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Hole densities in group-V (P, As, and Sb) doped CdTe typically fall below 10'7cm=> although sufficient
group-V dopants are incorporated. Previous theoretical studies suggested that the formation of AX centers
compensates the acceptors, thereby limiting p-type doping. However, recent calculations including spin-orbit
coupling effects suggest that AX centers are unstable and thus cannot hinder p-type doping. Therefore, the origin
of the hole density pinning issue in CdTe remains elusive. Our first-principles calculations, incorporating spin-
orbit coupling, coupled with detailed balance simulations, reveal that hole doping in CdTe remains significantly
limited despite the instability of the AX centers. This limitation stems from the self-compensation driven by
the native vacancies and the band-edge excitations induced by free carriers. Additionally, we find that As is the
most favorable dopant among group-V dopants due to its relatively low formation energy and shallow transition
level. Our understanding of the hole-limiting mechanism is important for improving the dopability of CdTe
solar cells. Moreover, our analysis of the band-edge excitations is critical for describing the defect properties in

semiconductors.
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I. INTRODUCTION

CdTe has a large optical absorption coefficient and an
appropriate band gap of around 1.5 eV which matches well
with the solar spectrum [1-3], making it an attractive absorber
material for efficient thin-film solar cells. CdTe thin-film solar
cells are competitive in commercial applications due to their
low fabrication cost and improved efficiency. The recorded
efficiency has achieved 22.6% [4], but still falls short of the
maximum theoretical efficiency of around 32%. This discrep-
ancy is primarily attributed to the low open circuit voltage
(Vo) [5,6], which results from the low hole density. A typical
CdTe film is doped under Cd-poor conditions to produce
Vea or Cugg, but the Cd-poor conditions often lead to the
formation of recombination centers such as Te antisites and
Te interstitials [7,8]. Additionally, the hole density is low
in the range of 10'*—10"cm~3 [6,9,10]. Doping CdTe with
group-V (P, As, and Sb) elements under Cd-rich conditions
has emerged as a promising approach, which has shown po-
tential in increasing the hole density to >10'"®cm™3 [11-13].
However, a perplexing observation persists: the hole density
in group-V doped CdTe remains pinned below 10'7cm =3, de-
spite the sufficient incorporation of group-V dopants [11-15].

To elucidate the doping limit in group-V doped CdTe,
previous theoretical calculations [9,16—18] suggested that the
formation of AX centers, acting as positively charged deep
donors, compensates the acceptors and thus limits the doping
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process. Recent first-principles studies [19-22] highlighted
the significant impact of spin-orbit coupling (SOC) on defect
properties, particularly when heavy atoms such as Pb and Te
are involved. In PbTe [23], for instance, SOC narrows the band
gap and greatly alters the positions of band edges, resulting in
the prediction of native n-type behavior instead of the native
p-type in the absence of SOC. In the context of CdTe, it has
been reported that SOC effects have more influence on the
localized acceptor states formed by Te p orbitals, and the
transition levels are determined by the combined movement
of band edges and defect states [24]. Most importantly, it is
proposed that with the inclusion of SOC, AX centers become
unstable, thus challenging their role in limiting p-type doping
[25]. Therefore, the underlying mechanism responsible for the
doping limits in group-V doped CdTe remains elusive.

In this paper, we conduct a comprehensive investigation
in group-V doped CdTe using a hybrid functional, consider-
ing the intricate interplay of SOC effects. Firstly, consistent
with Ref. [25], we find that the AX centers are indeed un-
stable as they have larger formation energies compared to
the desired acceptors. Consequently, AX centers appear not
to be the origin of the hole doping limit. Secondly, through a
systematic numerical study of the detailed balance equations,
we identify that the thermal band-edge excitations and native
vacancies strongly compensate for p-type doping in CdTe.
Additionally, we find that all group-V dopings achieve hole
densities within the range of 10'>—10'7cm™3. Arsenic doping
emerges as the most effective, with the highest hole density of
~10"cm~3 among group-V doping, attributed to its relatively
low formation energy and shallow acceptor level. Our findings
provide valuable insights into the doping limits of CdTe and
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FIG. 1. Calculated band structure of CdTe.

offer guidance for experimental synthesis. The understanding
of band-edge excitations presented in this study is important
and holds a key role in understanding the doping behavior of
narrow band gap semiconductors.

