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The substitution of Sn with Ge is one of the promising approaches to fabricate high-efficiency CuZnSn;.
xGexS(e)s (CZTGS(e)) thin-film solar cells, especially for the multijunction or bandgap-graded solar cells.
However the evolution of structure and optical properties of CZTGS(e) in a wide composition range
(0 < x < 1) hasn't been researched and elucidated systematically. In this paper, CZTGS(e) films were
synthesized by selenizing or sulphidising oxide precursors, and their optical, componential and struc-
tural property were investigated by absorption spectroscopy, scanning electron microscopy and X-ray
diffraction (XRD)/Raman, respectively. The insertion of germanium into the lattice of Cu,ZnSnS(e)s

K ds:

Cz;v:gnj GeS(e)a (CZTS(e)) is verified by relevant XRD peaks and Raman vibrational modes, as both of them shift towards
Thin ﬁ]m_:( * higher diffraction angles and wave-numbers respectively. Besides, the spectrum of absorption revealed
Band gap engineer that the bandgap of CZTGS(e) can be widely adjusted between 0.96 and 2.0 eV. The preliminary solar cells
Germanium show that the Voc increases with the increase of bandgap, while the Jsc exhibits opposite tendency. This

can be expected to be applied in full solar spectrum absorption.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Recently, CuyZnSn_xGexS(e)4 (CZTGS(e)) thin films have drawn
great attention as an absorber materials for solar cells, due to the
earth-abundant and low-cost constituent materials [1]. A champion
efficiency (up to 12.6%) device has been created by using
CuyZnSn(SxSe1.x)4 (CZTSSe) absorber material [2]. However, it is
still far from the 22.6% achieved for Cu(In,Ga)Se; (CIGSe) solar cells,
lets alone the maximum efficiency (31%) limited by the theory of
Shockley and Queisser [3,4]. The CIGSSe thin films with gradient
bandgap are mainly engineered by changing S/Se or Ga/In ratios,
which has been proven as an important way to improve the
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performance of CIGSSe solar cells [5,6]. Similarly, the bandgap of
CZTGS(e)-based thin films grading can possibly be achieved by two
ways, as seen in Fig. 1. First, through adjusting the S/Se ratio, the
CupZnSn(SxSeq.x)4 (CZTSSe) and CuyZnGe(SxSeq.x)4 (CZGSSe) thin
films have an adjustable direct bandgap with range of (1.0—1.5 eV)
and (1.5—2.0 eV), respectively [7—10]. However, taking control of
the bandgap value precisely via adjusting the S/Se ratio is chal-
lenging, due to the high volatility of elements (S and Se). Another
promising strategy for tailoring the band gap is partial substitution
of tin (Sn) with germanium (Ge) in the CZTS(e) lattice, which is the
same principle as using gallium (Ga) to take the place of indium (In)
in CIGSSe. Similarly, element Sn can be replaced by an isoelectronic
and lower atomic number element (Ge). It will tune the band gap
primarily through modification of the IV-VI sp-orbital anti-bonding
of the conduction band edge. For example, the bandgap of CZTGSe
and CZTGS films can be tuned feasibly with range of (1.0—1.5 eV)
and (1.5—2.0 eV) through changing Sn/Ge ratio, which can avoid the
rough control of the S/Se ratio during annealing [ 11—13]. In addition
to band gap tuning, CZTGS(e) has also been suggested to modify the
formation of unfavorable defects, because Ge!V* also has the benefit
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Fig. 1. Schematic diagram for engineering the band gap of CZTGS(e) thin films by
adjusting Sn/Ge or S/Se ratios.

of being less likely than Sn'V* to bring a transformation in oxidation
state when the device operates [11,14].

