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In this work we investigated structural, morphological, electrical and optical properties from a
set of CZTS based thin films grown by sulphurization of metallic precursors deposited on soda lime
glass substrates. X-ray and Raman spectroscopy measurements revealed the formation of only the
Cu2ZnSnS4 phase in the films. A good crystallinity and compactness of the film was found by scan-
ning electron microscopy. The grown films are poor in copper and rich in zinc which is a composition
close to the one for the Cu2ZnSnS4 related solar cells with best reported efficiency. Electrical con-
ductivity and Hall effect measurements showed a high doping level and a strong compensation. The
temperature dependence of the free hole concentration showed that the films are non degenerated.
Photoluminescence spectroscopy showed an asymmetric broad band emission. The experimental be-
haviour under increase of excitation power or temperature can not be explained by donor-acceptor
pair transitions. A model of radiative recombination of an electron with a hole bounded to an accep-
tor level, broadened by potential fluctuations of the valence band edge was proposed. An ionization
energy for the acceptor level in the range 29 − 40meV was estimated and a value of 172 ± 2meV
was obtained for the potential fluctuation in the valence band edge.

PACS numbers: 68.55.-a, 68.37.Hk, 73.50.Jt, 78.20.-e
Keywords: Cu2ZnSnS4 Thin films; Photoluminescence; Electrical conductivity

I. INTRODUCTION

The solar cell market is dominated by cells based on sil-
icon wafers. However, due to the high materials costs and
new concepts like building integrated architecture, other
technologies have been implemented being some of these
the “second generation” thin-film approaches based on
different materials1. One of them with best record perfor-
mance is CuIn1−xGaxSe2 (CIGS) for which efficiencies of
21.1% have been measured in laboratory2. However, due
to the low availability of In and Ga in the earth’s crust,
the increasing In word demand for ITO touch-sensitive
displays and the toxicity of Se, Cu2ZnSnS4 (CZTS) in
the kesterite phase has been proposed as a candidate to
replace CIGS as the absorber layer. CZTS has an absorp-
tion coefficient over 104 cm−1 and a band gap of about
∼ 1.5 eV3–8, which make it suitable for applications in
thin film solar cells. The preparation of CZTS can be
done under vacuum conditions like in the case of the de-
position of precursors by electron-beam evaporation3,9,10

or rf magnetron sputtering4,11 and subsequent sulphur-
ization of the precursors. In alternative, the formation
of CZTS could occur under non-vacuum conditions as
for example through the sulphurization of precursors de-
posited by spray pyrolysis12,13, sol–gel method5 or sol–
gel spin–coated deposition14. In a different approach,
Friedlmeier et al15 deposited CZTS films using thermal
co-evaporation. The highest attained efficiency for CZTS
based solar cells was 6.7%16 whereas for Cu2ZnSn(S,Se)4

based solar cells was 9.6%17. To improve the efficiency of
solar cells a better understanding of the physics involved
in these materials is needed.

Photoluminescence (PL) is one of the most impor-
tant optical methods for the characterization of semi-
conductor materials with a particular relevance when
they are intended for photonic applications like solar
cells. This technique probes the electronic structure of
the semiconductor materials revealing important infor-
mations about the radiative and non-radiative recombi-
nation mechanisms present in those materials. Recent
works have shown PL characterization of different CZTS
types of samples: bulk single crystals18,19, monograin
powders20 and thin films prepared by sol-gel21. The op-
tical transitions in chalcopyrite and kesterite-type mate-
rials have been discussed regarding mainly to composi-
tional dependencies and degree of doping of the semicon-
ductor. Different types of radiative transitions have been
identified25. However, the PL emission is usually dom-
inated by donor-acceptor pair (DAP) recombinations or
by transitions involving tail states in conduction and/or
valence bands created by potential fluctuations19,22–25.

