
 

A national laboratory of the U.S. Department of Energy
Office of Energy Efficiency & Renewable Energy

National Renewable Energy Laboratory 
Innovation for Our Energy Future 

Bistability of Cation Interstitials 
in II-VI Semiconductors 
S.-H. Wei and G.M. Dalpian 
 

Presented at the 2005 DOE Solar Energy Technologies  
Program Review Meeting 
November 7–10, 2005 
Denver, Colorado 

Conference Paper 
NREL/CP-520-38993 
November 2005 

NREL is operated by Midwest Research Institute ● Battelle     Contract No. DE-AC36-99-GO10337 



 

NOTICE 

The submitted manuscript has been offered by an employee of the Midwest Research Institute (MRI), a 
contractor of the US Government under Contract No. DE-AC36-99GO10337. Accordingly, the US 
Government and MRI retain a nonexclusive royalty-free license to publish or reproduce the published form of 
this contribution, or allow others to do so, for US Government purposes. 

This report was prepared as an account of work sponsored by an agency of the United States government. 
Neither the United States government nor any agency thereof, nor any of their employees, makes any 
warranty, express or implied, or assumes any legal liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights.  Reference herein to any specific commercial product, process, or service by 
trade name, trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States government or any agency thereof.  The views and 
opinions of authors expressed herein do not necessarily state or reflect those of the United States 
government or any agency thereof. 

Available electronically at http://www.osti.gov/bridge

Available for a processing fee to U.S. Department of Energy 
and its contractors, in paper, from: 

U.S. Department of Energy 
Office of Scientific and Technical Information 
P.O. Box 62 
Oak Ridge, TN 37831-0062 
phone:  865.576.8401 
fax: 865.576.5728 
email:  mailto:reports@adonis.osti.gov

Available for sale to the public, in paper, from: 
U.S. Department of Commerce 
National Technical Information Service 
5285 Port Royal Road 
Springfield, VA 22161 
phone:  800.553.6847 
fax:  703.605.6900 
email: orders@ntis.fedworld.gov 
online ordering:  http://www.ntis.gov/ordering.htm

Printed on paper containing at least 50% wastepaper, including 20% postconsumer waste 

http://www.osti.gov/bridge
mailto:reports@adonis.osti.gov
mailto:orders@ntis.fedworld.gov
http://www.ntis.gov/ordering.htm


Bistability of Cation Interstitials in II-VI Semiconductors 

Su-Huai Wei and Gustavo M. Dalpian

National Renewable Energy Laboratory, Golden, Colorado, suhuai_wei@nrel.gov


ABSTRACT 

The stability of cation interstitials in II-VI 
semiconductors is studied using ab initio methods. We 
find that interstitials in the neutral charge state are 
more stable in the tetrahedral interstitial site near the 
cation, whereas in the (2+) charge state, they are more 
stable near the anion. The diffusion energy barrier 
changes when the defect charge state changes. 
Therefore, if electrons/holes are taken from the defect 
level by light, changing its charge state, the interstitial 
atom will be able to diffuse almost spontaneously due 
to a reduced diffusion barrier.  

1. Objectives 
Recently, Chow and Watkins1 revealed that cation 

interstitials in II-VI semiconductors can stay either on a 
tetrahedral site surrounded by four nearest-neighbor 
anions (denoted as TA) or on a tetrahedral site 
surrounded by four nearest-neighbor cations (denoted 
as TC). They observed that the interstitials could be 
made to hop back and forth between the two sites by 
optical excitation. This is an important observation 
because it is known that cation self-interstitials are one 
of the most important intrinsic defects that limit p-type 
doping in semiconductors. Furthermore, because the 
interstitials are highly mobile, they also play a crucial 
role in understanding the degradation mechanism of II-
VI semiconductor devices such as CdTe solar cells. 

In this work, we study the defect properties of cation 
self-interstitial Zni in ZnX (X= O, S, Se, and Te)  
compounds. We calculate their formation energies, 
transition energy levels, and diffusion energy barriers 
at different charge states and discuss the chemical 
trends of Zni in these materials2. We find that the light
enhanced diffusion of cation interstitials can be 
explained by a nearly barrier-less diffusion path 
between two charge-dependent minima. In the neutral 
charge state, the most stable position for the interstitial 
is at the TC site, and there is usually a high barrier for it 
to diffuse into the TA site. In the (2+) charged state, the 
interstitial is more stable at the TA site, and the 
diffusion barrier into the TC site is highly reduced. 
Shining light on the sample can change the charge 
state of the defect, resulting in a diffusion of Zni from 
one metastable site to the other more stable site. This 
behavior is found to be quite general in most II-VI 
semiconductors such as in CdTe. 