To date, many researchers have reported the engineering of the
band gap of CZTGS(e) thin films by adjusting Sn/Ge ratios [15,16].
However, most of them only tune the band gap in a narrow range
(0.5eV), e.g. 1.0eV (CZTSe) ~ 1.5eV (CZGSe), 1.5eV (CZTS) ~ 2.0eV
(CZGS), as well as fixed value. For instance, Grossberg et al. [16]
have observed a continuous change from 0.955 eV to 1.364 eV of
the PL in CZTGSe compounds with various Ge/Sn ratios. Both Mitzi
et al. [11], Kim et al. [17], Neuschitzer et al. [18] and Khadka et al.
[19] have presented the enhancement of CZTGSSe devices perfor-
mance by using fixed Ge content absorber. Kim et al. [12] have
synthesized bandgap-graded CZTGS thin films by varying the Ge
content. However, the reported data on wide range (1.0—2.0eV)
tuning of band gap through Ge/Sn ratios in CZTGS(e) films are quite
meager. Khadka et al. [20] have prepared CZTGS(e) thin films
through the spray-based deposition method. The band gap energy
of postsulfurized CZTGS thin films and postselenized CZTGSe thin
films shows 1.51—1.91eV and 1.07—1.44eV, respectively. But there is
still lacking systematic studies on preparation and properties of
CZTGS(e) thin film with wide tunable band gap (different Ge/Sn
ratios) using other method, which are expected to improve the
performance of device effectively.

In this work, the CZTGS(e) thin films were synthesized by
selenizing or sulphidising oxide precursors. The oxide nano-
particles were first employed in these Ge-substituted CZTGS(e) thin
films, as it has a great degree control of the ingredient ratio of the
final thin films. In addition, the oxides (e.g. GeO,) are stable either
in air or moisture condition, which can avoid using the typical
hazardous, moisture sensitive germanium precursor (e.g.GeCly)
and expensive sputtered Ge metal layers [21—23]. The effects of Ge
on the compositional, structural and optical properties of CZTGS(e)
thin films were revealed. The preliminary CZTSe, CZTS and CZGS
devices with different bandgap show efficiency of 3.4%, 3.08% and
0.7% respectively. The effects of bandgap on the Voc and Jsc were
also discussed, which are expected to use in high efficient graded-
bandgap single-junction or multi-junction solar cell in the further
studies.

2. Experimental

First of all, the required mass of metal salts were mixed and
grounded with excess ammonium bicarbonate (0.1mol) until to

form uniform distributions of metal elements. Then the mixture
was baked at 380 °C for about an hour to get oxide powders. The
metal salts were 0.01 mol Zn(NOs),-6H30, (0.01-x) mol SnCy04, X
mol GeO, and 0.02 mol Cu(NOs3);-3H,0 (Cu/Zn/Sn/Ge ratio = 2/1/
(1-100x)/100x), where Ge content is x = 0, 0.0025, 0.005, 0.0075,
0.01 mol. After that, the mixing oxide nanoparticles were dispersed
in ethanol, forming a uniform oxides ink. The ink contained
germanium dioxide used in this work is nontoxic and air & mois-
ture stable, which is stored for several months. Secondly, the oxides
were coated on the soda lime glass substrates with doctor blade
process. Finally, the oxides films were sulfurized at 550 °C for
30min under vacuum condition (base ~10~'Pa) and adopted solid S
as the source of S vapor. To prepare CZTGSe thin films, the sulfu-
rized CZTGS thin films were sequentially selenized with Se vapor
under flowing Ar. The selenization temperature was fixed at 580 °C
for 30 min, keeping the heating rate fixed at 50 K/min. To reach the
target temperature, the samples will go through low temperature
annealing within 11 min.

After the CZTGS(e) thin films were deposited on molybdenum
coated glass substrate, photovoltaic devices were completed by the
chemical bath deposition of CdS, sputtering of i-ZnO (50 nm),
Zn0:Al (400 nm) and silver paint as the top electrode. The CZTGS(e)
thin film composition for the cell performance measurement were
fixed at approximately Cu/(Zn + Sn + Ge) = 0.8 and Zn/
(Sn + Ge) = 1.2

The XRD method (D/Max-rA) was used to identify the lattice
structure of the CZTGS(e) films. A field emission scanning electron
microscope (FESEM, JEOL-JSM-6700F) was applied to observe the
morphology of the CZTGS(e) films. A spectrophotometer was used
for recording the optical absorption spectrum of the CZTGS(e) films.
The chemical composition of the CZTGS(e) films was identified by
EDX (Energy Dispersive X-Ray Spectroscopy, energy 20 keV). The
Raman spectra of the CZTGS(e) films were measured at room
temperature via a LABRAM-HR micro-Raman system with a laser
source of 514 nm. The performances of the devices were tested
under standard AM1.5 conditions (100 mW/cm?; 25 °C). The
external quantum efficiency (EQE) of devices was characterized
using an incident PCE measurement unit (PV measurement, Inc.,
USA).