In this work, we discuss the PL observed for a CZTS
based thin films grown through the sulphurization of
metallic precursors deposited sequentially by direct cur-
rent (DC) magnetron sputtering on a soda lime glass
(SLG) coated with a molybdenum (Mo) layer. The anal-
ysis of the PL properties, including excitation power and
temperature dependencies of the broad PL band, allowed
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the comparison with existing models. Hall effect and
electrical resistivity measurements as a function of tem-
perature were also carried out to further understand the
electronic structure of the samples and to support the
comparison between both recombination models. Our
results are well described by the model of fluctuating po-
tentials.

II. MATERIAL AND METHODS

The CZTS thin films were grown by sulphurization
of metal precursors after their sequential deposition
on soda lime glass (SLG). The substrates were first
cleaned with successive ultrasound baths steps of ace-
tone/alchool/dionised water and dried with a N2 flow.
Then, a Mo bilayer (500 nm + 250 nm, target purity of
99.95%) was deposited by DC magnetron sputtering in
order to ensure both low resistivity and good adhesion
to the SLG26. Following this step, the metallic precur-
sors were deposited in Ar atmosphere and at an operat-
ing pressure of 2× 10−3 mbar according to the order: Zn
(target purity of 99.99%, thickness of the deposited layer:
260 nm), Cu (99.999%, 185 nm), Sn (99.99%, 300 nm).
The deposition power settings were 0.16− 0.38Wcm−2,
0.16Wcm−2 and 0.11− 0.16Wcm−2 for Zn, Cu and Sn,
respectively. In situ monitoring of the layer thicknesses
was done with a quartz crystal monitor. The sulphuriza-
tion was done inside a tubular furnace in a N2 +S atmo-
sphere and at an operating pressure of 5.6× 10−1 mbar.
The sulphur source was elemental sulphur pellets (purity
of 99.999%). The details of the sulphur source and sub-
strate temperatures profiles were discussed elsewhere27.
The maximum temperature attained was 5250 C. After
the sulphurization process, all samples studied in this
work were submitted to a KCN chemical treatment in
order to remove any Cu2−xS phases present.
The thicknesses of the individual metallic precursor

layers and of the CZTS layer was measured with a Veeco
Dektak 150 surface profiler. The composition of the
grown films were investigated by inductively coupled
plasma mass spectroscopy (ICP-MS) using a ICP-MS
Thermo X Series. Scanning electron microscopy (SEM)
was used to investigated the morphology of the samples
with a SEM Hitachi S4100 equipment. The structural
characterization of the samples was carried out by X-
Ray diffraction (XRD) and micro-Raman spectroscopy
(RS). XRD measurements were performed with a Philips
PW 3710 diffractometer equipped with a Cu−Kα source
(λ = 1.54060 Å). The RS spectra were recorded at room
temperature using a JobinYvon T64000 triple spectrom-
eter in the subtractive mode equipped with a charge-
coupled detector. The 514.5 nm line of an Ar+ laser was
employed as excitation energy.
PL was performed in the 5−300K range, using a FTIR

Bruker IFS 66v spectrometer. The 488 nm line of an Ar+

laser was used as excitation source and the emission from
the samples was detected with a Ge detector cooled at

liquid nitrogen temperature.
Electrical transport experiments were carried out in

order to obtain additional information about the elec-
tronic structure of the samples and to support the inter-
pretation of the PL data. Hall effect measurements were
carried out between 300 and 350K under 0.7T magnetic
field in the Van der Pauw scheme. Electrical conductiv-
ity measurements were done in a Van der Pauw config-
uration over the more extended 15− 400K temperature
range. Additionally, the type of conductivity was evalu-
ated using a hot point probe device.

III. RESULTS

In this work we studied samples with a CZTS thin
film which resulted from a process of optimization of
the growth parameters as described elsewhere27. It has
been observed that a better control of the composition
of the films is obtained if the metallic precursors layers
are deposited in the order: Mo/Zn/Cu/Sn. The tempera-
ture of sulphurization was 5250 C. The ICP-MS measure-
ments revealed for the studied samples metallic ratios of
[Cu] /([Zn]+[Sn]) = 0.9 and [Zn] / [Sn] = 1.3, which show
that the CZTS films are copper poor and have a higher
concentration of Zn when compared to Sn. These values
are close to the composition of the films that showed the
best solar cells efficiencies10,17.

