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Generalized Koopmans density functional calculations reveal the deep acceptor state of
No in ZnO
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Applying a generalized Koopmans condition to recover the linear behavior of the energy with respect to the
fractional occupation number, we find that substitutional nitrogen (Ng) in ZnO is a deep acceptor with an
ionization energy of 1.6 eV, which is prohibitively large for p-type conductivity. Testing the generalized
Koopmans condition in computationally more demanding hybrid-functional calculations, we obtain a very
similar result for N, but find that the simultaneous correction of defect (acceptor-level) and host (band-gap)
properties remains challenging in hybrid methods. The deep character of anion-site acceptors in ZnO has
important consequences for the concept of codoping, as we show that nominally charge-compensated impurity
pairs such as (Ng-Gag,) or (Co-Tigz,) have positively charged states in the gap that act as hole traps.
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I. INTRODUCTION

Within the active research field of p-type ZnO, nitrogen
impurities substituting for oxygen (Ng) are widely regarded
as the most promising acceptors for successful p-type
doping.'~* Indeed, shallow acceptor levels with hole-binding
energies of only 100-200 meV have been observed after
N-doping.*~% Yet, assuming that these shallow states are due
to substitutional N acceptors carries the danger of the logi-
cal post hoc ergo propter hoc (“after it, hence, because of it”)
fallacy: Schirra et al.” recently found that the shallow accep-
tor states observed in photoluminescence are instead related
to stacking faults and cannot positively be identified with
Np. It also remains an outstanding experimental contradic-
tion that the shallow acceptor energies states are difficult to
reconcile with the strongly localized, Jahn-Teller distorted
hole wave function.®?

On the theoretical side, earlier calculations for the N
acceptor, based on standard density functional theory (DFT)
methods, yielded a widely quoted value of 0.4 eV for the
acceptor ionization energy.'” However, the local density or
generalized gradient approximations (LDA or GGA) to DFT
have an intrinsic bias toward producing delocalized and shal-
low acceptor states,'!'"'> which is rooted in their failure to
produce the physically correct piecewise linear behavior of
the energy E(N) with respect to the fractional electron num-
ber N.'* In case of ZnO:Li, for instance, standard DFT pre-
dicts an extended effective-mass-like state and a small accep-
tor ionization energy of less than 0.2 eV,'®!> whereas
experimentally the acceptor state is localized on only one out
of four O ligands and the ionization energy is much larger,
around 0.8 eV.'% In order to resolve the bias of DFT toward
shallow solutions, we recently introduced a method!"? that
cancels the nonlinearity of E(N) by adding site- and
occupation-dependent potentials and matching the potential
strength parameters to satisfy a generalized Koopmans con-
dition. This method restores the correct wave-function local-
ization and allows to quantitatively predict the acceptor ion-
ization energies, as demonstrated recently for metal-site
acceptors in transparent conducting oxides (ZnO, In,05, and
Sn0,),"? Zn vacancies in Zn chalcogenides,!” and divalent
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acceptors in GaN.'® Here we revisit the oxygen-site substi-
tutional acceptor Ng in ZnO using this generalized Koop-
mans theory, finding an ionization energy of 1.6 eV, which is
prohibitively large for p-type conductivity. (Preliminary re-
sults about the N acceptor level and a comparison to optical
transitions observed in experiment were presented in Ref.
19.) We investigate the impact of deep anion-site acceptor
states on concepts of codoping,?’?! where impurity pairs in-
volving N, single acceptors or C double acceptors have
been suggested to reduce the hole binding energy in wide-
gap semiconductors.?>?* We find that, after restoring the cor-
rect Koopmans behavior, the cluster dopant (2Ng-Gay,) has
a slightly reduced acceptor binding energy, which however is
not shallow enough for p-doping. Moreover, our results sug-
gest that codoping can even impede p-type conductivity,
since nominally compensated impurity pairs such as
(No-Gay,) or (Cy-Tiy,) exhibit a deep (+/0) transition in the
gap and therefore act as hole traps.