3. Results and discussions

Table 1 shows the elemental composition obtained from EDX for
oxide precursors thin films, sulfurized CZTGS thin films and sele-
nized CZTGSe thin films with different Ge content. Accounting that
the measured values of EDX contain +5% errors, for all films, the Cu:
Zn: Sn: Ge ratio is no less than the proportion of the initial mate-
rials, the quantity of the constituent elements remains nearly the
same even after powder synthesis and annealing process. There-
fore, the oxides-based route is considered as one of facile process
for CZTGS(e) thin films with controllable composition.

For the annealed thin films, it can be observed that there is a
similar step of Ge/Sn ratio (Ge replace Sn) in both CZTGS and
CZTGSe thin films when the initial composition of CuyZnSn;-xGexOy
varies X from 0 to 1 with a step of 0.25, as presented in Table 1. From
the literature, it is easy to take place a significant loss of Sn or Ge in
the annealing (sulfurization or selenization) process because the Sn
sulfides/selenides (SnS/SnSe) or Ge sulfides/selenides (GeS/GeSe)
will form high pressure vapor at high processing temperature
[24,25]. In our previous work, the loss of tin was alleviated during
the synthesis of CZTS thin films, which was attributed to the sta-
bility of oxides [26]. The control of Sn plays an important role in the
preparation of CZTS material for solar cell. During the high tem-
perature annealing steps, Sn not only exists in solid state CZTS films
but also gas state SnS. The high volatility of SnS makes it hard to
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Table 1

Element composition of oxides precursor thin film, CZTGS thin films and CZTGSe thin films with different Ge content measured by EDX.
Raw materials Cu (at%) Zn (at%) Sn (at%) Ge (at%) O(at%) S (at%) Se (at%)
CZTOx 16.88 8.37 8.50 - 66.24 — -
CZT0.75Go.250x 17.70 9.15 6.67 217 64.31 - -
CZTo.5Go.50x 18.83 9.58 4.52 4.51 62.56 — —
CZT025Go750x 18.44 9.63 235 7.03 62.56 - -
CZGOy 20.97 10.22 — 10.96 57.85 — —
CZTS4 25.52 12.43 12.75 — — 49.31 —
CZT0.75G02554 25.21 12.90 943 3.25 — 49.22 —
CZT05Go.554 24.81 12.58 6.25 6.80 - 49,58 -
CZT0.25G0.7554 25.07 11.82 2.94 11.42 — 48.75 -
CZGS4 25.30 12.03 — 12.76 — 4991 —
CZTSe4 26.68 12.74 12.35 - - 2.62 45.61
CZTo75Go255€4 26.59 12.69 9.80 2.60 - 257 4575
CZTo5Go55€4 24.96 13.50 6.70 5.79 — 2.53 46.51
CZTo25Go.755€4 25.22 12.95 3.30 9.48 — 2,61 46.45
CZGSe4 25.34 13.64 — 11.72 - 1.96 47.33

precisely control Sn. Once the SnS losses from the solid thin films, it
will lead to ZnS and CusS secondary phases in the CZTS thin films. So
the controllable Sn losses are critical for CZTS growth. Here, we
proposed a model for our oxides routes to explain the role of Sn in
CZTS growth, as shown in Fig. 2. The stability of SnO, is relative
higher than that of CuO and ZnO. At the low sulfurization tem-
perature, CuO and ZnO were preferentially converted into CuS and
ZnS respectively (Fig. 2(b)). As the temperature increases to high
temperature, the SnO; begin to convert into SnS, (Fig. 2(c)). The
resulted SnS; was immediately surrounded and reacted with the
abundant CuS and ZnS, forming CZTS phase. Therefore, the losses of
Sn can be eliminated using such an oxides route. Fortunately, such a
great degree of composition (especially Sn and Ge) control was also
observed in the Ge-alloyed CZTGS or CZTGSe thin films in this work.

