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ZnGeN3 has been proposed as an attractive semiconductor for a number of applications, but doping is largely
unexplored. We examine the behavior of Li, Cu, Al, Ga, In and C as candidate acceptors using hybrid density
functional theory. Cu, In, and C give rise to deep acceptor levels, but Li, Al, or Ga could potentially lead to
p-type conductivity. Al is particularly attractive, since it has an ionization energy of 0.24 eV, comparable to
Mg in GaN. However, self-compensation due to wrong-site incorporation is a serious issue. We demonstrate
that co-doping with hydrogen can be used to overcome this problem.

The II-IV-nitride semiconductors are based on earth-
abundant elements and have band gaps that span a wide
range of energies. ZnGeNjy is a prototype example: it
has a direct band gap reported between 2.99 eV and 3.30
eV,12 and this gap can be tuned by alloying with Sn or
Si, making it attractive for applications in quantum cas-
cade lasers,? multijunction solar cells,* and light emitting
diodes.?

For all of these applications, controlled doping is cru-
cial. n-type doping is usually not a problem in nitride
semiconductors,®” but p-type doping has proven chal-
lenging in the IIl-nitrides due to the dearth of acceptor
dopants with low ionization energies.® The use of Mg to
achieve controlled p-type doping has been a big driver
for the success of GaN in optoelectronics.” Translating
this success to the II-IV-nitrides requires a thorough un-
derstanding of the electronic properties of candidate p-
type dopants. At present, no experimental reports on
p-type doping of ZnGeNy are available. Accurate first-
principles calculations can lead the way in addressing the
prospects and challenges associated with acceptor doping
in ZnGeNs.

Skachkov et al.'® previously performed density func-
tional theory (DFT) calculations on Ga acceptors in
ZnGeNy. They used the local density approximation
(LDA), which severely underestimates the band gap.
They corrected the band gap by applying an on-site po-
tential U, but this approach does not necessarily pro-
duce the correct position of the valence-band maximum
(VBM)."!! The LDA also falls short in describing charge
localization, an issue that is particularly important for
correctly calculating the ionization energy of acceptors.!?
Use of a hybrid functional overcomes these problems. Hy-
brid functional calculations were applied by Wang et al.'?
to ZnSnNs, which has a lower band gap than ZnGeNs;
they identified Liz, as a shallow acceptor.

In the present work, we investigate p-type doping of
ZnGeNy using a hybrid functional. Acceptor doping of
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ZnGeNy can be achieved with group-I elements substi-
tuting on the Zn site; group-III elements substituting on
the Ge site; or group-IV elements substituting on the
N site. We examine a wide array of candidate acceptors:
Lizy,, Lige, Cugy; Alge, Gage, and Inge; and Cyn. Among
these, Liz,, Alge, and Gage will be found to have small
enough ionization energies to enable p-type conductivity.

We also examine compensation by native defects, as
well as self-compensation due to incorporation of the
dopant on the “wrong” site: for instance, Alge acts
as an acceptor, but Alz, as a donor. The similar-
ity in ionic radii between Zn and Ge indeed leads to
a propensity for wrong-site substitution, causing severe
self-compensation. We will also propose a potential so-
lution in the form of co-doping with hydrogen. The in-
corporation of hydrogen donors can be more favorable
than the incorporation of wrong-site dopants, thus sup-
pressing self-compensation. Our detailed examinations
include calculations of hydrogen-dopant complexes, thus
providing guidance as to whether codoping with hydro-
gen and subsequent removal of hydrogen in a post-growth
anneal is a viable route for p-type doping in ZnGeNs.

