Intermediate band position modulated by Zn addition in Ti doped CuGaS,
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ABSTRACT

Many works have been done recently with the aim of obtaining intermediate band semiconductors, due to the
significant importance of improving sclar cell efficiency. Intermediate band materials based on CuGas;
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chalcopyrite semiconductor are one of the proposed materials and specifically Ti doped CuGaS; is a promising
structure to form the intermediate band. Here we present an ab-initic study using the density functional
thecry in this type of intermediate band chalcogens. Several concentrations of Ti and Zn substituling Ga atoms
have been studied and their electronic densities of states were oblained. Resulls demonsirate a chalcopyrite

semiconductor band-gap shortening and intermediate band position modulation inside this band-gap by Zn

addition.

1. Introduction

At present, due to the remarkable interest in photovoltaic
application, many ideas to increase solar cell efficiency have been
developed as third generation solar cells. Between them the
intermediate band concept is accepted, where there is a partially
occupied band located inside a semiconductor band-gap, which can
be used as an efficient solar cell.

The concept of the intermediate band {1B) refers to the presence of
several energy levels constituting a narrow band, inside the band-gap
and separated from the top of the valence band and conduction band
bottom. This band allows the existence of two energy gaps, which
originate absorption of two photons in addition to the photon
absorbed in the host semiconductor band-gap: increasing, in this
way, the absorption and making the photovoltaic material more
efficient than before. The limiting efficiency of intermediate band
solar cell is as high as n=0.632 [1], greater than the calculated
maximum theoretical efficiency of 71=10406 [2] for a conventional
solar cell with a single band-gap.

Due to the scarcity of experimental results related with synthesis
of intermediate band solar cell semiconductor materials, the theoret-
ical prediction of novel semiconductor materials of this type, which
could face the selution of intermediate band semiconductor obtain-
ment, is of great importance.

Chalcopyrite materials are one of the proposed semiconductors
studied as host systems of the intermediate band. These materials
have been widely investigated for many years [3-3] to be used in
photovoltaic solar cells. The most important characteristic is that they
combine advantages of thin film technology with the efficiency and

stability of conventional crystalline silicon cells; this attractive
behavior makes great expectation around future widespread use of
solar cell chalcopyrites [5].

In our group, we have proposed some transition metal doped
semiconductors {TMS) [6-9] as intermediate band materials. These
earlier works [8,9] have revealed that the insertion of Ti into a
chalcopyrite semiconductor such as CuGas,, with a band-gap found
experimentally as 2.53 eV [1D] depicts a separated intermediate band.

On the other hand, Zn in CuGaS; photoluminescence spectra
having the form of {CuGa$;); _ x»-(2ZnS); have been experimentally
measured [11.12] where a photoluminescence transition of 2.1-2.3 eV
is reported (when x is 0.05-0.0005, respectively). This transition is
ascribed to the band-gap of the heavily Zn doped CuGas; in the Ga
position, showing that there is a dependence of band-gap constriction
when Zn concentration increases. In those past experimental works
an amphoteric behavior of Zn impurity is also shown.

In agreement with the scope previously reviewed, which involves
chalcopyrite characteristics combined with intermediate band for-
mation in transition mecal doped semiconductors and Zn effect into
CuGas,, we present in this work Zn addition effect on Ti doped CuGas,
intermediate band systems, and its influence in the modulation of
intermediate band inside doped semiconductors. We have to remark,
that there is a necessity to isolate the intermediate band from the
conduction band lower level in systems like Ti doped CuGas,, to avoid
non-radiative recombination.

2. Models and methods

First, ab-initio density functional theory {DFT) calculations have
been carried out on a representative structure consisting on a
supercell derived from the parent body-centered tetragonal CuGas,
structure. Different dilutions of the proposed dopants inside the host
semiconductor were computed. Supercells of different sizes were



constructed to achieve the desired proportion inside the semicon-
ductor material; particularly, calculations with 32, 48 and 64 atom
cells were carried out and compared. The dilutions proposed here
were achieved by substituting Ti in a Ga position inside a CuGaS,
supercell; further substitution with Zn as dopant was also performed
replacing Zn in the Ga position.