It is also noted that no oxygen content is detectable within the
limit of EDX analysis, indicating that the oxides were completely
converted into sulfides or selenium after the sulfurization or sele-
nization process. A comprehensive analysis was tested by using XPS
(X-ray photoelectron spectroscopy) in our previous [26], which also
provided a support to affirm the absence of oxygen in the annealed
films. From the perspective of bond energy, oxygen seems to be
hard to convert into sulfides or selenium under equilibrium state.
Because the bond dissociation energy of Ge-O (~657.5 kJ/mol) is
higher than those of Ge-S (~534 kJ/mol) and Ge-Se (~484.7 kJ/mol).
Also, Sn related bonds show similar tendency. However, the films
were suffered from non-equilibrium condition during sulfurization
or selenization in this work. The films were annealed at high
temperature under S or Se vapor. One side, the high temperature
will provide sufficient energy for the reaction. On the other hand,
the vapor pressure will rise as the increase of temperature in the
close reactor. The ultra-high vapor pressure make the reaction is in
the non-equilibrium state. This will promote the reaction. When
the sulfurization or selenization were completed, the sulfur content
in the sulfurized CZTGS thin films were 48.75—49.91 at% ([S]/metals
were 95—99%). However, after the selenization of CZTGS thin films,
the sulfur content was rapidly decreased to 1.96—2.62 at%, while

Low temperature
sulfurization

(b) Mixed binary sulfide and oxide
(™ Mixed CuS & ZnS @ Sn0O,)

(a) Mixed oxides precursor
(®@Cu0 ®ZnO ® Sn0O,)

High temperature
sulfurization

selenium content was significantly increased to 45.61—47.33 at%
([Se + S]/metals were 93—97%). Both [S]/metal and [Se -+ S]/metals
are slightly lower than ideal value (100%), indicating the formation
of S or Se vacancy. This can be explained by the fact that when
sulfur or selenium pressure is low during the cooling process, some
of the lattice sulfur or selenium may be released in the form of
sulfur or selenium vapor, thus leaving sulfur or selenium vacancies.
It should be noted that sulfur was nearly replaced by selenium
during selenization of CZTGS, and only minor concentrations of S
left in the crystal lattice. So “CZTGSe’ was used for the selenized
sample throughout this paper. Therefore, such an oxides-based
route can be used to prepare pure CZTGS(e) thin films and keep
the metal elements in the control after the high temperature
annealing.

The XRD patterns of the Cu,Zn(Sny.xGex)Seq and CuyZn(Snj.
xGex)S4 thin films, whose Ge/(Sn + Ge) ratio varies from 0 to 1
with a step of 0.25, are shown in Fig. 3(a). The primary diffraction
peaks of the as prepared CZTS/CZGS and CZTSe/CZGSe thin films
match well with those of the standard diffraction peaks (JCPDS 25-
0327 for CZGS, JCPDS 26-0575 for CZTS, JCPDS 52-0868 for CZTSe,
and JCPDS 52-0867 for CZGSe, respectively). And three dominating
peaks (112), (220)/(204) and (312)/(116) were observed in the XRD
patterns of all samples. Besides, those XRD peaks of selenized
sample CZTGSe are sharper and higher than that of sulfurized
sample CZTGS, which indicates a better crystallinity of the former.
Furthermore, with the increase of Ge/(Sn + Ge) ratio, the diffraction
peaks gradually shift to higher angles due to the replacement of
large Sn atom with small Ge atom. Movement of the peaks ascribed
to (112) planes with defined increments of Ge is highlighted in the
enlarged image in Fig. 3(b). It presents a systematic shift in the
diffraction, due to the increase of Ge in an identical step (25%), as
shown in the EDX analysis. It is also worth noticing that both sul-
furization and selenization result in the complete alloying Ge and
Sn into single-phase CZTGS and CZTGSe thin films. This is
demonstrated by the fact that only a single set of peak is observed
in the diffraction pattern of each thin film, rather than two distinct

(d) Pure CZTS

(¢) Mixed binary sulfide
(® Sns,)

Fig. 2. The growth model of oxides nanoparticles derived CZTS thin films.
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Fig. 3. The XRD patterns of (a) CZTGSe and CZTGS films, (b) the peak shift of (112) plane as the Ge content rises; Lattice parameters a and c of (c) CZTGS and (d) CZTGSe thin films;
Tetragonal distortion parameter 1 in dependence of the Ge content in the (e) CZTGS and (f) CZTGSe thin films.

sets of peaks that would be detected if unalloyed CZTS and CZGS,
CZTSe and CZGSe were present.