The morphology of the grown films was investigated
by SEM as shown in Fig. 1. The CZTS films show good
crystallinity and compactness. However, the top surface
is quite rough mainly due to the formation of big CZTS
crystallites. The absence of faceted grains shows that the
KCN treatment removed Cu2−xS crystallites as expected.

The structural evaluation of the CZTS thin films was
done through XRD and RS measurements. In Fig. 2(a)
we show the XRD diffractogram for a CZTS film grown
on top of a Mo layer. In addition to the three peaks
related to the Mo layer several reflections were ob-
served. As discussed previously27, the latter peaks could
be related either to CZTS or β-ZnS phases29. The
identification of them as reflections due to the CZTS
phase comes after the comparison with the RS analysis
[Fig. 2(b)] in which three CZTS related peaks (287, 338
and 368 cm−1)20,27 are observed. The relative intensity of
the shoulder at 348 cm−1 is very low which suggests that
the β-ZnS phase is not present in our films. In this way,
the RS results allow us to conclude that the reflections
observed in XRD are just related to the CZTS phase and
that in our thin films we have just this phase.

From the XRDmeasurements the values of a = 5.424 Å
and c = 10.861 Å were obtained. Comparing these values
with the ones for an unstrained film, a = 5.435 Å and c =
10.843 Å, a relative shift of 0.20 and 0.17% were found for
a and c, respectively. This shows that the strain in the
cell is negligible. Also, the obtained value of c/2a = 1.001
shows that the cell is tetragonal.

The electronic structure of the CZTS samples was in-
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FIG. 1. SEM micrographs of the surface (top) and of a cross-
section (bottom) of a CZTS thin film grown by sulphurization
of metal precursors after their sequential deposition on SLG.
A KCN chemical treatment was applied to the films.

vestigated by PL spectroscopy. The low temperature PL
spectra of the CZTS thin films are shown for different val-
ues of excitation power in Fig. 3(a). The observed feature
was an asymmetric broad peak centered at 1.24±0.01 eV
which has an almost exponential increase in the low en-
ergy side and is steeper in the high energy side.
Fig. 4 shows the dependence on the excitation power of

the peak position and intensity. As the excitation power
increases the PL peak suffers a blue shift at a rate of
23.5meV per decade. Additionally, the integrated inten-
sity I of the peak follows the power law:

I ∝ Pm (1)

where P is the excitation power and m is an adjustable
parameter. Values of m < 1 are typical of recombination
mechanisms involving defects while for m > 1 the tran-
sitions are excitonic28. From the fit of Eq. (1) to data in
Fig. 4(b) a value of m = 0.99± 0.06 was obtained.
To further investigate the recombination mechanism,

PL emission was recorded as a function of sample tem-
perature [Fig. 3(b)]. The increase of the temperature
lead to the quenching of the PL intensity and a shift of
the peak position to lower energies by ∼ 24meV in the
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FIG. 2. XRD diffractogram (a) and Raman spectrum (b)
obtained for a CZTS thin film grown over a Mo layer. The
identification of the CZTS phase and Mo layer related reflec-
tions in the diffractogram was made after the comparison of
XRD and RS measurements.

range 5 − 160K [Fig. 5(a)]. The dependence on tem-
perature of the PL intensity is shown in the Arrhenius
plot of Fig. 5(b) in which it is visible a slow decrease
for T . 35K and a stronger one for higher tempera-
tures. The experimental behaviour is interpreted by the
thermal activation of non radiative channels. Different
models were considered and the best fit to the data was
obtained considering two non radiative channels, param-
eterized by two activation energies E1 and E2 according
to the dependance30:

I(T ) = I0

(
1 + c1 e

−E1/kBT + c2 e
−E2/kBT

)−1

(2)

where I0 is the intensity extrapolated to T = 0K and kB
is the Boltzamann constant. The above equation reflects
the Maxwell-Boltzmann distribution of excitons/charged
carriers between the ground state and higher energy lev-
els. The parameters c1 and c2 are proportional to the
corresponding degeneracy factor ratios between the cor-
responding level and the ground state. The fitting pa-
rameters are presented in Table I.