II. COMPUTATIONAL METHODS

Our first-principles calculations are conducted using den-
sity functional theory (DFT) with the projector augmented
wave (PAW) method [26], as implemented in the Vienna
ab initio simulation package (VASP) [27]. The Heyd-Scuseria-
Ernzerhof 2006 (HSE06) hybrid functional [28] (¢ = 0.33)
including spin-orbit coupling [29] is adopted to obtain a band
gap of 1.52 eV and a lattice constant of 6.55 A for bulk CdTe,
in good agreement with the experimental results of 1.56 eV
and 6.48 A [30], respectively. As shown in Fig. 1, CdTe is
a direct band gap semiconductor, with the conduction band
minimum (CBM) and the valence band maximum (VBM)
both located at the I point. The valence band at the I point
is split into degenerate heavy-hole and light-hole states (I'g),
and a spin-orbit split-off state (I'7). Plane-wave functions are
expanded with a cutoff energy of 350 eV. For defect calcu-
lations, we construct a 216-atom supercell (3 x 3 x 3 of the
eight-atom unit cell) and sample the Brillouin zone using a
single I" point. To ensure the convergence of our results, we
also employ a larger 512-atom supercell (4 x 4 x 4 of the
eight-atom unit cell) to test the size dependency. All atoms
in the supercells are allowed to relax until the forces on each
of them become less than 0.01 eV/A.

To determine the defect formation energy AHy(a, q), we
need to calculate the total energy E(«, g) of a supercell con-
taining the defect « in charge state ¢, as well as the total
energy E(host) of the host without the defect. AH(«, g) is
a function of the electron Fermi energy Ep (referenced to
the VBM) and the atomic chemical potentials p;, defined as
follows [31]:

AHp(a,q) = AE(, q)+ Y nifti + GEr + Ecoms (1)

i
where AE(w,q) = E(a, q) — E(host) + >, mE; + gEvpm.
n; represents the number of atoms i transferred from the
supercell to the reservoirs of element i in forming the

defect. u; denotes the chemical potential of atom i, which is
referenced to the energy E; of the elemental solid or gas. The
correction term E; is obtained by aligning the deep 1s core
levels of the atoms far away from the defect in the supercell
with that in the defect-free cell. The defect transition energy
level is the Fermi energy Er, where the formation energies of
defect « in charge states ¢ and ¢’ are equivalent, i.e.,

€a(q/q) =[AE(a,q) — AE(a, )1/ —q@). ()
Thus, Eq. (1) can be rewritten as
AHy(a,q) = AHg(a,0) — gea(0/q) + gEp.  (3)

Ata given temperature T, the density n}) of the donor defect
with a formation energy of AHf(D+), and the density nj
of the acceptor defect with a formation energy of AHy(A™),
conform to the Boltzmann distribution,

+ —AH(DV)/kgT
nj = Nyegpe AHrP/keT

ny = Nyegae AT )
where N is the number of available sites for the defect «
per unit volume, and gp and g4 are the degeneracy factors for
donors and acceptors, which represent the numbers of possible
electron configurations per site.

The concentrations of electrons and holes are determined
by [32]

Po = Nve‘(E” 7EI")/kBT’
ng = Nce—(Ec - EF)/kRT’ 5)

where E, and E, are the VBM and CBM energies, respec-
tively. For convenience, we typically set E, = 0 and E, = E,,
where E, corresponds to the band gap. Then Eq. (5) can be
rewritten as follows:

—Ep /kgT
p():N‘Ue I/B ’

ny = Nce(EF = E/ksT (6)

Under the parabolic approximation, the effective density
of states for the valence band N, and conduction band N, are
expressed by