Our DFT calculations are performed with projector
augmented wave potentials'* as implemented in the Vi-
enna Ab-initio Simulation Package (VASP).!%16 We use
the hybrid functional of Heyd, Scuseria, and Ernzerhof
(HSE)!'"18 with a standard mixing parameter of 25%. Zn
3d'04s2, Ge 4s524p? and N 2522p> electrons are treated
as valence, and the plane-wave basis cutoff is 400 eV.
ZnGeNy has the orthorhombic Pna2 space group; the
lattice parameters can be related to wurtzite parameters
via a &~ \/gaw, b = 2a,, and ¢ = ¢,,.1'!? Note that some
authors define the axes with @ and b interchanged.20-2!
We calculate the lattice parameters to be a=5.47 A,
b=6.45 A, and ¢=5.20 A, which are within 0.5% of ex-
perimental values.!” Our HSE band gap for ZnGeN, is
3.19 eV, which lies within the range of the experimentally
reported values.'? Defect calculations are performed in
a 128-atom supercell with a single special k point (1/4,
1/4, 1/4). Spin polarization was included.

For an acceptor A with charge state ¢ the formation



energy Ef(A?) is calculated as:!!
ET(A%) = Biot(A?) = Bior(bulk) + > nips; + ¢Er + A7,

3

(1)
where Eiot(A?) is the energy of the ZnGeNy supercell
with the acceptor in the charge state ¢, Eiot(bulk) is the
energy of the pristine supercell, n; represents the number
of atoms of species ¢ that are added to (n;<0) or removed
from (n;>0) the supercell, and p; is the chemical poten-
tial of these atoms. The electronic chemical potential Er
is given by the position of the Fermi level referenced to
the valence-band maximum (VBM). Finally, the term A?
is the charge-state dependent correction to the formation
energy due to the finite size of the supercell.?2:23

The atomic chemical potentials, p;, are variables that
reflect the growth conditions; they are constrained by the
formation enthalpy of competing phases. For the host el-
ements, our calculations span the range from Zn-rich (Ge-
poor) to Zn-poor (Ge-rich) conditions; the region of sta-
bility of ZnGeNs was described in detail in Ref. 7. For our
investigations of candidate acceptors, we use LigN, Cu
metal, diamond, AIN, GaN and InN as limiting phases.
For each dopant configuration we report a formation en-
ergy based on chemical potentials that would maximize
the incorporation of the acceptor on their respective sub-
stitutional site, based on calculated formation enthalpies
for LisN (—1.65 eV), AIN (—3.15 eV), and GaN (—1.2
eV); these values are in agreement with experiment.?425
In our calculations involving hydrogen we assume puy is
determined by the Hy molecule at T'=0.

The ionization energy of an acceptor is given by
the thermodynamic charge-state transition level, e(q/q’).
This transition level is defined as the Fermi-level position
below which the defect is stable in the charge state ¢ and
above which it is stable in the charge state ¢’. For ex-
ample, for the case of the Alg. acceptor, the ionization
energy is determined as:

€(0/=) = Ef (Alge ' Er = 0) — B/ (Alg’; EF = 0).
(2)
where EY(Alge '; Ep = 0) is the formation energy of
Alge in the negative charge when the Fermi level is at the
VBM and Ef (AlGeO; Er = 0) is the formation energy of
Alge in the neutral charge state.

The calculated charge-state transition levels are shown
in Fig. 1. From this figure it is clear that Cugzy, Inge,
and Cy have deep acceptor levels and cannot lead to p-
type conductivity in ZnGeNs. We also considered Lige
and find it has a large ionization energy (1.01 eV). The
best candidates for shallow acceptors are Liz,, Alge and
Gage, with ionization energies of 0.36, 0.24, and 0.30 eV,
as listed in Table I. The ionization energy of Alg,, 0.24
eV, is close to the ionization energy for Mgg, in GaN
(0.26 eV, Ref. 8) and would thus lead to a reasonable
hole concentration. The equations for carrier concentra-
tions in a doped semiconductor show that the hole con-
centration at room temperature decreases by roughly an
order of magnitude for every 100 meV increase in ioniza-

tion energy. An ionization energy of 0.46 eV due to Inge
would therefore probably be too high to lead to a useful
hole concentration. Hence, among the acceptors we have
investigated, p-type doping of ZnGeNs should be feasible
using Li, Al, or Ga.
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FIG. 1. Thermodynamic transition levels for candidate ac-
ceptors in ZnGeNy. The zero of energy is set at the VBM.
Values for ionization energies are indicated.