Electrical transport experiments were carried out in
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FIG. 3. Photoluminescence of a CZTS thin film for different
values of: a) excitation power; b) temperature. The values of
the excitation power were normalized to the maximum one.
The excitation was done with the 488 nm line of an Ar+ laser.

TABLE I. Fitting parameters of Eq. (2) to the temperature
dependence of the emission intensity.

I0 c1 E1 (meV) c2 E2 (meV)

0.0314± 0.0007 2.3± 0.5 4.1± 0.7 405± 261 40± 6

different temperature ranges. While the electrical con-
ductivity measurements were done in the 16 to 350K
range, Hall effect measurements were only possible in the
300 to 350K range due the very low Hall mobility of the
carriers and their very high concentration. Fig. 6 shows
the temperature dependence of the electrical conductiv-
ity, Hall concentration and Hall mobility of the CZTS
thin film.

Two types of conductivity mechanisms are usually ob-
served in semiconductor samples. At high temperatures
the conductivity can be described by free charge carriers.
On the other hand, at low temperatures, the conductiv-
ity is explained in terms of hopping conduction associ-
ated with defects in the gap of the material. In Fig. 6
three temperature zones were observed: zone I, between
350 and 150K, where free charge carriers dominate the
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FIG. 4. Dependence on the excitation power of peak energy
(a)) and PL intensity (b)). The excitation was done with the
488 nm line of an Ar+ laser. The excitation power values were
normalized to the maximum one. The data in parts a) and b)
were fitted by a linear equation and by Eq. (1), respectively.

conductivity; zone II, between 150 and 50K, where the
above two mechanisms are involved; and zone III, for
T < 50K, where the conductivity is dominated by the
hopping mechanism. In order to obtain values for the
parameters relevant for the interpretation of PL data,
such as ionization energy of the acceptor level, density of
acceptors and donors, degree of compensation and free
hole concentration, we will concentrate here in the anal-
ysis of the high temperature zone.

At high temperatures, zone I, the electrical conduc-
tivity of polycrystals is dominated by the thermal emis-
sion of carriers over the grain potential barriers (GPB).
The temperature dependence of the electrical conductiv-
ity can then be expressed as31:

σ(T ) = e
(
µ0 e

−ϕ/kBT
)
p(T ) (3)

where e is the electron charge, µ0 is a quantity with units
of mobility and related to the average overall grain size in
the sample, the exponential factor describes the thermal
activation of the carriers mobility flowing over the GPB
with height ϕ and p(T ) is the temperature dependent of
free holes concentration. The use of this model based on
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FIG. 5. Dependence on the temperature of peak energy (a))
and PL intensity (b)). The excitation was done with the
488 nm line of an Ar+ laser for an excitation power of 21mW.
The data in graphs a) and b) were fitted with a linear equation
and Eq. (2), respectively.
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FIG. 6. Temperature dependence of the electrical conduc-
tivity. The data on the high temperature region was fitted
with Eq. (5). The Hall concentration and Hall mobility of the
polycrystalline CZTS thin film in the 300 − 350K region is
shown in the inset.

p-type conduction is justified by previous hot point probe
measurements that showed a conduction by free holes7.

As shown in the inset of Fig. 6, the mobility of free
holes is almost independent of the temperature. This
result suggest that the free holes have enough energy
to flow over the GPB. Therefore, the temperature de-
pendence of conductivity in the high temperature zone,
where the hopping conduction is not influential, is ruled
by the temperature dependence of the free holes concen-
tration in the bulk of the grains.

