
The electronic consequences of multivalent elements in inorganic solar absorbers:
Multivalency of Sn in Cu 2 ZnSnS 4
Koushik Biswas, Stephan Lany, and Alex Zunger 
 
Citation: Applied Physics Letters 96, 201902 (2010); doi: 10.1063/1.3427433 
View online: http://dx.doi.org/10.1063/1.3427433 
View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/96/20?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
Determination of deep-level defects in Cu2ZnSn(S,Se)4 thin-films using photocapacitance method 
Appl. Phys. Lett. 106, 243905 (2015); 10.1063/1.4922810 
 
Crystal structure and electronic structure of quaternary semiconductors Cu2ZnTiSe4 and Cu2ZnTiS4 for solar
cell absorber 
J. Appl. Phys. 112, 023701 (2012); 10.1063/1.4736554 
 
Impact of KCN etching on the chemical and electronic surface structure of Cu2ZnSnS4 thin-film solar cell
absorbers 
Appl. Phys. Lett. 99, 152111 (2011); 10.1063/1.3650717 
 
Electronic and optical properties of Cu 2 ZnSnS 4 and Cu 2 ZnSnSe 4 
J. Appl. Phys. 107, 053710 (2010); 10.1063/1.3318468 
 
Thermoelectric properties of tetrahedrally bonded wide-gap stannite compounds Cu 2 ZnSn 1 − x In x Se 4 
Appl. Phys. Lett. 94, 122103 (2009); 10.1063/1.3103604 
 
 

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

128.138.65.115 On: Tue, 14 Jul 2015 17:03:50

http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1326236762/x01/AIP-PT/Asylum_APLArticleDL_070815/AIP-JAD-Trade-In-Option2.jpg/6c527a6a713149424c326b414477302f?x
http://scitation.aip.org/search?value1=Koushik+Biswas&option1=author
http://scitation.aip.org/search?value1=Stephan+Lany&option1=author
http://scitation.aip.org/search?value1=Alex+Zunger&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.3427433
http://scitation.aip.org/content/aip/journal/apl/96/20?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/106/24/10.1063/1.4922810?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/112/2/10.1063/1.4736554?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/112/2/10.1063/1.4736554?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/99/15/10.1063/1.3650717?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/99/15/10.1063/1.3650717?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/107/5/10.1063/1.3318468?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/94/12/10.1063/1.3103604?ver=pdfcov


The electronic consequences of multivalent elements in inorganic solar
absorbers: Multivalency of Sn in Cu2ZnSnS4

Koushik Biswas, Stephan Lany, and Alex Zungera�

National Renewable Energy Laboratory, Golden, Colorado 80401, USA. �doi:10.1063/1.3427433�

Main-group elements in the upper rows of the periodic
table generally utilize all of their outer s and p valence elec-
trons in forming chemical bonds in solid state compounds,
thus, manifesting only in a single, well-defined valence state.
This is the case for many divalent �Mg, Ca, Zn, and Cd�,
trivalent �B, Al, and Ga�, or group-IV elements �C and Si�.

1

On the other hand, the elements in the bottom rows are sub-
jected to relativistic contraction of the outer s orbitals,2 and
often form bonds only with their p electrons, while accom-
modating two electrons in a nonbonding s2 state �sometimes
called “lone-pair”�. The resulting change in valence causes
multivalent behavior, as exhibited, for example, by the +I /
+III states of In in InCl / InCl3, by the +II /+IV states of Sn in
SnO /SnO2

http://dx.doi.org/10.1063/1.3427433
http://dx.doi.org/10.1063/1.3427433
http://dx.doi.org/10.1063/1.3427433


on-site Coulomb U energies16 of 5 eV and 6 eV for the Cu d
and Zn d shells, respectively. Band gap and finite supercell
corrections were applied as described in Ref. 17. Addition-
ally, we performed self-consistently band gap corrected cal-
culations employing the nonlocal external potentials �NLEP�
�Ref. 18� and hybrid-DFT.19 The presence of potentially det-
rimental deep levels is addressed by calculating the transition
levels ��q /q�� �see Ref. 17 for details� between the different
charge states q and q�, which correspond to a respective
change in the number of electrons.

When we add �remove� an electron to a given system,
like a molecule or a solid, the conventional chemistry rules20

demand that the oxidation state of one element is reduced
�increased� by unity. In a semiconductor, however, these
transitions can occur within the continuum of the host crystal
bands �outside of the band gap�, in that case the electrons or
holes occupy the perfectly delocalized state of the CBM or
of the VBM. Thus, there is an ambiguity in the assignment of
the oxidation state because carriers residing in extended
bands cannot be anchored to distinct atoms. In general, this
ambiguity needs to be resolved by quantitative
evaluation,7,21,22 which we now address for the three lattice
locations that are available for Sn.