Ny = 2Qmm’ kgT)? /I,

N. = 2Qrm? ksT)? /1. %)

The density of states effective masses for the va-
lence band and conduction band are given by m) =
(m 3% + m, 3% + [mexp(—A/KT)P?YR and w5, = m?,
respectively, taking into account the spin degeneracy and
spin-orbit coupling [33]. Here, m}, m},, m;,, and m}, are the
effective masses of electron, light hole, heavy hole, and split-
off hole band, respectively, and A is the spin-orbit split-off
energy. In the calculations, the experimental values of effec-
tive masses in CdTe, m}, = 0.84my and m). = 0.095mq
(mg denotes the mass of a free electron), are adopted [34]
because the effective masses calculated by different methods
often differ from each other [35,36]. Importantly, the dif-
ference between calculated and experimental data does not
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FIG. 2. Chemical-potential stability diagram for As doping in
CdTe under equilibrium growth conditions. Within the green region,
CdTe is thermodynamically stable, while in the gray region, the
competing secondary compounds Cds;As; will form.

impact the magnitude order of the calculated carrier densi-
ties. The concentrations of positively charged defect ;) and
negatively charged defect n; should satisfy the neutralization
condition:

po + ng =ny + n,. ®)

By solving the equations self-consistently, we can obtain
the Fermi energy, carrier densities, and defect concentrations
as functions of the chemical potentials at a specific tempera-
ture under thermal equilibrium growth conditions.

When the system is quenched from a high growth tem-
perature to room temperature (working temperature), the total
concentration of defect « in all possible charge states remains
fixed at the value of growth temperature, which is known
as “freezing-in” approximation [37]. During this quenching
process, the densities of different charged defects will be re-
distributed according to their respective weights. By utilizing
this method, the system can attain a relatively low Fermi
energy and high carrier densities.

III. RESULTS AND DISCUSSIONS

Defect formation energy depends strongly on the atomic
chemical potential and electronic Fermi level, as seen in
Eq. (1). Therefore, the first step in calculating defect proper-
ties is to determine the chemical-potential stability diagram.
For group-V doping in CdTe, the chemical-potential con-
ditions are pucqg + ure = AH(CdTe) and mpucqg + npy <
AHy(Cd,X,). The calculated AH(CdTe) is —1.23 eV, in
good agreement with the experimental value of —1.17 eV
[38]. CdsP,, Cds3As,, and Cd;Sb, are the competing sec-
ondary phases, with the calculated formation energies of
—0.57, —0.95, and —0.64 eV, respectively. Taking As doping
as an example, as shown in Fig. 2, CdTe is thermally stable
within the green region bounded by the red line A-B-C. Points
A, B, and C represent Cd-poor/Te-rich/As-rich, Cd-poor/Te-
poor/As-rich, and Cd-rich/Te-poor/As-poor conditions, re-
spectively. Along line A-B, the chemical potentials of Cd and
As satisfy —1.23 < pcg < —0.32, pas = 0; along line B-C,

they satisfy —0.32 < pucqg < 0, pas = —(0.96 + 3pca)/2.
We will discuss the defect properties along the chemical-
potential line A-B-C in the following.

For group-V doping in CdTe, group-V dopants prefer to
substitute at the Te sites, forming Xt. (X = P, As, Sb) de-
fects. Main native defects such as Cd vacancy (V4) and Te
vacancy (Vr.) are also included in our defect calculations.
Figure 3(a) shows the dependence of formation energies of
these defects in neutral charge states on pcq. As pcq in-
creases, the formation energy of Vy increases linearly while
the formation energy of V. decreases linearly, which can
be easily understood from Eq. (1). For Xt (X = P, As, Sb)
defects, their formation energies decrease along line A-B, and
then increase along line B-C, because the chemical potential
of group-V dopants obeys different constraints along lines
A-B and B-C as seen in Fig. 2. We note that the formation
energies of Pre, Aste, and Sby. gradually decrease under iden-
tical chemical-potential growth conditions because the size
mismatch between group-V atoms and Te is reduced with
increasing atomic number. Our calculated formation energies
of group-V substitutional defects under Cd-rich and Te-rich
conditions are in good agreement with previous calculations
[15,18,39].