Considering that the sample is p-type with a domi-
nant acceptor and compensated by donors, the free hole
concentration can be written as32:

p(T ) =
1

2

(
gA1

gA0

N∗
v eαA/kB T 3/2 e−EA0

/kBT +ND

)
√√√√√1 +

4
gA1

gA0
N∗

v eαA/kB T 3/2 e−EA0
/kBT (NA −ND)(

gA1

gA0
N∗

v eαA/kB T 3/2 e−EA0
/kBT +ND

)2 − 1

 (4)

where ND is the concentration of ionized donors, NA

the concentration of ionized acceptors, gA0 and gA1

are the degeneracy factors of the acceptor, N∗
v =

2(2πm∗KB)
3/2/h3 with m∗ being the effective mass of

the holes in the valence band, and EA(T ) = EA0 − αA T
is the thermal ionization energy of the acceptor. (acho
que falta definir o que são A0 e A1-estado fundamental e
excitado do aceitador?)

Due to the narrow temperature range of the Hall ef-
fect measurements and the dispersion of the free hole
concentration data (inset in Fig. 6), we extracted the
relevant transport parameters by the fitting of Eq. (3),
with p(T ) given by Eq. (4), to the electrical conduc-
tivity data. The values of NA = 2.04 × 1020 cm−3,

K = ND/NA = 98%, EA0 = 29meV and the prefac-

tor gA0/gA1 N
∗
v eαA/kB = 5.44 × 1016 cm−3 K−3/2 were

obtained from the fit. From the obtained values we see
that the CZTS film is heavily doped and the degree of
compensation is very high (98%). The obtained fit shows
also that the carriers mobility in the sample can be con-
sidered as not thermally activated in agreement with the
constant mean value of the Hall mobility data shown in
the insert of Fig. 6.

Finally, we must stress that the dependence on tem-
perature of the electrical conductivity was fitted consid-
ering just the dependence on temperature for the hole
concentration [Eq. (4)]. This behaviour is typical of a
non degenerate semiconductor.
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IV. DISCUSSION

XRD, RS and SEM measurements shown the forma-
tion of only the CZTS phase after the sulphurization of
the deposited precursors. Additionally, the KCN treat-
ment was successful in the removal of Cu2−xS phases
as expected. The composition investigation by ICP-MS
measurements revealed a metallic ratio that corresponds
to a CZTS thin film copper poor. In previous hot point
probe measurements a p-type conductivity have been ob-
served for these samples7.
The emission observed in photoluminescence corre-

spond to an asymmetric broad band with a peak at
1.236 eV and full width at half maximum of ∼ 0.17 eV
which is separated from the assumed band gap energy
(∼ 1.5 eV) for the undopped CZTS by ∼ 0.26 eV. No
other bands were observed in the spectral region under
study. Broad bands with similar shape and peak posi-
tions in the same energy range have been observed by
other authors18–21. To our knowledge, this is the first
time this emission is observed in CZTS thin films pre-
pared by sulphurization of precursors.
In chalcopyrite and kesterite/stannite-type semicon-

ductors different optical transitions involving excitons
or charge carriers bound to levels introduced by defects
have been observed19,22–25. Usually, the PL emission in
this materials is dominated by radiative recombinations
in donor-acceptor pairs (DAP) or involving tail states
created by fluctuating potentials. The appearance of
each one of these types of radiative transitions depends
mainly on the level of doping of the semiconductor. For
DAP transitions, the level of doping is low which results
in point defects distributed randomly in the material33.
The transitions involve charge carriers bound to donor
and acceptor discrete levels in the band gap. When shal-
low donor and acceptors are involved, the characteris-
tics of DAP transitions for experiments in steady state
are a low coupling to the lattice which allows the reso-
lution of no-phonon and phonon related bands, a mod-
erate blue shift with the increase of the excitation power
and a blue shift with increasing temperature23,24. On
the other hand, for highly doped and compensated semi-
conductors, the model of fluctuating potentials as been
proposed38,40–42. In this model, tail states in conduction
and/or valence bands appears as a consequence of po-
tential fluctuations created by a large concentration of
impurities, most of them charged. The average distance
between impurities is lower than the Bohr radius of an
impurity state and, as a consequence, the impurity levels
suffer a broadening. The Coulomb potential created by
each impurity is screened by free charge carriers. In the
case of donors, the screening radius is given by:

r0 =
(π
3

)1/6 ( ae
4n1/3

)1/2

, (5)

being ae the Bohr radius of a donor state and n the den-
sity of free electrons. The density of states do not vanish

at the edge of the respective band but forms tails in the
band gap. The potential wells created by the above dis-
tribution of impurities can be characterized on average
by r0 and a root mean square depth γ which, for the case
of the conduction band, is given by:

γ =
√
2π

e2

ϵ r0

√
Nd r30 , (6)

where ϵ is the permittivity of the semiconductor and Nd

is the concentration of donors. The increase of the level
of compensation will result in the lowering of the density
of free carriers with a consequent increase of r0 and γ.

Usually, for direct band gap semiconductors the elec-
trons have an effective mass much lower than the effective
mass of the holes, me ≪ mh. In that case, the ground en-
ergy level of a hole is much more deep than for a electron
in a similar potential well. This is due to the inverse pro-
portionality between the energy of localization and the
effective mass of the charge carrier (ε0 = ~2/m∗ r0). As a
consequence, the density of states tail in the valence band
will have a much higher influence in PL. Recently43, it
was calculated an effective electron mass of me ∼ 0.18m0

for CZTS whereas for the effective hole mass a strong
anisotropy was founded. In any case, the effective hole
mass should be higher than the electron effective mass.

In the case of strong compensation, heavily doped
semiconductors may be non-degenerate42. Localized
states associated with single acceptors with ionization
energy EI will be created in the band gap due to the
large effective mass of the hole. The broadening of these
acceptor levels is parameterized by γ.

The optical pumping of the semiconductor will cre-
ate non-equilibrium free electrons and holes which can
recombine through different radiative and non radiative
channels. However, they will be predominantly captured
in the tails in both bands or by the acceptor levels in the
case of the holes. Several type of transitions have been
discussed in the framework of the model of fluctuating
potentials. The behaviour foreseen under the change of
temperature or excitation power is not unique depend-
ing of the particular type of transition considered. In
the case of non degenerate heavily doped and strongly
compensated semiconductors, the PL peak should shift
to lower energies with the increase of the temperature
and shift to higher energies with the increase of the exci-
tation power42. On the other hand, the intensity of the
emission in the low energy side for the radiative recom-
bination of an electron with a hole bound to an acceptor
level, is given by

ILE(hν) ∝
1

γ
exp

(
− (Eg − EI − hν)2

2 γ2

)
(7)

where Eg is the band gap energy of the the doped semi-
conductor. This equation follows the density of states of
the valence band tail. Eg could be related to the band
gap of the undoped semiconductor, E0

g = E0
c − E0

v, by



7

Eg = E0

g − γe − γh −∆E (8)

where γe = E0
c − Ec, γh = Ev − E0

v (Ec and Ev are the
percolation levels) and ∆E describes the carrier density
narrowing of the band gap. Eq. 8 shows that the band
gap energy decreases after the doping.
The obtained PL spectra (Fig. 3) show that the emis-

sion has approximately the same shape for all temper-
atures and excitation powers and no other bands could
be identified. This bahaviour suggests the same type of
radiative transitions in the studied ranges of tempera-
ture and excitation powers. The PL measurements have
shown a shift to higher energies as the excitation power
was increased [Fig. 4(a)] and a shift to lower energies with
the increase of the temperature [Fig. 5(a)]. This experi-
mental behaviour is in contradition to the one observed
for DAP-type transitions23,24 but in accordance with the
above theoretical model. A similar shift was observed in
CIGS23.
The performed electrical conductivity measurements

showed that the CZTS thin films are heavily doped and
strongly compensated. Additionally, the fit to the elec-
trical conductivity in Fig. 6 shown that the free hole con-
centration has a dependence on the temperature which is
an evidence for the non degenerate character of the films.
In this way, the electrical measurements support clearly
the used model for the interpretation of the PL emission.
The increase of the temperature revealed a small de-