Hybrid-functional methods** which mix Fock and LDA
exchange have recently been applied to acceptors in
Zn0,>27 including also the case of N considered here.?’
Since, Hartree-Fock theory exhibits the opposite E(N) non-
linearity (concave) of LDA (convex), such hybrid functionals
could also be used to cancel the nonlinearity of E(N). Typi-
cally, however, the parameters in hybrid functionals are ei-
ther taken from predefined standards® or are adjusted to
match the experimental band gap.”®?’ Neither choice guar-
antees that the cancellation of nonlinearity is complete. For
example, Bruneval®® recently showed that hybrid functionals
violate the linearity condition in small Na clusters. More-
over, some previous hybrid-functional calculations of accep-
tor states in oxides showed deviation from experimentally
established facts, either quantitatively (ZnO:Li, Ref. 25) or
even qualitatively (SiO,:Al, Refs. 11 and 12). Therefore, we
test here the Koopmans behavior of hybrid functionals for
the nitrogen acceptor N, in ZnO using the HSE functional.?
We find that for standard HSE parameters, the nonlinearity is
cancelled quite well and the N acceptor level is close to the
present prediction of Ey+1.6 eV. However, when the pa-
rameter controlling the mixing of Fock and GGA exchange is
adjusted so that the calculated ZnO band gap agrees with
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experiment, E(N) becomes concave (i.e., overcorrected) and
the corresponding acceptor energy of 2.1 eV is unrealistically
deep.

II. METHOD

Starting from the observation that the delocalization error
in DFT originates from the residual self-interaction error that
places occupied and unoccupied states too close in energy,
we formulated in Ref. 13 a hole-state potential of the form

Vi = )\hs(l - nm,o/nref) > (1)

which is defined for those atomic orbitals where correlation
effects beyond the LDA are important,!” i.e., O-p and N-p in
the present work. n,, , is the fractional occupancy 0=n,,
=1 of the m sublevel of spin o (diagonal representation) in
the respective anion-p orbital. The reference occupation n.¢
is given by the anion-p occupancies in the absence of holes,
as determined from the defect-free ZnO host for V,,(O-p)
and from the ionized N acceptor for V;(N-p). The second
parameter A\ is determined so to satisfy the condition'3

E(N+1)-E(N)=¢(N), (2)

where the left-hand side is the electron addition energy E,4q
for occupying the empty acceptor state e;(N). After solving
for A in Eq. (1) to satisfy Eq. (2), there are no remaining
free parameters. While Eq. (2) resembles the Koopmans
theorem,®® we emphasize that the original Koopmans theo-
rem applies only to Hartree-Fock theory and only if the or-
bital relaxation is neglected. Instead, Eq. (2), is used here as
a condition that is to be fulfilled in the presence of orbital
relaxation and (general) screening effects, therefore called
“generalized Koopmans condition,”'® and it serves to restore
the physically correct piecewise linearity of the energy E(N)
as a function of the fractional electron number N.'314

Since the cancellation of the nonlinearity of E(N) via the
Koopmans condition, Eq. (2), can be achieved both through
the onsite potential Vy,, Eq. (1), and by hybrid functionals, it
is interesting to compare how the two approaches achieve the
increase of the energy splitting between occupied and unoc-
cupied orbitals that is needed to compensate the convexity of
E(N) in LDA." Using the onsite potential Vi, this is
achieved through the dependence on the occupancies n,, , of
the Im decomposed local (onsite) charge symmetry, similar
as in DFT+U.3' (Contrary to DFT+U, however, V, is de-
fined such that it vanishes when all symmetries are equally
occupied, such as in case of the defect-free ZnO host or the
ionized N, acceptor®) In hybrid DFT, on the other hand, the
increased energy splitting between occupied and unoccupied
states is achieved through inclusion of nonlocal (r and r’
dependent) Fock exchange

Vi) = a3 SO ey )

I
which is scaled by a parameter =1 and, depending on the
formulation of the hybrid functional, by an additional attenu-
ation function f([r—r’[). Thus, by comparing the two ap-
proaches, our present work also addresses the question in
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FIG. 1. (Color online) Calculated spin-density (green: isosurface
of 0.03 up/A3) of the EPR active neutral N% acceptor state in (a)
standard DFT and (b) in Koopmans-corrected DFT with the onsite
potential V.

how far charge-symmetry dependent potentials such as V
can capture effects that otherwise would require the much
more computing intensive calculation of the nonlocal Fock
exchange.

