
Theoretical Study of Doping
Limits of CdTe

Preprint

October 2001      •      NREL/CP-590-31012

S.-H. Wei and S.B. Zhang

To be presented at the NCPV Program Review Meeting
Lakewood, Colorado
14-17 October 2001

National Renewable Energy Laboratory
1617 Cole Boulevard
Golden, Colorado 80401-3393
NREL is a U.S. Department of Energy Laboratory
Operated by Midwest Research Institute •••• Battelle •••• Bechtel

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:  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
http://www.ntis.gov/ordering.htm


Theoretical Study of Doping Limits of CdTe 
 

Su-Huai Wei and S. B. Zhang 
National Renewable Energy Laboratory, Golden, Colorado  80401 

 
 

ABSTRACT 
 

First-principles total energy and band structure 
calculations are performed to understand the factors that 
limit doping in CdTe. We calculated systematically the 
formation energies and transition energy levels of intrinsic 
and extrinsic defects. We find that n-type doping in CdTe is 
limited by the spontaneous formation of the intrinsic closed-
shell cation vacancy VCd

2- and DX centers, whereas p-type 
doping is limited by not having a dopant with both high 
solubility and shallow acceptor level.  
 
1. Introduction 

CdTe is an important material for solar cell applications 
[1]. However, the dopability in CdTe is relatively low, 
especially for the p-type doping. This has become one of the 
main issues in device fabrication using CdTe. The 
mechanism of the low dopability in CdTe is not well 
understood. Generally speaking, there are three main factors 
that could limit the dopability: (i) The dopant may have a 
low solubility. (ii) The transition energy level may be too 
high. (iii) The formation of opposite-charged defect or 
defect complexes. To identify which one of these factors 
affects the p- or n-type doping in CdTe, we have 
systematically calculated the formation energies and 
transition energy levels of intrinsic and extrinsic defects in 
CdTe using the first-principles band structure method. Our 
results are discussed below. The general understanding from 
this study can be used as a guideline of overcoming the 
doping limit in CdTe. 
 
2. Method of Calculations 

The band structure and total energy calculations are 
performed using the linearized augmented plane wave 
(LAPW) method within the local density approximation 
(LDA) [2]. For the defect calculation, we model the system 
by putting a defect at the center of a 32-atom periodic 
supercell. To calculate the defect formation energy and 
defect transition energy levels, we compute the total energy 
E(α,q) for a supercell containing the relaxed defect α in 
charge state q and the total energy E(CdTe) in the absence 
of the defect. From these quantities, we deduce the defect 
formation energy ∆Hf(α,q) as a function of the electron 
Fermi energy εF and the atomic chemical potentials µi [2]. 
Here, µi is set to zero for elements at stable phase and εF is 
referenced to the valence band maximum (VBM). Under 
equilibrium growth condition, µCd+µTe = ∆Hf(CdTe), where 
∆Hf(CdTe) = -0.79 eV is the formation energy of CdTe. 
µCd=0 corresponds to the Cd-rich limit, and µTe=0 
corresponds to the Te-rich limit. The defect transition 
energy level εα(q/q') is the Fermi energy εF at which the 
formation energy ∆Hf(α,q) of defect α of charge q is equal 
to  that of another charge q' of the same defect. 
 
 

3. Results 
(i) Formation energy of the neutral point defects: Table 

I lists the calculated defect formation energy of point defects 
at neutral charge state (q=0) and µi=0. The actual defect 
formation energy depends on the available chemical 
potential of the dopants and the chemical potential of host 
elements. For example, for neutral VCd

0, the lowest 
formation energy occurs at the Cd-poor limit with 
∆H(VCd

0)=2.67-0.79=1.88 eV. For extrinsic defects, µA is 
bounded by the values that lead to the formation of 
secondary phases such as Na2Te and CdCl2. For example, 
for NaCd

0, because the calculated formation energy 
∆H(Na2Te)=-2.84 eV, the lowest formation energy occurs at 
the Cd-poor limit with ∆H(NaCd

0)=0.45-0.79+1.42=1.08 eV. 
This is because at the Cd-poor limit, the highest possible µNa 
is -1.42 eV. Similarly, because the formation energy of 
Cu2Te is close to zero, the lowest formation energy of CuCd

0 
at the Cd-poor condition is ∆H(CuCd

0)=1.31-0.79=0.52 eV. 
Thus, the solubility of Cu is larger than that of Na. Our 
analysis indicates that the impurity that does not form strong 
bonds with the host elements has higher solubility than the 
impurity which forms strong bonds with the host. It also 
suggests that using metastable compound (e.g., CuTe) as a 
dopant can raise the chemical potential of the impurity, and 
thus, increase the solubility.  

(ii) Defect transition energy levels: Fig. 1 presents our 
calculated acceptor transition energy levels, and Fig. 2 gives 
the donor transition energy levels. Using these values, one 
can derive the formation energies of charged defects as a 
function of Fermi energy and chemical potential. For 
example, Fig. 1 shows that at εF=0.13 eV above VBM, 
E(VCd

-) equals E(VCd
0), which equals 2.67 eV at the Cd rich 

limit (Table I). Thus, at VBM where εF=0, the formation 
energy of E(VCd

-) will equal 2.80 eV. 
 