From the XRD patterns, the lattice constants (a and c) of the
CZTGS and CZTGSe alloys as a function of Ge/(Sn + Ge) atomic ratio
were calculated according to the Bragg's formula 2dsin 6 = nA and
the approximate equation d1—2 = hz;kz + £, as shown in Fig. 3(c) and
(d). For instance, the lattice constants (a and c) of CZTS and CZGS
are (5.423, 10.848) A and (5.296, 10.668) A, while those of CZTSe
and CZGSe are (5.692,11.320) A and (5.620, 11.003) A. These results
are all similar with the reported values of CZTS/CZGS/CZTSe/CZGSe
[27—-30]. As seen from Fig. 3 (c) and (d), the lattice parameter is
linearly related to the Ge/(Sn + Ge) ratio, which corresponds to
Vegard's law [31]. A diminution of lattice parameters of the
annealed films appeared with the Ge element incorporated grad-
ually, due to the different atom radius between Sn and Ge [29].
Meanwhile, this result also demonstrated that the substitution is
feasible by using the oxides-based method, which is beneficial for
the further device optimization. For another section, the tetragonal
distortion parameter (1 = ¢/2a) based on the value of Ge/(Sn + Ge)
in the CZTGSe and CZTGS are shown in Fig. 3(e) and (f). It shows
that when the 1 < 1, the CZTGSe obtained is kesterite structure (KS),
while when the 1 > 1, the CZTGS obtained is stannite structure (ST),
which agrees well with the first-principle calculations of quater-
nary chalcogenide semiconductors [32,33]. Both X. Zhang [34], S.
Chen [35] and D. Chen [36] have revealed that n is less than 1 for
the KS structure but larger than 1 for the ST structure in CuyB(II)
C(IV)X(VI)4 quaternaries, which is due to the different arrangement
of Cu and Zn atoms in these two structures resulting in the different
bond lengths of the Cu-VI, Zn-VI and Sn (Ge, Si)-VI bonds. L. Nieves
[37] also found n is smaller than 1 for CupZnGeTe4 with KS struc-
ture, which is similar to that observed in our work. However, the
dependence of n on the Ge content exhibits opposite trend for
CZTGS and CZTGSe. m of CZTGS increases with the increase of Ge
content, whereas n of CZTGSe decreases with the increase of Ge
content. Shibuya et al. [38] have also confirmed that adjusting the

ratio of Fe/Zn can change the crystal structure (kesterite or stan-
nite). Such trend is similar to the adjustment of Ge/Sn ratio in
CZTGS or CZTGSe. But the mechanism for these variation of 1 are
still unclear. Therefore, a more in-depth theoretical calculation are
still needed in the further researches.

The Raman spectra of CZTGS and CZTGSe thin films are shown in
Fig. 4. For Fig. 4(a), the Raman peak of the CZTS thin films which is
detected at 336 cm ™! corresponds to what have been reported [39].
In addition, the Raman peak of the CZGS thin films at about
358 cm~ ! is consistent with the previous result reported by Huang
et al. [30]. According to the knowledge of vibration, there are 24
vibration modes in the zone center phonon of CZTS and CZGS [40].
Nevertheless only a few of them are Raman active. And the stron-
gest one in spectrum is the A1 symmetry mode since the vibrations
of S atoms are surrounded by others. Thus the Raman peaks at
336 cm~! for CZTS thin films and 358 cm~! for CZGS thin films are
ascribed to the A1 mode [10]. Besides, Fig. 4(a), including fits with
Lorentzian curves, shows double Raman peaks in CZTGS with in-
termediate values (i.e. x = Ge/(Sn + Ge) = 0.25, 0.5 and 0.75). This
double peaks is duo to the coexistence of Ge and Sn atoms in CZTGS
samples. We can see clearly from Fig. 4(a) that both A1 modes of
CZTS and CZGS will shift toward the high frequency as the Ge
content increases in CZTGS samples. For the selenized CZTGSe
films, the strongest peak was shown at around 196 and 204 cm ™,
which was ascribed to the A1 mode of CZTSe and CZGSe thin film
respectively. Similarly, the mixed CZTGSe thin films also indicated a
shift in the Raman spectra in accordance with the changes in the
Sn/Ge ratio, as shown in Fig. 4(b). However, unlike the two Raman
mode in sulfurized CZTGS, the selenized CZTGSe exhibits only a
symmetrical Raman peak. It may be caused by the decreased dis-
order of cations in the crystal lattice, compared with sulfurized
CZTGS thin films. One other thing to note is that the A1 mode of
CZTGS does not seem to appear in selenized CZTGSe thin films,
which can be made clear by its few amount of S content. This agrees
well with the EDX results. In general, the Raman peak positions of
A1 mode of CZTGS and CZTGSe are all observed to move towards
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Fig. 4. Raman spectra for (a) CZTGS and (b) CZTGSe thin films. The inset is A1 Raman mode frequency dependence on Ge/(Sn + Ge) ratios.

