Grand
Équipement National de Calcul Intensif (GENCI), the French
Centre Informatique National de’l Enseignement (CINES),
and the Advanced Research Computing High End Resource
(ARCHER). Gnuplot was used for plotting and fitting.
Molecule structures and electronic densities were visualized
with VESTA [101].
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