TABLE 1. Properties of candidate acceptors in ZnGeNs.
€(0/—) is the acceptor level referenced to the VBM (i.e., the
ionization energy). FE,(A-D) is the binding energy of the
acceptor-donor complex, where the donor is the dopant in-
corporated on the wrong site. Ey(A-H) the binding energy of
the acceptor-hydrogen complex. All quantities are in eV.

Lizn AlGe GaGe
«(0/-) 0.36 0.24 0.30
Ey(A-D) 0.99 0.57 0.58
Ey(A-H) 1.08 0.55 0.58

We now discuss the atomic structure of these potential
p-type dopants. In Fig. 2(d)-(i), we illustrate the local
relaxations in terms of deviations from the bulk bond
lengths. For Liy, in the negative charge state [Fig. 2(e)],
a small breathing relaxation occurs in which the Li-N
bonds are extended by ~1% compared to Zn-N bond
lengths in the bulk. In the neutral charge state, however,
a large asymmetric relaxation occurs [Fig. 2(d)]: three
Li-N bonds contract by ~1.6%, while the fourth Li-N
bond extends by 16%, compared to the bulk Zn-N bond
lengths. For Alg, [Fig. 2(g)], there is a breathing relax-
ation in which Al-N bonds extend by ~0.4% of the bulk
Ge-N bond length; for Gag, [Fig. 2(i)], this relaxation
is an extension of Ga-N bonds by ~3.7%. The smaller
relaxation of the N atoms in the case of Alge compared
to Gage can be understood by comparing the ionic radii
of Al and Ga in the 3+ charge state with Ge in the 4+
charge state: the ionic radius of Al is identical to that
of Ge (0.39 A), while that of Ga is significantly larger
(0.47 A).26 In the neutral charge state, Alg, [Fig. 2(f)]
and Gage [Fig. 2(h)] exhibit an asymmetric relaxation.
For Alge, one of the Al-N bond lengths is 2.7% longer
than bulk Ge-N bonds, while the other three AI-N bonds
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FIG. 2. Formation energies for (a) Li, (b) Al and (c¢) Ga in ZnGeNs. The chemical-potential conditions used in each case are
shown at the top of each panel. Local relaxations for (d), (e) Lizn, (f), (g) Alge, and (h), (i) Gage in the neutral and negative

charge states.

are close to the bulk Ge-N bond lengths. For Gage, one
of the Ga-N bond lengths is 5.6% longer than the bulk
Ge-N bond lengths, while the other three bonds are only
about 3.1% longer than bulk lengths.

The formation energies of these candidate acceptors
are illustrated in Fig. 2(a)-(c). In each case, we focus
on a regime where incorporation of the appropriate sub-
stitutional configuration of the acceptor is favored: Li
should go on a Zn site, which calls for Zn-poor (Ge-rich)
conditions, while Al and Ga should go on a Ge site, call-
ing for Zn-rich (Ge-poor) conditions. Figures 2(a)-(c)
also include information about other configurations of the
dopant that may lead to self-compensation. The similar-
ity in atomic size of Zn and Ge suggests that Al and Ga
may choose to substitute on the Zn site instead of the
Ge site, where they will act as donors. In the case of Li,
self-compensation may occur by incorporation of Li as an
interstitial (Li;).

In principle we should also consider compensation by
native defects. Under Zn-rich conditions, our previous
calculations of defect formation energies’ indicate that
the Geyz, antisite is the lowest-energy native donor. How-
ever, its formation energy is higher than that of the Aly,
and Gag, donors, indicating that wrong-site incorpora-
tion is the more severe problem. Under Zn-poor con-
ditions, where the incorporation of Al and Ga on the
Ge-site decreases, self-compensation by Alz, and Gag,
donors remains the more severe problem. Turning to
Li, under Zn-poor conditions, where the incorporation of
Liz, is favored, we find compensation by the Gez, anti-
site to be more severe than self-compensation. However,
under Zn-rich conditions, where the formation energy of

both Liz, and Gey, is higher, we find self-compensation
by Li; to be more severe.