the direction of higher frequency as the Ge ingredient rises.

Figs. 5 and 6 (a-d) show the surface and cross-sectional SEM
micrographs (inset) of the CZTGS and CZTGSe thin films with
different Ge content. The SEM images of all sulfurized CZTGS thin
films were covered with small grains (about few hundred nano-
meters), as shown in Fig. 5. What's more interesting, the more Ge
element in CZTGS thin films, the larger grain size will be obtained.
This indicates that the Ge-alloying can boost the grain growth.
However, all the CZTGS thin films are porous. After selenization, the
CZTGSe thin films are more uniform, as shown in Fig. 6. Comparing
with the sulfurized CZTGS thin films, the cross-sectional SEM im-
ages of the selenized CZTGSe thin films show smooth morphology
and high compactness. And it seems that the Ge constituent has an
effect on the size of grains, which is judged by the columnar
structure and the grain size of the thin films. Chesman et al. claimed
that the selenide compounds have been employed by annealing
under Se atmosphere for not only tailoring the bandgap in Ge-
contained sulfide phases but also triggering a vigorous densifica-
tion reaction through an atomic replacement between S and Se
[23]. So the selenized CZTGSe thin films with larger grain structure
can be achieved in our work, compared to sulfurized CZTGS thin

films. As we knows that the efficiency of polycrystalline solar cells
will be improved if the compactness, grain size and homogeneity of
the absorber layers are increased. So that the selenized CZTGSe thin
films are superior than sulfurized ones.

To study how the structural and compositional changes stem-
ming from alloying the thin films govern their optical properties,
absorption spectroscopy measurements were conducted. Fig. 7 (a,
b) shows the Tauc plots of the CZTGS and CZTGSe thin films with
different germanium content. The optical energy band gap Eg of the
film was determined using the relation [41]:

ahy = A(hw — Eg)!/? (1)
where o = absorbance, h = Planck’s constant and v = frequency.
The Eg were determined to be about 1.0—-2.0 eV via extending the
straight part of the function to make it intersect with the photon
energy axis at a point, and the photon energy values of these points
are similar with the values that has been reported [20]. Moreover,
the Eg for both CZTGS and CZTGSe show a monotone rising with the
increase of Ge content, which can be seen in Fig. 7 (c, d). The
empirical relationship between the bandgap and the Ge/(Ge + Sn)

Fig. 5. The planar and cross-sectional SEM of CZTGS thin films with different Ge/(Sn + Ge) ratios.
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Fig. 6. The planar and cross-sectional SEM of CZTGSe thin films with different Ge/(Sn + Ge) ratios.
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ratios for (c) CZTGS and (d) CZTGSe thin films.

ratio was described by the following equation:

Eg (CZTGS or Se) = xEg (CZGS or Se)
+ (1 —x)Eg (CZTS or Se) — bx(1 —x)
(2)