The calculations employing the on-site potential Vi, Eq.
(1), are performed using the projector-augmented wave’
implementation of the VASP code** and the GGA parameter-
ization of Ref. 35. Since the valence-band structure of ZnO
is considerably affected by the shallow Zn-d shell, we addi-
tionally employ the GGA+U method®' (U-J=6 eV) for
Zn-d. The parameters A\, are obtained as 4.5 eV for O-p,!”
4.3 eV for N-p, and 3.6 eV for C-p. Supercell finite-size
effects were accounted for as described in Ref. 36. The Bril-
louin zone of the 72-atom supercell of ZnO was sampled by
2X2X?2 k mesh and we used relatively soft pseudopoten-
tials (300 eV cutoff) that have been tested in Ref. 36. For the
hybrid-functional calculations of the N acceptor, we em-
ployed the implementation of nonlocal exchange of Ref. 37
and the range-separated HSE functional.? Since the band
gap varies between the different employed functionals (e.g.,
with different fractions « in HSE), all transition levels are
calculated with respect to the valence-band maximum
(VBM). In so far as the distances of defect states from the
conduction-band minimum (CBM) are concerned, the ex-
perimental value of 3.44 eV for the band gap is used.

III. No ACCEPTOR IN ZNO IN
KOOPMANS-CORRECTED DFT

In Fig. 1, we compare the localization of the N, acceptor
wave function in standard DFT (here, GGA+U) and after
application of the hole-state potential Vi, which was con-
structed so to satisfy the generalized Koopmans condition,
Eq. (2). Whereas in standard DFT, the acceptor state has a
P.y character at the N site (e, symmetry representation of the
C;, point group) and considerable contributions from next-
nearest-neighbor O sites, it becomes largely localized within
a single N-p, orbital (¢; symmetry) when applying the onsite
potential Vi, which is in accord with the electron paramag-
netic resonance (EPR) characterization of Ng.8° The
strongly directional hole localization of the neutral acceptor
N(()) is accompanied by a pronounced asymmetry of the
nearest-neighbor (NN) distances, i.e., a Jahn-Teller relax-
ation, which is not present in the ionized N, acceptor state
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TABLE I. Calculated properties of the N acceptor in ZnO. The
N-Zn nearest-neighbor distances ) and d , parallel and perpendicu-
lar to the wurtzite ¢ axis (cf. Fig. 1), the acceptor ionization energy
&4, and the optical (vertical) transition energies &,y (relative to the
VBM).

dy/d, (ND) 2.18/1.94 A
dy/d,(Ng) 1.91/1.90 A
£4(0/1-) 1.62 eV
Eopt:NO— NG 247 eV
Eopt:Ng—NJ 0.85 eV

(see Table I) or in the standard DFT calculation (cf. Fig. 1).
Apart from the axial configuration shown in Fig. 1(a), where
the N-p orbital hosting the hole is aligned parallel to the
crystal ¢ axis, there exist also nonaxial configurations of N%,
in which the spin density is oriented along one of the three
bonds with neighbors in the basal plane. We find that the
nonaxial configuration lies 0.03 eV higher in energy than the
axial geometry.

Figure 2(a) shows the calculated vertical transition ener-
gies between the neutral (¢=0) and ionized (g=-1) states of
Nop, e.g.,

Ng=NJ +e, (4)

for the transitions into or from the free-electron (e) state at
the CBM. It was found experimentally in Ref. 38 that the
EPR active neutral NOO acceptor can be photoexcited by light
below the band gap with energies down to 2.4 eV (514 nm).
Considering that the N acceptor existed in the EPR-inactive
ionized N, state before illumination, the most straightfor-
ward interpretation is that the neutral N acceptor is created
due to the optical-absorption process, Eq. (4) (forward direc-
tion), i.e., the excitation from the occupied acceptor state into
the CBM. Our calculated energy of 2.6 eV for this vertical
transition [Fig. 2(a)] agrees well with the experimental
threshold energy of the N-related absorption band observed
in Ref. 38. On the other hand, for the luminescence process,
Eq. (4) (backward direction), i.e., the recombination of a free
electron into the empty state of NOO, we obtain an energy of
only 1.0 eV (Fig. 2), much smaller than the experimentally
observed free-to-bound (e,A°) transition at 3.31 eV. Thus,
we cannot identify this luminescence with substitutional N
acceptors.