Relaxed calculations and subsequent total and projected densities
of states (DOS and PDOS) for different dilutions of the two metal
dopants were carried out using the DFT VASP code, including spin
polarization, with PAW potentials and the PW91 GGA functional [13-
16]. A cutoff of 280 eV was applied for the plane-wave expansion and
the Brillouin zone was sampled using 8 x8x8, 6x6x6 and 8 x8x6
Monkhorst-Pack grids for the 32, 48 and 64 atom supercells,
respectively. In all DOS figures, the Fermi energy level in the x-axis
is set up at zero, and in y-axes, majority and minority spin states are
positive and negative values respectively. In 32 and 48 atom
supercells were found correspondingly 256 and 144 irreducible k
points; 96 k points for the Ti in Ga symmetrical positions and 192
irreducible k points using Ti in Ga non-symmetrical positions were
observed for the 64 atom supercells. In order to compare subsequent
results, the same k point grid was taken for the two 64 atom
supercells, and a comparative visualization of the two structures
found after calculation appears in Fig. 1.

We name here, Ti;Cuy5Ga;4532 and ZnTiyCuqy5Ga;3Sy; to the 64
atom supercells having Ti in Ga symmetrical positions; and Ti;Cuqg.
GapsSsz® and ZnTizCuysGagsSse®; for the Ti in Ga non-symmetrical
positions. The band-gaps of the reached structures are compared
using DFT, but taking into account that the DFT method under-
estimates band-gap values.

Tables 1 and 2 show the Ti doped CuGasS, atomic distances and the
Zn in Ti doped CuGaS; atomic distances, respectively. The comparison
shows that Ti-Ti distances have almost the same value in 32 and 48

Fig. 1. 64 atom supercells with Ti (blue) substituted in different Ga {green) positions. In
figures the atoms are: Zn (red}, Cu (violet), and 5 {yellow). a) ZnTizCu,;sGa 1552 and b)
Zl'lTizCLl |GGQ |3S32"

Table 1
Bond lengths in Ti doped CuGas, structures for different dilutions found after relaxation

(in A}

Ti-Ti TS Ga-Smun  Ga-Smax  Cu-Smin  Cu-Sma
TiCu eGasSs; 758 235 232 233 230 232
Ti,CupeGaysSs,” 535 235 232 233 230 232
TiCuaGaSas 656 235 231 234 229 232
TiaCup,GasS,y 656 235 232 234 230 233
TiyCusGagS s 657 235 232 234 230 232

atom supercells and the Ti-Ti distance value in TizCuysGagsSsz is
greater than the distances in Ti;CuygGa;4Ss:"

Zn is added to the Ti doped CuGaS, in a way that forms the largest
possible Zn-Ti distance, and Ti-Ti initial distances have been equally
modeled in the systems with and without Zn doping. Besides, Zn-Ti
distances are equal for the 32 and 48 atom supercells, and greater than
those of 64 atom supercells. Also, Zn-Zn distances are almost
equivalent for the 32 and 64 atom supercells, and different from the
one with 48 atoms. Further discussion of the obtained distances after
relaxing is presented in Table 2 and will be discussed in the next
section.

3. Results and discussion

The CuGaS, starting structure, derived from the A'B"CY! chalco-
pyrite family structures confirms relation with the structure pre-
sented in natural zinc blende mineral, ZnS, and has the same DY
tetragonal space group [17]. The bond distances Ga-S and Cu-S mean
values in CuGaS; have been found, after relaxation, to be 2.33 and
2.31 A respectively. These values are consistent with previously found
experimental and theoretical values [17,18]. Table 1, shows compar-
ison of Ga-S and Cu-S minimal and maximal distances found after
relaxation in Ti doped compounds, No great differences are found
when metal dilution changes. Also, the minimal and maximal values
for each bond length have no significant difference between them.

Table 2 shows distances for the Zn and Ti doped CuGaS; structures.
In this system, Ti-S, Cu-S and Ga-S$ bond length values have broader
distribution than those found in Ti doped CuGaS,, shown in Table 1.
The minimal Cu-S and Ga-S bond length values were found for the
nearest neighbors of Zn atoms. Each bond length distribution in
studied cells was found similar, excluding 32 atom supercells where
Zn and Ti atoms are substituting Ga position. It is important to point
out that there are 8 total Ga atom positions, and three of them are
substituted by two Ti and one Zn, which is a high doped proportion.