2. Technical Approach 
The calculations in this study were performed using 

the local density approximation (LDA) and ultrasoft 
pseudopotentials, as implemented in the VASP code2. 

The calculated lattice parameters for ZnO, ZnS, ZnSe,
and ZnTe are, respectively, 4.467 Å, 5.303 Å, 5.571 Å,
and 5.999 Å. We use the zinc-blende structure for all 
the materials, and all the internal structure parameters 
are fully relaxed. The defect calculations are modeled 
by putting the interstitial atom in the center of a 
periodic 64-atom supercell. For the charged state, a 
uniform background charge is added to keep the 
charge neutrality in the supercell. 

Our calculated band gaps at the special k point are 
2.06 eV, 3.17 eV, 2.48 eV, and 2.01eV, respectively, 
for ZnO, ZnS, ZnSe, and ZnTe, which are smaller than 
the experimental band gaps of 3.35 eV, 3.78 eV, 2.82 
eV, and 2.39eV. To correct this well-known LDA band 
gap error, we add a constant energy to the conduction 
band minimum (CBM), equal to the difference between 
the experimental and calculated band gaps. We also 
assume that the defect level has mostly the CBM 
character, and thus shifts by the same amount as the 
CBM.  Defect formation energies are then corrected 
for neutral and single positively charged defects. 

3. Results and Accomplishments 
We first calculated the formation energies of cation 

interstitial point defects at TA and TC sites for ZnO, 
ZnS, ZnSe, and ZnTe in different charge states. The 
results are shown in Table 1. We observed the 
following chemical trends. (1) For ZnS, ZnSe, and 
ZnTe in the neutral charge state, the interstitial defect 
is more stable at the TC site. The stability (the energy 
difference between the TC and TA sites) decreases as 
the ionicity increases from ZnTe to ZnSe to ZnS. (2) 
For the (2+) charged state, the interstitial defect is 
always more stable at the TA site. The stability 
increases when the ionicity increases. (3) For the 
single (+) charged state, the stability follows the same 
trend as in the neutral charged state, but the energy 
differences between the TC and TA sites are much 
smaller than those in the neutral charge state. This 

Table 1. Calculated formation energies (in eV) for 
cation interstitial defects at different sites and in 
different charge states.  

ZnO ZnS ZnSe ZnTe 
TA (0) — 5.18 3.91 3.38


TA (+ ) — 2.41 1.86 1.79


TA (2+) 0.16 -0.52 -0.27 0.35


TC (0) — 4.89 3.50 2.83


TC (+ ) — 2.38 1.73 1.59


TC (2+) 0.85 0.05 0.17 0.65
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bistability can be explained by the Coulomb coupling 
and energy level repulsion in the two different 
interstitial sites. ZnO is a particular case and is 
different from the other ZnX compounds. We find that 
Zni in ZnO is only stable in the (2+) charge state 
because the CBM of ZnO is much lower than the other 
ZnX compounds. Consequently, the interstitial will be 
stable only at the TA site. 

These results show that the cation interstitial has 
charge-induced bistability in these II-VI 
semiconductors. Thus, under optical excitation, when 
the charge state of the defect changes, the interstitial 
can hop from one equilibrium position to another. To 
explain this effect, we calculated the diffusion barrier of 
these interstitial impurities in different charge states. 
The diffusion path is a straight line between TA and TC 
along the <111> direction, passing through the 
hexagonal site (H). In Fig. 1 we show the variation of 
the formation energy as the interstitial atom moves. 
We find that as the charge state changes from (0) to 
(+) to (2+), the diffusion barrier increases when 
starting from the TA site, but decreases when starting 
from the TC site. Furthermore, the diffusion barrier 
increases with the ionicity when starting from the TA 
site, but decreases when starting from the TC site. 
These trends are consistent with the energy variations 
of these defects. As the formation energy of the defect 
at the starting point increases, the energy barrier 
decreases. Our results also confirmed that the energy 
barriers for the cation interstitial diffusion are relatively 
small, therefore, these defects are quite mobile in 
these II-VI semiconductors. 
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Fig. 1 Diffusion barriers of the cation interstitials for 
different charge states in the studied materials. 

4. Conclusions 
We studied the photoinduced migration of cation 

interstitials in II-VI semiconductors. We show that, in 
the neutral charge state, the more stable site for the 
interstitial is near the cations, whereas for the (2+) 
charge state, it is near the anions. This bistability is 
explained through the Coulomb coupling and energy 
level repulsion in the two different interstitial sites. We 
show that the diffusion energy barrier changes when 
the defect charge state changes, and suggest that this 
is the origin of experimentally observed photoinduced 
migration of the interstitials. 
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