Figures 3(b)-3(f) show the calculated defect formation
energies in group-V doped CdTe as functions of the Fermi
level under different chemical-potential growth conditions,
i.e., points A, B, and C. The calculated (0/—) transition energy
levels for Pre, Aste, and Sby. are at 0.07, 0.08, and 0.20 eV
above the VBM, respectively. The experimental values for Pr.
and Asry, are within the ranges of 35-87 meV [11,41-44] and
55—94 meV [11,45-47], respectively, close to our calculated
results. The transition energy level of Sbr. is under debate
both experimentally and theoretically. Previous experimental
and theoretical studies predicted Sbr. to be a deep acceptor
with a deep transition level at 230 meV [9,15,48]. However, in
a recent experiment, a shallow level of 103 meV was reported
[11], and a recent calculation found it to be 116 meV [25]. We
note that the trend in our calculated transition levels aligns
with previous calculations [9,15,39], and the absolute values
do not affect our conclusions. The increasing deeper defect
levels from P to As to Sb can be explained by the fact that
the defect states mainly originate from the anion p states. As
the atom number increases from P to As to Sb, their valence p
orbital energy rises, resulting in a deeper acceptor level.

The relatively low hole density in group-V doped CdTe
has long been attributed to the AX center, which compensates
acceptors. When forming the AX center, the group-V impurity
moves towards its nearest neighbor Te along the [110] direc-
tion, forming a bond with the Te atom, while breaking their
two bonds with Cd. In this case, the threefold degenerate ¢,
state will split into a fully occupied doubly degenerated e state
and an empty single a, state, leading to a gain in electronic en-
ergy against the energy cost incurred by breaking the bonds. If
the AX center stabilizes, it will act as a positively charged deep
donor [9,18,39]. Figures 3(b)-3(f) reveal that the AX centers
for the three group-V dopants all have quite high formation
energies. As a result, the (0/4) transition energy levels for the
group-V substitutional defect are located within the valence
bands. Our results indicate that AX centers are not stable,
consistent with a recent calculation including SOC [25].
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FIG. 3. (a) Calculated formation energies of neutral defects in group-V doped CdTe, as functions of the Cd chemical potential (i1cq). (b)—(f)
Calculated defect formation energies, as functions of the Fermi level (Er) under different chemical-potential growth conditions. Points A, B,
and C represent Cd-poor/Te-rich/group-V rich, Cd-poor/Te-poor/group-V rich, and Cd-rich/Te-poor/group-V poor conditions, respectively.
Red and black dashed lines denote host electronic states AH; and AH, involved in band-edge excitations. See Ref. [40] for more calculation

details about band-edge excitations.

According to prior first-principles  calculations
[6,24,49,50], Vg, Ve, and Cd interstitial (Cd;) are the
primary native defects in CdTe. Cd; is not considered as a
limiting factor because of its high formation energy. Our
calculations show that charge-neutral V4 and Vi, are the most
stable intrinsic defects when accompanied by Jahn-Teller
distortion. V4 has a (0/2—) transition energy level at 0.17 eV
above the VBM, and Vi, has a (0/2+) transition energy level
at 0.42 eV below the CBM. These results are close to previous
calculations in Refs. [9,50-52] but different from the results
in Refs. [6,24] that found V. to be a rather shallow donor.
For intuitive observations, the band-edge excitations induced
by free carriers are incorporated into the defect formation
energy vs Fermi energy plot, as shown in the dashed lines in
Figs. 3(b)-3(f). In Fig. 3(b), we can see that the negatively
charged Vg and the host electronic state AH; pin the Fermi
level around the middle of the band gap under the chemical
potential of point A. In Figs. 3(c)-3(f), both AH; and Vr,
compensate the negatively charged defect Xr. (X = P, As,
Sb), thereby limiting the hole density.