In this work, the DFT value for CuGaS; band-gap is 0.91 eV and for
ZnS band-gap is 2.18 eV, demonstrating the consistency with
chalcopyrite anomaly, due to the notable reduction on the CuGaS,
band-gap compared with ZnS band-gap, having the same symmetry.
Besides, the obtained band-gap value of Zn doped CuGas; is 0.51 eV,
which is a significant band-gap reduction for this system. This is
consistent with a previous report of Zn in CuGaS; in the form of
{CuGaS,); _ x—(2ZnS), where the band-gap reduction is in a range of
0.23-0.43 eV related to the semiconductor band-gap. In this work, a

Table 2
Bond lengths in Zn and Ti doped CuGaS; structures for different dilutions found after
relaxation (in A).

Ti- 2Zn- Ti- Zn- Ti- Ti- Ga- Ga- Cu- Cu-
Zn Zn Ti S Smin  Smax Smin Smax Smin  Smax

ZnTixCuyeGasSsn 653 758 758 2.34 232 235 227 236 228 233
nTipCuisGansSse” 656 758 536 234 232 234 227 237 228 233
InTizCupaGassae 532 1070 653 234 233 235 228 235 228 233
ZnTiyCu,Gags,y 534 1071 648 234 233 235 228 236 229 234
ZnTiyCugGass g 534 755 658 231 235 236 230 233 231 233
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Fig. 2. DOS and PDOS for a) 6.25% Ti doped CuGaS, and b} 3.13% Zn in 6.25% Ti doped CuGaS, with Ti in Ga symmetrical positions.

band-gap shortening of 0.35 eV was obtained when 0.25% of Zn is
added to the CuGaS; in a form of ZnCugGa;Sse.

Ti doped CuGas; structures have been found highly spin polarized
in all cases in agreement with previous works |8,9]. The intermediate
band was also found, as is shown in section a) of Figs, 2 and 3 for a
6.25% concentration of Ti doped CuGaS, for the two different
symmetries, These energy levels are potentially an intermediate
band, even though a small density of states still appears between the
upper intermediate band level and the lower level of the conduction
band.

a)Ti,CuygGa,Ss,"
30 T

One unpaired spin per Ti in the primitive unit cell in all Ti doped
structures was also found, demonstrating that Ti in the structure is in
an oxidation state of Ti** and has an excess carrier of one electron per
Ti substituted in the whole system. However, when Zn is added to Ti
doped CuGasS,, the unpaired spin disappears due to the expected Zn**
oxidation state involved.

Tables 3 and 4 show the energy differences obtained in the DOS
calculations, for the intermediate band of Ti doped CuGas,, and Zn in
Ti doped CuGas; for the equivalent structures, respectively. In these
tables, ec —e&y is the value of the corresponding band-gap calculated

20

10

QSE;»

0

)
S

&
=

-0.5

b) ZnTi,CuyGa;5Ss,*

DOS (states/eV)

30
20
10

0fx
-10
20 F

-30

Ell.5
E-E; (eV)

Fig. 3. DOS and PDOS for a) 6.25% Ti doped CuGaS; and b) 3.13% Zn in 6.25% Ti doped CuGasz with Ti in Ga non-symmetrical positions,



Table 3
Energy level differences in Ti doped CuGas, structures for different dilutions. Symbols
are explained in the text (in eV]).

&1 Ec— &y Eipp — £y Buicitn
Ti,CuyeGaaSas 625 1.05 0.800 Non isolated
TioCliy oG4S 625 099 0605 Non isolated
TiaCu2GanSeas 8.30 1.10 0.770 Non isolated
TizCuyalagSay 12.50 116 0.775 Non isolated
TixCugGaghie 12.50 1.18 0.775 Non isolated

Table 4
Energy level differences in Zn and Ti doped Cu(GaS; structures for different dilutions,
Symbols are explained in the text {in V).