The native Sn-on-Sn �SnSn� site. In the absence of addi-
tional carriers �electron or holes�, Sn on its native site exists
in the +IV oxidation state in Cu2ZnSnS4. Since, the +III state
of Sn is not stable, we have to add two extra electrons to
open the possibility of a change in oxidation from +IV to
+II, which would proceed by capturing the electrons into the
lone pair state of Sn,

Sn�+ IV�Sn
0 + 2e → Sn�+ II�Sn

2−. �1�

The substitution of the divalent Sn�+II� for the native
Sn�+IV� state now accounts for a double acceptor having a
2� charge state and the above reaction corresponds to a
transition from 0 to 2� charge state, ��0 /2−�. Thus, unlike
conventional semiconductors, multivalent semiconductors
have the intrinsic capability to create electrically active cen-
ters, even in the absence of defects.

How does a change in the Sn oxidation state reveal it-
self? The first indication is a local lattice relaxation and a
large change in the calculated nearest neighbor �NN� dis-
tance between Sn and S, as shown in Table I. From an inor-
ganic chemistry point of view, this change is typically inter-
preted as a change in ionic radius of the Sn based on the
assumption that adding two extra electrons increases its
radius.23 Finding that a change in oxidation state of transition
metal impurities in semiconductors or insulators is not asso-
ciated with a local charge accumulation of comparable mag-
nitude, Raebiger et al.7 instead interpreted the increased
bond length as arising from the occupation of an antibonding
state. As illustrated in Fig. 1�a�, the lone pair state of Sn�
+II� also results from an antibonding interaction of atomic

orbitals, i.e., that of Sn 5s and S 3p. Thus, the increased
bond length in conjunction with the occupation of the lone
pair state, being localized at the Sn atom and its anion neigh-
bors �see Fig. 1�b��, is a clear signature of the Sn�+II� state.



served in Ref. 25 has very similar characteristics as the
Sn�+II� state shown in Fig. 1�b�, which is because it results
from a similar atomic orbital interaction as the one shown in
Fig. 1�a� �note, however, that the polaronic Bi�+V� state
hosts a pair of holes, whereas the Sn�+II� state hosts a pair of
electrons�. The close competition between bandlike and po-
laronic behaviors observed here in CZTS is a reminder that
carrier self-trapping is generally an important mechanism in
multivalent semiconductors and deserves particular attention
when such materials are considered for technological appli-
cations.

The native Sn-on-Cu �SnCu� site. Being a group-IV ele-
ment one might expect Sn to act as a triple-donor on the site
of the group-Ib element Cu �SnCu

3+�. We however find, that
the Sn�+IV�→Sn�+II� transition of Sn lies below the VBM,
as shown in Fig. 2, meaning that on the Cu site, Sn exists
exclusively in the +II oxidation state. Even under p-type
conditions �Fermi Energy, EF low in the gap�, it is energeti-
cally favorable when holes stay at the VBM, rather than
oxidizing SnCu into the +IV state. Hence, SnCu can be char-
acterized as the case of a divalent element substituting for the
monovalent element Cu, thereby forming a single-donor hav-
ing a shallow conduction-band derived state as known from
conventional semiconductor models.26 This stable Sn�+II� is
again characterized by the larger Sn–S bond length �see
Table I�.

The native Sn-on-Zn �SnZn� site. Depending on whether
Sn assumes the +IV or the +II state, when occupying the Zn
site, one expects that it forms either a double-donor �SnZn

2+�
or an isoelectronic center �SnZn

0�. Unlike the cases discussed
above, we find that the Sn�+IV�→Sn�+II� transition does
occur inside the gap for SnZn, which gives rise to a deep �2
+ /0� charge transition, as shown in Fig. 2. In contrast to the
behavior of conventional shallow levels in semiconductors,26

this transition is associated with large structural relaxations
�see Table I�, and occurs far away from the conduction band
edge. �Note that a group-IV element like Si, which has a
much smaller propensity toward the +II oxidation state,
would have closely spaced first and second donor ionization
energies near the CBM�. The existence of such an electronic
transition deep inside the gap presents a great concern for the
PV properties, since it can lead to recombination of photo-
excited electrons and holes.27 Specifically, the change in oxi-
dation state of multivalent Sn can cause nonradiative recom-
bination of carriers by way of the cycle

SnZn
0 + 2S n Zn27Zn27+ 2S n Zn

0
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