The large atomic relaxations involved with a change be-
tween the neutral and ionized acceptor states (Table I) lead to
a large difference between the (optical) vertical and thermal
acceptor transition energies. Specifically, the vertical
(0/1-) transitions (Fig. 2) straddle the acceptor level
e4(0/=)=Ey+1.62 eV (Table I). The Stokes shift of 1.6 eV
is composed of approximately equal contributions E,
~0.8 eV from the relaxation energy (Jahn-Teller energy) af-
ter the vertical 0— 1— and 1— — 0 transitions (Table I). We
note that relaxation energies around 0.8 eV are rather typical
for deep hole states in ZnO. Similar values are calculated
also for, e.g., Liz, (Ref. 13) or Zn vacancies.!” The thermal
ionization energy of 1.6 eV is much larger than common
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perceptions about N (Ref. 3) and precludes the thermal ac-
tivation of free holes. We conclude, therefore, that substitu-
tional N dopants will not lead to p-type conductivity in
ZnO.

IV. HYBRID-FUNCTIONAL RESULTS FOR N

In order to compare the theoretical description of the Ng
acceptor in ZnO by the symmetry dependent onsite potential
Vie» Eq. (1), to the description obtained by including the
explicit nonlocality of Fock exchange, Eq. (3), we further
performed hybrid-functional calculations for N. Similar to
the on-site potential Vi, also hybrid functionals can qualita-
tively correct the localization of oxygen hole states.?>20
Typical hybrid-functional parameters are, however, moti-
vated by molecular cohesive energies® and by consider-
ations of computational efficiency?® and do not necessarily
recover the linearity of E(N), raising the question which pa-
rameters are appropriate for the prediction of acceptor bind-
ing energies. Using the HSE hybrid functional®® (with a
range separation parameter u=0.2 A~'), we determine the
acceptor level of Ny in ZnO for two values of a: (i) the
“standard” value’® a=0.25, for which, however, the band
gap of ZnO is still underestimated by about 1 eV, and (ii) for
an increased fraction @=0.38 which restores the experimen-
tal band gap.*’ Regarding structural properties and wave-
function localization, we find that the NN distances agree
within 0.02 A with the values in Table I, irrespective of the
choice of the parameter «, and the localization of the N
acceptor state is essentially identical to that shown in Fig.
1(b). Thus, remarkably, we find that the electronic wave
functions and the resulting structural properties obtained by
means of the onsite potential V}, and by inclusion of nonlo-
cal Fock exchange are practically identical.

Considering the N acceptor level, however, we observe a
considerable dependence on the parameter «, obtaining
e4(0/=)=Ey+1.44 and 2.10 eV with @=0.25 and 0.38,
respectively.*! In order to evaluate the linearity of E(N) in
the HSE functional, we now determine the non-Koopmans
energy A, x=FE,qq—¢;(N) [see Eq. (2)], obtaining A =
—0.05 and -0.40 eV for @=0.25 and 0.38, respectively. For

S5 ZnO:No

FIG. 2. (Color online) (a) Calculated vertical transition energies
of Ng acceptors in ZnO, i.e., optical absorption (arrow-up) and
photoluminescence (arrow-down). Numbers in eV.
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comparison, the non-Koopmans behavior of standard DFT is
A,x=+0.62 €V.*? Thus, we find that the generalized Koop-
mans condition is quite well fulfilled in HSE with the stan-
dard parameter a=0.25. The respective N acceptor ioniza-
tion energy of 1.44 eV is consistent with the result obtained
with the V., on-site potential (see Table I). The slightly
smaller value can be attributed to the fact that in HSE (with
a=0.25), the Zn-d orbitals lic 0.8 eV higher in energy com-
pared to GGA+U, thereby pushing the VBM closer to the
No acceptor level. The relaxation energy, e.g., following the
vertical (0/1-) transition of 0.84 eV is practically identical
to that obtained with Vj,; (cf. Table I). On the other hand, the
band-gap corrected HSE calculation with @=0.38 causes
overcorrection (negative sign of A k) and the respective ac-
ceptor level at 2.10 eV is probably unrealistically deep. Quite
generally, one should not expect that increasing a to match
the experimental band gap will yield automatically accurate
results also for defect levels.

Since the linearity condition can be matched both by on-
site potentials and by hybrid functionals, we now briefly dis-
cuss the implications of either choice. The addition of a frac-
tion of nonlocal Fock exchange in hybrid-functional
calculations treats all atoms uniformly and generally im-
proves the band gap and the overall band structure. However,
as shown above, one cannot expect in general that the linear-
ity condition and the experimental gap are matched simulta-
neously for a single choice of the hybrid parameters. In par-
ticular, the homogeneous screening of the Fock exchange,
common to all hybrid functionals [cf. Eq. (3)], has been iden-
tified as a serious simplification,*> which may impede the
simultaneously accurate description of different properties,
such as the band structure and defect states. By restoring the
Koopmans condition for the respective atomic orbitals indi-
vidually (here, the p orbitals of O, N, and C), the onsite
potential V;, method can better account for differences in the
local screening behavior. On the other hand, V, is con-
structed [see Eq. (1)] such to vanish in the unperturbed bulk
material and therefore does not improve the bulk band struc-
ture.