After calculating the defect formation energies, we can
determine the Fermi level, carrier densities, and defect con-
centrations by solving the detailed balance equations (4)—(8)
in Sec. IT A. CdTe samples are usually grown at high temper-
atures (e.g., 850 K) and then quenched to room temperature
(300 K). The simulations of growth temperature at 300 and
850 K, and quenching from 850 to 300 K are carried out,

as shown in Figs. 4-6. We take As doping as an example to
analyze the results. One can easily extend to P doping and
Sb doping. At T = 850 K, as ucq increases along the A-B-C
line, the Fermi level increases to the highest, then drops to
the lowest at point B, and finally increases from point B to
point C. This can be understood from Figs. 3(b)-3(f). At the
chemical potential of point A, the dominant defects are Vg
and AH|, which pin the Fermi level around the middle of the
band gap [Fig. 3(b)]. As pcq increases, the formation energy
of Vq gradually rises [Fig. 3(a)], while the formation energies
of host electronic states are independent of atomic chemical
potentials; consequently, the pinning position of the Fermi
level rises. When AH, is dominant over V4, the Fermi level
is pinned by the host electronic states AH; and AH,; in this
case, the Fermi level reaches its highest. With the increase
of g along line A-B, the formation energy of Asr. decreases
[Fig. 3(a)]. When the acceptor Ast.(—) is dominant over AH,,
the Fermi level begins to decrease. At the chemical potential
of point B, the Fermi level reaches a minimum because the
formation energy of Ast. is the lowest at this point. Note
that the formation energy of V. decreases as jicq increases
[Fig. 3(a)]. From Fig. 5(c), we find that V1. and Asr. are of
the same order of magnitude at point B, indicating that Vr.
and AH, collectively compensate the acceptor Ast., which
confirms our predictions in Fig. 3(e). Along line B-C, the
formation energy of Ast. increases, while the formation en-
ergy of Vr. continues to decrease [Fig. 3(a)]; consequently,

205205-4



ORIGIN OF HOLE DENSITY PINNING IN GROUP-V ...

PHYSICAL REVIEW B 109, 205205 (2024)

(a) 1o T = 300 K
N A 1
Q’L 05} d
lu = -
0.0 |+
2
®
o
a 108
o
[+]
=
> 10°
®
c
a
= 108
c
©
Qo
3
10°
1.2 1 0.8 0.6 0.4 0.2 0
ey (V)
(c) As doping (T = 300 K)
1010
c
S
s 10°
£
c
[
(%)
c
[«]
(&)
°
o
S 10°
10°
1.2 1 0.8 0.6 0.4 0.2 0
Beq (V)

(b) P doping (T = 300 K)
101
(=
<)
g 10°
T
@
o
c
o
(&S]
f:
"g 10° — P :
—P_ () :
V4 i
—VCd(Z-) 1
—V_ (2+
105 N f 1 N Te( ) 1
1.2 1 -0.8 -0.6 -04 -0.2 0
By (€V)
(d) i i Sb :;ioping (f'l"’ = 300 lK)
101
c
=]
g 10°
T
@
[*)
5 1
2 1
5 ——sb_(0) 1
a 10° —Sb_ () ]
— V40 1
—Veul?) 7
—V_ (2+) ]
|
10° = .
-1.2 1 -0.8 -0.6 0.4 -0.2 0
Beq (V)

FIG. 4. Simulated results for group-V (P, As, and Sb) doped CdTe at T = 300 K. (a) Fermi level (EF), hole density, dopant density, and

(b)—(d) defect concentration, as functions of pcq. Hole density, dopant density, and defect concentration are given in cm™.

the Fermi level is pushed up. In Fig. 5(a), the hole density
shows an inverse trend with respect to the Fermi level, which
results from the fact that the hole density is proportional to
exp(—Er) [Eq. (6)]. The As dopant density follows the same
trend as Asr.(—) since the negatively charged Asr.(—) is
dominant among the total As dopants. The formation energy
of Ast.(—) varies with different rates because it depends on
both the formation energy of Asr.(0) in Fig. 3(a) and the
Fermi level Er in Fig. 5(a), which can be understood from
Eq. (3). From Figs. 5(b)-5(d), we find that the AX centers
for all group-V dopants exhibit rather low concentrations, and
thus cannot be a limiting factor for p-type doped CdTe. Table I
summarizes the simulated results at the chemical potential of
point B, where the hole densities achieve the highest. From
Table I, we can see that all group-V dopants can achieve a
hole density of ~10'7cm™3 when the growth temperature is at
850 K, corresponding to the Fermi level around 0.45 eV above
the VBM.