Li;, Alz,, and Gag, all act as shallow donors, i.e., the
positive charge state is the only stable charge state for all
Fermi-level positions. The Li interstitial is located in the
octahedral site. Incorporation of Al or Ga on the Zn site
leads to a symmetric relaxation of the nearest-neighbor
N atoms. For Al%r][1 the N atoms relax inwards by up to
6.0%, and for Gag, by 3.4%. Al; and Ga; interstitials are
also potential compensating donors, but we find them to
have significantly higher formation energies compared to
Alz, and Gag,.

Charge neutrality requires the concentration of posi-
tively and negatively charged defects and impurities to be
equal. In the absence of other defects or impurities, the
presence of compensating donors pins the Fermi level at
a position corresponding to the intersection point of the
formation energies of the donors and acceptors. In the
example of Al, the intersection between Al%’n and Alg,
occurs at Fp=1.63 eV; this is far away from the VBM
and the material will be insulating rather than p-type.

We have also considered the formation of complexes
between the negatively charged acceptors and the pos-
itively charged donors. We can assess the stability of
the Alge—Alyz, and Gage—Gay, complexes by calculating
their formation energies. The binding energy is defined
as the energy difference between the formation energy of
the neutral complex (which is its only stable charge state)
and the sum of the formation energies of the negative ac-
ceptor and the positive donor. The binding energies are
listed in Table I.

From the results in Fig. 2 it is evident that self-



FIG. 3. (a), (b) Schematic of bonding arrangement within the two distinct layers of ZnGeN, perpendicular to the b axis,
illustrating the connectivity of Zn-N bonds. (a) Path for H; migration along the ¢ axis, with B; and Bs indicating saddle
points. (b) Path for H; migration along the a axis. A subset of atoms labeled in (a) are the same atoms as in (b). (c¢) Schematic

illustration of the Alg.—H complex.

compensation is a serious problem. We now discuss
a potential strategy to avoid or at least suppress self-
compensation, namely co-doping with hydrogen. This
approach is inspired by the example of Mg-doped GaN:
growth in a hydrogen-rich environment (such as metal-
organic chemical vapor deposition) leads to strong com-
pensation by hydrogen donors, suppressing the incorpo-
ration of other potential compensating species in the pro-
cess. However, the advantage of hydrogen as a compen-
sating donor is that it is sufficiently mobile to be removed
from the p-type layer in a post-growth anneal, leading to
activation of the Mgga acceptors.?2”

Figure 2 includes our calculated formation energy for
interstitial H (previously reported in Ref. 7). The case
of Al illustrates that the formation energy of H; is lower
than that of the compensating Alz,, donor. Hydrogen will
thus be preferentially incorporated, suppressing incorpo-
ration of Al on the Zn site. An additional advantage of
the hydrogen co-doping is that the Fermi level where the
formation energies of donors and acceptors intersect is
shifted higher, leading to a decrease in the acceptor for-
mation energy and a higher concentration of acceptors.

Still, the material that is grown in the presence of hy-
drogen will be completely compensated, with a Fermi
level somewhere in the middle of the gap. Generating
p-type material depends on the ability to remove hydro-
gen from the acceptor-doped layer. This needs to be ac-
complished at a temperature that is sufficiently high to
effectively remove hydrogen, but low enough to “freeze
in” the impurities at the concentrations that were estab-
lished during the (hydrogen-rich) growth, and prevent
formation of new defects.