where Eg (czrs or se) is 1.51 and 1.02eV, Eg (czGs or se) is 2.00 and

1.53 eV. The parameter b is so-called bowing parameter, which
means the degree of nonlinearity. This parameter derived from the
optical absorption data is 0.021 and 0.29eV for CZTGS and CZTGSe
respectively. It indicates that CZTGSe have higher miscibility of
alloyed elements than CZTGS, according to ref. [20]. On the basis of
the theoretical calculations for electronic band structure, the con-
duction band minimum (CBM) of CZTGS or CZTGSe depends on the
antibonding state of Sn-5s and Ge-4s. As replacing Sn with Ge, the
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repulsion of s-s and s-p orbital level between Ge and S(e) atoms are
strengthened. This enhances the antibonding character of CBM,
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thereby increasing the bandgap [20,42]. This band gap analysis
confirms that, in addition to microstructural changes, variation of
the Ge/(Sn + Ge) results predictable changes of the band gap of the
absorber films. The CZTGS and CZTGSe in our work are anticipated
to be a promising material for the formation of full spectrum solar
cells, as shown in Fig. 8. It can be seen that the absorber materials
with tunable band gap in wide range can widen the light harvesting
scale of the light spectrum, which is expected to achieve a further
enhancement of the CZTGS(e) solar cell performance.

To investigate the effect of band-gap on the device performance,
the CZTGS(e) solar cell were prepared. The Cu-poor and Zn-rich
composition was used in this work, because a Zn-rich condition
suppresses the substitution of Cu at Zn sites (shallow acceptors) for
high efficient solar cell [43]. Fig. 9(a—c) shows the I-V curve for
CZTSe, CZTS and CZGS solar cell under illumination and dark con-
dition, respectively. The device parameters were enclosed in the
figure. More information about the device characteristics have been
extracted with the method introduced by Sites et al. [44], as shown
in Table 2. The CZTSe, CZTS and CZGS solar cell exhibited efficiency
of 3.4%, 3.08% and 0.7% without anti-reflection layer. To the best of
our knowledge, this efficiency of CZTS is higher than the
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Fig. 9. J-V characteristics for (a) CZTSe, (b) CZTS and (c) CZGS solar cell under simulated AM 1.5 irradiation and dark conditions, (d) Voc and Jsc with varying band gap value.

Table 2

Device performance parameters of CZTSe, CZTS and CZGS thin film solar cells measured at room temperature.

Sample Voc (V) Jsc (mA/cm?) FF Eff. Area (cm?) Gs (mS.cm™2) Rsh (Q.cm?) A Jo (mA/cm?)
CZTSe 0.29 28.9 0.40 3.40% 0.22 19.16 2.5 1.8 12 x 1074
CZTS 0.60 12.6 0.41 3.08% 0.18 5.73 15.5 2.1 4.0 x 107
CZGS 0.70 2.2 0.45 0.70% 0.23 0.75 514 2.8 14 x 107
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Fig. 10. (a) Quantum efficiency curve of the cell, (b) band gap determination of the cell from the EQE data.

previously-reported cells based on oxide nanoparticles derived
CZTS devices [27,45]. Meanwhile, the oxide nanoparticles based
CZTSe and CZGS solar cells are rarely studied. So the oxide
nanoparticles-processed method is proven to be a potential route
for kesterite solar cell. However, those efficiency are still lower than
that of current CZTSSe champion devices [2], due to the high the
shunt conductance (Gsh), series resistance (Rs), as well as ideality
factor (n) (see Table 2). All the devices exhibit cross-over features,
indicating a high the shunt conductance and non-ideal p-n junction
properties again. It is noticed that the higher Rs of device may be
attributed partly to Al:ZnO (AZO) and MoS(e),. First, the square
resistance of AZO in our devices is as high as 50 Q/J, which en-
larges Rs of device. Secondly, the thick MoS(e);, caused by the high
vapor pressure of S or Se, also deteriorates the performance of
photovoltaic devices. While, the low Voc is attributed to the large
recombination loss behaving. It may be caused by some pin holes in
the films during coating process, which leaded to a current leakage
path. So the optimization of device fabrication process, such as
reducing Rs of AZO and thickness of MoS(e), by introducing TiN
barrier layer, is expected to improve device performance in the
future work. On the other hand, the optical and electrical properties
of the devices depend strongly on the bandgap value. Fig. 9(d)
shows the bandgap dependence of open circuit voltage (Voc) and
short circuit current density (Jsc). As the bandgap of the absorber
film increases, Voc increases from 0.29 to 0.7 V, and Jsc drops from
28.9 to 2.2 mA/cm?, which show the approximately proportional
relation between Jsc/Voc and Eg. This increase of Voc is caused by
larger band gap. But the Voc deficit (Eg/q - Voc) also increases with
increasing Ge contents, which may be due to the increase of Fermi
level pinning, band tails and bulk defects [46]. While the Jsc shows
decrease because of the insufficient light absorption. The above
analysis provides the foundation for increasing Voc and Jsc simul-
taneously by adopting multi-junction solar cells or graded-bandgap
solar cells.