Quenching is an effective method to reduce the Fermi level
and enhance the hole density. Figure 6 shows our simula-

3

tion after quenching from 850 to 300 K. We can see that
the Fermi levels are reduced to 0.13-0.25 eV while main-
taining relatively high hole densities at 10">—10"7cm ™ after
quenching, as listed in Table I. In contrast, at the equilib-
rium growth temperature of 7 = 300 K shown in Fig. 4, the
Fermi levels are pinned above 0.5 eV, and hole densities are
limited to ~10'%cm—3. Therefore, it is necessary to grow at
high temperatures and then quench to room temperature to
obtain the high hole density and the low Fermi level. Note
that, during the quenching process, the concentrations of de-
fects with different charge states in the same configuration
are redistributed according to their weights at 7 = 300 K,
while maintaining the total defect concentration at growth
temperature 7= 850 K. For example, Ast.(0) and Asp.(—) are
both in 7; symmetry. After redistributing, the concentration of
Aste(—) will be lowered, because defect ionization becomes
more challenging at 7 = 300 K. This situation is particularly
severe for Sby. due to its deep ionization energy. As shown
in Fig. 6(d), the concentration of Sbr.(—) is lower than that
of Sbr.(0) under the chemical-potential growth conditions of
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FIG. 5. Simulated results for group-V (P, As, and Sb) doped CdTe at 7 = 850 K. (a) Fermi level (EFr), hole density, dopant density, and

(b)—(d) defect concentration, as functions of pcq. Hole density, dopant density, and defect concentration are given in cm ™.

3

Cd-poor/Te-poor/Sb-rich. As a result, Sb doping exhibits the  of 1.1 x 10'7cm™. This can be attributed to its relatively
poorest performance among group-V dopants, characterized ~ low combined formation energy and shallow acceptor level,
by the lowest hole density. In contrast, As doping shows the  allowing for more dopants to be introduced and subsequently
most favorable behavior, achieving the highest hole density  ionized. Our results are consistent with previous experimental

TABLE I. Minimum Fermi levels (Er), maximum hole densities, and dopant densities for group-V (P, As, and Sb) doping at 7= 300 K,

T = 850 K, and quenched from 850 to 300 K.

Ep (eV) Hole (cm™3) Dopant (cm ™)
T=300K Pr. 0.55 1.1 x 10 1.1 x 10
Ase 0.52 4.0 x 10'° 4.0 x 10'°
Sbre 0.52 4.0 x 10'° 4.0 x 10'°
T=850K Pr. 0.49 1.1 x 107 3.6 x 107
Aste 0.44 2.3 x 1077 4.2 x 107
Sbre 0.46 1.7 x 107 6.3 x 107
Quenched from 850 to 300 K Pr 0.15 6.0 x 10'¢ 3.6 x 107
Aste 0.13 1.1 x 10" 4.2 x 107
Sbre 0.25 1.2 x 1013 6.3 x 10"7
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FIG. 6. Simulated results for group-V (P, As, and Sb) doped CdTe when quenching from 850 to 300 K. (a) Fermi level (Er), hole density,

dopant density, and (b)—(d) defect concentration, as functions of cq. Hole density, dopant density, and defect concentration are given in cm ™.

results [11-13,53,54], which obtain the hole density in a range
of 10°—10"ecm—3.

IV. CONCLUSIONS

In conclusion, our systematic first-principles calculations
including spin-orbital coupling show that P, As, and Sb all can
achieve hole densities within the range of 10'°—10"cm3.
We show that AX centers are unstable and thus cannot limit
the p-type doping. Notably, the observed limit in hole density
arises from the self-compensation mechanisms originating
from the native vacancies and band-edge excitations. Our
results, utilizing detailed balance equations, also highlight

3

As (arsenic) as the most effective dopant among group-V
dopants, due to its low combined formation energy and ion-
ization energy level. This study unravels the origin of the hole
density pinning in group-V doped CdTe and more importantly,
it emphasizes the importance of the band-edge excitations in
limiting the dopability of semiconductors.
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