crease of the PL intensity for T . 35K and a stronger
quenching for higher temperatures [Fig. 5(b)]. This de-
pendance was modeled by the thermal activation of non
radiative channels parameterized by the activation ener-
gies of E1 = 4.1 ± 0.7meV and E2 = 40 ± 6meV. The
non radiative channel for lower temperatures could be
related to the release of the electron from superficial po-
tential wells. This is compatible with the small depth
of tails in the conduction band due to the small electron
effective mass and with the non degenerate character of
the studied CZTS films. The non radiative mechanism
for higher temperatures was attributed to the release of
the holes from the acceptor levels to the valence band.
Also, the obtained value of c2 = 405± 261 suggests that
the excited level involved in the non radiative channel
has a much higher degeneracy factor than the radiative
level. In this way, the ionization energy of the accep-
tor levels is E2 = 40 ± 6meV. This ionization energy is
also compatible with the activation energy obtained for
the acceptor levels considered in the fit of the electrical
conductivity shown in Fig. 6.
Taking the spectrum obtained for 5K in Fig. 3(b), we

performed the fit of Eq. 7 to the intensity of the emission
in the range 0.80 < hν < 1.18 eV. The obtained values
for the parameters are Eg − EI = 1.412 ± 0.008 eV and
γ = 0.172 ± 0.002 eV. If we consider for EI the value of
the activation energy (E2 = 40 ± 6meV) in the higher
temperatures regime obtained from the temperature de-
pendence of the PL intensity [Fig. 5], the estimated value

for the band gap of the doped material is 1.452±0.014 eV.
The value for γ is high as expected for a strongly compen-
sated semiconductor and from the shift of the maximum
of intensity relatively to the value of the band gap for
the undoped material (∼ 1.5 eV)3–8. Finally, the fact
that the low energy side of the emission reproduce the
density of states tail in the valence band shows that the
distribution of impurities is correlated40.

The increase of the excitation power at low tempera-
tures results in a shift of ∼ 23.5meV per decade to higher
energies [Fig. 4(a)]. This value is clearly higher than the
ones typically observed for transitions described by the
DAP-type transitions23,24. This shift is in accordance
with the type of radiative transitions proposed for the PL
emission42. As shown in Fig. 4(b), the dependance on the
excitation power of the PL intensity shows an exponent
of m = 0.99± 0.06. In heavily doped and strongly com-
pensated semiconductors, the impurity levels are broad-
ened which will hinder the formation of excitons40. The
intermediate value of m between the typical values for re-
combination mechanisms involving defects and excitons
can be explained by the absence of the electron in a defect
level.

We must recall that the composition evaluation gave
a ratio [Cu] /([Zn] + [Sn]) = 0.9. In Cu poor CIGS23

and CuxGaySe2
24, it was also observed optical transitions

described by the model of fluctuating potentials, which
also supports the above interpretation of our results.

V. CONCLUSIONS

The sulphurization of metallic precursors gave rise to
the formation of single phase thin CZTS films grown on
SLG substrates with kesterite structure. The thin films
were poor in copper and rich in zinc, close to the compo-
sition of the CZTS films in the solar cells with the best re-
ported efficiency. Electrical conductivity measurements
revealed heavily doped and highly compensated films.
For the mobility of free holes an almost independence
of the temperature was found. The grown films showed
a non degenerate character. A broad and asymmetric
band, with peak energy at 1.24 ± 0.01 eV, was observed
in PL measurements, which shifted to higher energies
with the increase of excitation power and to lower ener-
gies as the temperature was increased. A model of radia-
tive recombination of an electron with a hole bounded to
an acceptor level with a broadening parameterized by a
fluctuation γ was proposed. The ionization energy of the
acceptor level was estimated in the range 29 − 40meV
whereas a value of 172± 2meV was obtained for the po-
tential fluctuation in the valence band edge.
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Semicond. Sci. Technol. 24, 105013 (2009).

8 J. P. Leitão, N. M. Santos, P. A. Fernandes, P. M. P. Sa-
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