Ratio Zn/Ti  %Ti %N £c— E—  Epa—  1Puidam
£y E1pu By
ZnTizCu,6Gaqg3Ss: 050 625 313 079 0045 0525 0480
ZnTiCuaGagsSs”  0.50 625 3.3 049 0125 0140 0620
ZnTiaCuy2GagSas 0.50 830 417 090 0060 0525 0640
ZnTizCuy2GagSas 0.30 1250 417 094 0120 0570 0660
ZnTi,CugGasS s 0.50 1250 625 0.82 0115 0435 0550

using the spin down levels, ¢ — ;5 the energy difference between the
conduction band lower level and the intermediate band upper level,
and g — &y is the energy difference between the intermediate band

a)ZnTi,Cu,,GagS,,
30

lower level, and the valence band upper level. The last two energy
differences were computed using the spin up levels; [Buwiamn
corresponds to the intermediate band width. We can infer from the
comparison of the equivalent Zn in Ti doped CuGaS, and Ti doped
CuGas, structure results that when Zn is added in high proportion,
further isolation of the intermediate band occurs. In Table 3, we can
also compare the obtained band-gap value of different Ti doped CuGaS,
structures with the computed CuGaS; band-gap of ¢ — &, =0.91 eV
calculated in a similar way. This comparison leads to the conclusion
that, when Ti is added to the semiconductor, all obtained band-gaps
have a characteristic broadening. Then, when Zn is added to the
already Ti doped CuGaS; chalcopyrite we can observe a band-gap
reduction, showing the modulation effect of Zn, in Ti doped CuGaS,
band-gap.

As we can deduce from Table 3, for the same Ti/Zn ratio in the
compounds and excluding the ZnTi;Cu,5Ga;3S32" structure, when the
Zn proportion increases, an increase of the ec— ey width, a slight
reduction in g3z —¢&y and a broadening of intermediate band are
shown. If the Zn proportion rises from 3.3% to 4.17% we can see an
increment in €c— &y; but, when the Zn proportion increases from
4.17% to 6.25% the band-gap is reduced by 0.12 eV,

The resulting DOS of Zn in Ti doped CuGaS; is depicted in Fig. 4, for 32
and 48 atom supercells. As it was demonstrated in the aforementioned
tables, these systems show a displacement of the intermediate bands to
energies away from the conduction band level and keeping the same
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Fig. 4. DOS and PDOS for ZnTizCuy2Gagsze, Z0Tia00126Ga5524 and ZnTizCugGass,s systems,



intermediate band width. This fact can be explained as the Zn energy
levels in the formed materials are interacting directly in these
intermediate bands. Although the intermediate band is mainly
constituted of Ti atomic e, orbitals, a slight proportion of Zn projected
DCS appears contributing alse in the intermediate band features of each
dilution.

Variation of the substituent positions implies a variation of the
band-gap and variation in the intermediate band features. This is
shown for ZnTi;Cuy5Gaq25322 and ZnTizCuygGag2Ss2” in Figs. 2 and 3,
where a comparison between both compounds in Figs. 2b) and 3b)
shows a wider intermediate band and also a wider dilference ec — &y
for ZnTi2Cuy5Ga135:2*. Furthermore, egz —<v energy difference in
TizCugGayS32° and ZnTi;Cuy5Ga,3S3;* has been found shorter than
£ipg — Ev energy difference in the other calculated dilution. Moreover,
greatly symmetric intermediate band peaks have been found, which
can be related with the shorter Ti-Ti distance involved. Nevertheless,
total energies of TiCuwieGasSsz and ZnTizCusGaysSsz have been
found smaller than the corresponding total energies in TizCu,5Ga,.
532* and ZnTi2CL115G6|-|3S32*.

4. Conclusions

In this work, we present first principle calculations of Zn insertion
effect in Ti:CuGasS; intermediate band materials. In agreement with
previous experimental results [11,12], our results confirm than Zn
reduces the host CuGas: band-gap. Densities of states of different
dilutions of Zn in Ti doped CuGaS; have been studied and discussed.
The Zn substitution in Ti doped CuGaS, produces a distortion of the
formed cell bond lengths, leading to changes in the densities of states
inside the doped semiconductor.

In our results, we found that Zn modulates energies around the
band-gap vicinity. [n particular, the modulation effect consists in a
separation of the intermediate band from the conduction band lower
level, forming an isolated band structure. For a given Ti% and raising Zn
concentration, results show approximately the same energy difference
except for the ec — gy value that shows a significant increase, caused
mainly by Zn addition. This argument is also supported when we
compare equal Ti doped CuGaS5; structures with and without Zn doping.
These statements show the Zn modulation effect in Tidoped CuGaS; and
make the resulting Zn and Ti doped structures good materials to be
proposed as intermediate band solar cells,
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