To calculate migration barriers, we use the nudged
elastic band (NEB) method.?®?°In bulk ZnGeNy, H; is
preferentially located in a bond-center position between
Zn and N. Configurations placing H; near Ge are much
higher in energy; therefore, we calculate the barrier for
each hop the H ion makes between Zn-N bonds. Each
hop consists of a rotation around either a N atom or a

Zn atom. Net diffusion requires repeatedly making both

types of hops. These hops are illustrated in Figs. 3(a) and
(b), with saddle points along the hops labeled By, Bs, and
B3. The hop around a N atom has a low barrier of 0.2
eV. Hops around a Zn atom have a larger barrier, with a
slight anisotropy: hops along the ¢ axis [Fig. 3(a)] have a
barrier of 1.3 eV, while hops along the a axis [Fig. 3(b)]
have a barrier of 1.1 eV. The difference between these
barriers is because the Hj‘ ion experiences slightly higher
repulsion from second-nearest-neighbor Zn cations while
hopping along the c axis. The hop around the N atom is
much lower in energy as the Hj‘ is bonded to and remains
close to the N atom throughout the hop, while the hop
around the Zn atom breaks the N-H bond.

Fig. 3(a) shows a chain of Zn-N bonds along the ¢ axis.
The maximum diffusion barrier along this chain is at the
saddle point By with a height of 1.3 eV. Fig. 3(b) shows
a chain of Zn-N bonds along the a axis. The maximum
diffusion barrier along this chain is at the saddle point Bg
with a height of 1.1 eV. There is no similar chain along
the b axis, but each Hj ion hop has some displacement
component along b. Alternating the steps illustrated for
travel along the a and ¢ axes enables net movement and
diffusion along the b axis; therefore, H:r can travel be-
tween Zn-N bond centers in all three spatial directions
with modest migration barriers.

The Hj migration barriers of 1.3 eV along the ¢ axis
and 1.1 eV along the a axis in ZnGeNy are similar to H;"
barriers in GaN.30:3! This migration barrier is low enough
to suggest that moving hydrogen around should not be a
problem at elevated temperatures. However, H:r will be
attracted to the negatively charged acceptors, and thus
additional energy may be required to dissociate acceptor-
hydrogen complexes.

We have therefore investigated Liz,—H, Gage—H, and
Alge—H complexes. The Alge—H complex is illustrated
schematically in Fig. 3(c).We find each complex to be
stable only in the neutral charge state. In the Liz,—H
complex, hydrogen assumes a position similar to its posi-
tion in the bulk, close to the center of the Li-N bond. In
contrast, in the Alg.—H and Gage—H complexes, the H:r



ion sits in the antibonding position on the extension of a
nearby Zn-N bond. The H; ion is not collinear with the
Zn-N bond, but is shifted slightly towards the nearest Zn
atom, as seen in Fig. 3(c). The binding energies for the
acceptor-hydrogen complexes are listed in Table I.

We find the binding energies to be about 0.6 eV for
Al and Ga; this is lower than the binding energy of the
Mg-H complex in GaN, calculated to be 1.02 eV.® This
suggests that modest annealing temperatures can be used
to disassociate such complexes and remove the hydrogen.
As illustrated by Fig. 2 and Table I, Al appears to be the
best candidate for p-type doping of ZnGeNs.

We note that the formation energies in Fig. 2 are plot-
ted for specific choices of the chemical potentials. Specifi-
cally, we assumed the highest possible chemical potential
of the impurity, corresponding to the solubility limit. At
lower impurity concentrations the extent to which hy-
drogen suppresses compensation would be stronger. In
addition, growth conditions that are more hydrogen-rich
than assumed in Fig. 2 may be achievable.

In summary, using first-principles calculations we have
determined the acceptor ionization energies for a wide
range of candidate dopants in ZnGeNs. The ionization
energy of Alg, is only 0.24 eV, which is comparable to Mg
in GaN. We proposed co-doping with hydrogen as a strat-
egy to surmount issues of compensation: incorporation of
hydrogen suppresses the formation of self-compensating
donors, and hydrogen can be removed in a post-growth
anneal.
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