V. IMPACT OF DEEP N-ACCEPTOR STATES ON
CODOPING CONCEPTS

Codoping of N with group IIT donors (e.g., Al, Ga, In)
has been proposed as a promising route to reduce the accep-
tor ionization energy and to increase the solubility of Ng
acceptors.’>?!" Since such proposals were evaluated on the
basis of standard LDA or GGA calculations, we now assess
the ramifications of the deep N state on the concept of
codoping. In line with the expectation®® that the formation of
an acceptorlike (2No-Gay,) impurity cluster would have a
shallower state than the isolated Nq acceptor, we find here a
hole-binding energy of 1.34 eV for this cluster in the present
approach, which is indeed significantly smaller than that of
isolated N, (cf. Table I). However, even the acceptor level of
the cluster is still much too deep to release free holes by
thermal excitation.

Again based on standard DFT functionals, it has been
suggested?>?3 that the acceptor ionization energy can be fur-
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FIG. 3. (Color online) (a) Spin density for a hole trapped at the
(No-Gay,) impurity pair (cf. Fig. 1). (b) £4(0/—) acceptor level of
N compared to the (+/0) hole trap levels of the nominally charge-
compensated impurity pairs (Ng-Gag,), (Co-Tiz,), and (Co-Zrz,).
The IB created by the respective charge-neutral pairs is also shown.

ther lowered through formation of an impurity band (IB) due
to charge-compensated donor-acceptor (D-A) pairs contain-
ing N (Ref. 22) or substitutional carbon (Cg).2* Such an IB
effectively shifts the VBM closer to the acceptor level,
thereby reducing the ionization energy. This concept requires
that the impurity pairs must be inert and not introduce gap
states themselves. Using the present approach, we find, how-
ever, that the pairs (Ng-Gay,), (C5-Tiz"), and (C&-Zra") do
not only exist in their compensated, charge-neutral state, but
have also a stable positively charged states, e.g., (No-Gay,)™,
formed by trapping of a hole in a localized state similar to
that of the isolated neutral N acceptor (see Fig. 1). These
positively charged states are a consequence of the strong
tendency of nitrogen and, even more so, of carbon to localize
holes in deep states. As shown in Fig. 3, the (+/0) transition
levels of the impurity pairs lie well above the respective IB
formed by the charge-neutral pairs. This indicates that holes
localize in the deep level [cf. Fig. 1(b)] and become immo-
bile, rather than providing p-type conduction through the IB.
Thus, our results obtained by generalized Koopmans DFT
calculations suggest that nominally charge-compensated im-
purity pairs in wide-gap semiconductors have a much larger
tendency to create deep gap states than it is generally recog-
nized.

VI. CONCLUSIONS

The physical condition of the piecewise linearity of the
total energy E(N) with respect to the occupation number
plays a decisive role in determining the correct acceptor ion-
ization energies in wide-gap oxide semiconductors. Match-
ing this condition by means of an on-site potential Vi that
depends on the local charge symmetry, the predicted accep-
tor level of substitutional N dopants in ZnO lies as deep as
1.62 eV above the valence-band edge. Testing the Koopmans
behavior of Ny in HSE hybrid-functional calculations, we
find good cancellation of the nonlinearity of E(N) with the
standard mixing parameter a=0.25 for the Fock exchange
but increasing the parameter « in HSE calculation to match
the experimental band gap of ZnO overcorrects the linearity
condition. The hybrid-functional description of the acceptor
wave functions, the structural Jahn-Teller distortion, and the
acceptor level (for «=0.25) agree well with the results ob-
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tained with Vi, indicating that on-site potentials can largely
account for the effects of nonlocal Fock exchange in local-
ized defect states. The deep levels of the anion-site acceptors
Np and Cg have important implications on codoping con-
cepts, as we find that nominally charge-compensated donor-
acceptor pairs can form positively charged states and thereby
trap holes into immobile deep states.
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correct wave-function symmetry (Ref. 13), so A ¢ is determined
as the linearly extrapolated V;— 0 limit rather than the actual
value for V,,=0.
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