The external quantum efficiency (EQE) analysis of CZTSe, CZTS
and CZGS thin film solar cells are shown in Fig. 10(a), which are
used to confirm the influence of bandgap on carrier collection. It is
seen that the EQE curves in the wavelengths from 300 to 550 nm
(blue collection) exhibit a remarkable losses, due to buffer layer
absorption (CdS: 530 nm) and window layers (i-ZnO/AZO: 380 nm).
For wavelengths higher than 550 nm (red collection), different
absorber materials (CZTSe, CZTS and CZGS) have various cut-off
absorption edge as well as band gap. The bandgap of the

Table 3
Jsc integrated from EQE and max Jsc calculated from solar spectrum.

Samples Integrated Jsc (mA/cm?) Max Jsc (mA/cm?) (JI?SSJSCJ %)
X

CZTSe 29.6 45.5 35.0

CZTS 12.5 23.8 47.5

CZGS 2.5 111 771

absorber layer was extracted from the EQE curve. Fig. 10(b) plots
[hv x In(1-EQE)]? against hv, where hv is incident photon energy.
By using linear extrapolation, the bandgap of CZTSe, CZTS and CZGS
were determined to be 1.04 eV, 1.65 eV and 2.16 eV respectively,
both of which are close to the value obtained from the above ab-
sorption spectroscopy analysis. As band gap decreases, a broader
absorption (longer cut-off wavelength) will be observed, allowing
more photons to be absorbed. Consequently, the Jsc is enlarged, as
shown in Table 3. The Jsc integrated from EQE data are about
29.6 mA/cm?, 12.5 mA/cm? and 2.5 mAjcm? for CZTSe, CZTS and
CZGS devices, which agree well with the Jsc from J-V curve. It can
also see that Jsc decreases strongly (29.6 — 2.5 mA/cm?) with the
increase of the band gap (1.04 — 2.16 eV). To check the current
density deficit for various devices, the max Jsc was calculated from
AM1.5 solar spectrum. Given that all the photons with energy
greater than the band gap are absorbed, the max Jsc of CZTSe, CZTS
and CZGS devices are about 45.5 mA/cm?, 23.8 mA/cm? and
11.1 mA/cm? respectively. So the degree of Jsc deficit expressed as
(Jmax-Jsc)/Jmax (Table 3) were obtained to be 35.0%, 47.5% and
771% for CZTSe, CZTS and CZGS devices respectively. Once the
absorber material with wider band gap was used, the larger degree
of Jsc deficit was obtained. It may be due to the lower carrier
mobility and lifetime of absorber material with wider band gap
[47]. In addition, the non-ideal band alignment (CZTGS(e)/CdS) for
devices with increasing band gap should also be taken into account.
This can be confirmed by the lower EQE response (400—600 nm)
for the device with wider bandgap, due to the more interfacial
recombination in the device [47]. Therefore, the absorber material
with small band gap is vital to the improvement of carrier collection
efficiency, which provides an important guiding for fabricating high
efficient device.

4. Conclusion

In this work, a method of incorporating Ge into CZTS(e) to
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obtain the CZTGS(e) solid-solution by oxide-based routes have
been proposed to adjust the bandgap and lattice constants of
CZTGS(e). EDX, XRD and Raman spectra are all demonstrated that
the Sn and Ge atom can be highly mixed in the CZTGS(e) thin films.
The lattice constants a and c of CZTGS(e) are liner with Ge content.
The Raman spectrums revealed that the peak of A1 mode will move
towards the direction of higher frequency when the Sn is gradually
substituted by Ge, and this can be attributed to different bond-
stretching force constant. According to the absorption spectra, it
can be known that the band gaps of CZTGS(e) thin films can be
adjusted between 1.07 and 2.00 eV by careful control of the Ge/
(Sn + Ge) ratio. Finally, influence of band gap on the performance of
CZTGS(e) solar cell have also been discussed detailedly. This work
establishes the prospect of improvements in device efficiency
through layering or adjusting the Ge ingredient, which is similar to
the Ga ingredient in CIGSe.
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