Table I.  Calculated formation energies ∆H (in eV) of point 
defects at neutral charge state (q=0) and µi=0. 

Defect ∆H Defect ∆H 
VCd 2.67 CdTe 3.92 
VTe 3.24 TeCd 3.70 
Tei 3.41 Cdi

a 2.26 
OCd -0.41 Cdi

c 2.04 
NaCd 0.45 AlCd 1.17 
CuCd 1.31 GaCd 1.23 
AgCd 1.32 InCd 1.23 
AuCd 1.30 FTe -0.08 
NTe 2.62 ClTe 1.23 
PTe 1.83 Nai

a 0.60 
AsTe 1.68 Nai

c 0.45 
SbTe 1.72 Cui

a 2.14 
BiTe 1.96 Cui

c 2.24 

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Calculated acceptor transition energy levels. 
 

Acceptor levels: Fig. 1 shows that for intrinsic defects 
VCd has relatively shallow transition energy levels (0/-) and 
(-/2-) at 0.13 and 0.21 eV above the VBM, respectively. 
Thus, VCd is the most important intrinsic acceptor for CdTe. 
However, the transition energy levels are still too high to 
reach high hole density. For impurity doping, we find that 
for ACd, where A=Cu, Ag, and Au, the calculated (0/-) 
transition energy levels are at 0.22, 0.25, and 0.20, eV above 
the VBM, respectively. These (0/-) transition energy levels 
are relatively deep because of the coupling between the 
delocalized d orbital of the group IB atom and the Te p 
orbital. The (0/-) level of NaCd is much shallower at 0.02 eV 
above VBM because Na has no active d orbital. Thus, NaCd 
could be an important acceptor in CdTe. For BTe impurity 
doping, where B= N, P, As, Sb, Bi, the calculated (0/-) 
transition energy levels are at 0.01, 0.05, 0.10, 0.23, and 
0.30 eV, respectively. The transition energy levels decrease 
monotonically when the atomic number of B decreases. The 
shallow (0/-) transition energy levels for NTe and PTe 
indicate that they could be important p-type dopant for 
CdTe. Unfortunately, the defect formation energy of NTe 
and PTe are large (Table I) due to the large size mismatch 
between the dopants and Te. Thus, the equilibrium 
solubilities of N and P in CdTe are low. If, however, one 
can enhance the incorporation of N and P in CdTe through 
non-equilibrium process (e.g., ion implantation, gaseous 
source, and electron beam annealing), it may be possible to 
greatly enhance the hole carrier density in CdTe. 

Donor levels: Fig. 2 shows that most intrinsic donor 
levels are deep inside the band gap. Only CdTe has a 
relatively shallow (2+/0) transition energy level at 0.10 eV 
below the CBM. For impurity doping, we find that for ACd, 
where A=Al, Ga, and In, the calculated (+/0) transition 
energy levels are at 0.02, 0.24, and 0.04 eV below the CBM, 
respectively. Because AlCd and InCd both have very shallow 
transition energy levels, they could be important n-type 
dopants in CdTe. For BTe impurity doping with B=F and Cl, 
we find the calculated (+/0) transition energy levels are very 
deep inside the band gap due to the large electronegativity 
of the dopants.  The calculated donor (+/0) transition energy 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
   Fig. 2. Calculated donor transition energy levels. 
 

levels are -0.01, 0.01, 0.01, and 0.38 eV, respectively, for 
Cui

a, Nai
a, Nai

c, and Cui
c. Because Nai has very shallow 

donor levels, it could be a strong candidate as an efficient n-
type dopant for CdTe. 

(iii) Doping limit: By plotting defect formation energy 
as a function of electron Fermi energy, we find that at the 
Cd-rich limit, undoped CdTe tends to be neutral or slightly 
n-type. This is because the Fermi energy is pinned near the 
mid gap by the compensating donor defect Cdi

2+ and the 
acceptor defect VCd

2-. On the other hand, at the Te-rich 
limit, undoped CdTe tends to be slightly p-type, since the 
Fermi energy is pinned at a level closer to the VBM. For 
impurity doping, we find that relatively high n-type doping 
can be achieved at the Cd-rich limit; but eventually, the n-
type doping in CdTe will be stopped by the spontaneous 
formation of the intrinsic closed-shell cation vacancy VCd

2- 
when the Fermi energy approaches the conduction band 
minimum (CBM). For some extrinsic dopant such as InCd 
and AlCd, we find that n-type doping could also be limited 
by the spontaneous formation of the DX center [3]. For p-
type doping, we find that it is not limited by compensating 
defects. Instead, it is limited by not having a dopant with 
both high solubility and shallow acceptor level. Some of the 
dopants have shallow acceptor levels, but their defect 
formation energies are too high (e.g., CdTe:N or CdTe:P). 
Other dopants have relatively low formation energy, but 
their acceptor level is too deep (e.g., CdTe:Cu). In some 
cases, it is also limited by the formation of compensating 
interstitial defects (e.g., Nai in CdTe:Na). We find that the 
AX center is unstable in CdTe [3]. 
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