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Optimizing n-type doping of ZnGeN, and ZnSiN,
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In order for the wide-band-gap Zn-IV-nitrides to find applications in power electronics or optoelectronics,
controlled n-type doping is required. We systematically explore group-V and group-VI dopants that can act as
donors in ZnGeN, and ZnSiN,. We address compensation by native acceptors as well as self-compensation by
formation of DX centers. For ZnGeN,, we find that Sy, Sen, Pge, and Asg. act as shallow donors. Pg. has the
lowest formation energy and can be used to reach carrier concentrations up to n = 1.3 x 10'” cm~3. Pg; acts as a
shallow donor in ZnSiN,; however, because of strong compensation from native acceptors, we find that ZnSiN,

cannot be doped n type.
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I. INTRODUCTION

The Zn-IV-nitrides are a class of wide-band-gap semi-
conductors that are being examined for applications in solar
cells [1], light-emitting diodes [2], and high-power electronics
[3]. With a structure similar to the wurtzite structure, there
is potential for integrating Zn-IV-nitrides into devices with
[I-nitrides [4]. All of these applications require controllable
n-type doping.

The band gaps of the Zn-IV-nitrides range from 1.4 eV
for ZnSnN, to 3.3 eV for ZnGeN, up to 4.5 eV for ZnSiN,
[3,5,6]. ZnSnN; is reported to be degenerately n-type doped,
with carrier concentrations on the order of 10*°-10?! cm~
[6-8], while growth of ZnGeN, [9,10] and ZnSiN, [11]
typically results in insulating material. Oy dopants and Snz,
antisites have been identified as likely sources of n-type
conductivity in ZnSnN, [12,13]. Previous theoretical work on
ZnGeN, using density functional theory (DFT) has shown
that Oy acts as a shallow donor and the Gez, antisite acts
as a deep donor; however, they are heavily compensated by
Zng. antisite and Vz, vacancy defects that act as acceptors
[14,15]. We are not aware of any studies of defects or doping
in ZnSiN,. To determine if ZnGeN, and ZnSiN, can be
intentionally n-type doped, we examine a variety of donors
and evaluate the effect of compensation from native acceptors.

DX behavior poses a challenge for n-type doping in wide-
band-gap semiconductors. A DX center occurs when a donor
impurity undergoes a large lattice relaxation and captures two
electrons, in the process converting to an acceptor. For exam-
ple, Sig, acts as a shallow donor in GaN, but for AlyGa;_xN
with high Al concentration, silicon has a transition level
between the positive and negative charge states that lies within
the band gap [16]. As a result, it is difficult to achieve high
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carrier concentrations in Al,Ga;_4N [17]. With a different
set of potential donors, the Zn-IV-nitrides could potentially
enable levels of n-type doping that are difficult to achieve in
Alealfo.

To obtain n-type conductivity, we search for dopants with
a strong preference for substitution on a specific site. If the
dopant substitutes on the wrong site, it may contribute to
compensation. Group-III dopants, such as Al, Ga, and In, may
suffer from self-compensation as they are likely to substitute
both on the Zn site as a donor, and on the group-1V site as
a compensating acceptor [18]. O has been investigated as an
unintentional dopant, where it substitutes as a donor on the N
site [15]. Similarly, S and Se can be expected to preferentially
substitute on the N site [16]. We also consider P and As, which
can substitute as donors on the cation site and are isoelectronic
with nitrogen.

Using DFT with a hybrid functional, we investigate P, As,
S, and Se as dopants substituting on each potential site in
ZnGeN, and ZnSiN,. We compare the formation energies of
these dopants acting as donors with their formation energies
when incorporating on competing sites. Since the concentra-
tions of the donors as well as the native acceptors depend
on the growth conditions, we calculate the n-type carrier
concentration for a range of growth conditions to determine
the effect of compensation and select the optimal donor for
achieving n-type conductivity.

II. COMPUTATIONAL METHODS

Calculations are performed using DFT with projector aug-
mented wave potentials [19] as implemented in the Vienna
Ab initio Simulation Package (VASP) [20,21]. We use the
hybrid functional of Heyd, Scuseria, and Ernzerhof (HSE)
[22,22] with a standard mixing parameter of 25%. ZnGeN,
and ZnSiN, have orthorhombic symmetry with the Pna2,
space group. The primitive unit cell contains 16 atoms [15].
Our calculated lattice parameters for ZnGeN, and ZnSiN,,
listed in Table I, agree well with experimental values [23,24].
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TABLE 1. Calculated and experimental lattice parameters of
ZnGeN, and ZnSiN,.

TABLE II. Formation enthalpies for ZnGeN,, ZnSiN,, and lim-
iting phases.

ZnGeN, a(A) b(A) c(A) Compound Calc. (eV) Expt. (eV) Reference
HSE 5.47 6.45 5.20 ZnGeN, —1.09
Expt. (Ref. [23]) 5.45 6.44 5.19 ZnSiN, —3.71

ZnSiN, Zn3;N, +0.20 —0.25 Ref. [29]

HSE 5.24 6.27 5.02 Ge; Ny —0.77 —0.64 Ref. [30]

Expt. (Ref. [24]) 5.25 6.28 5.02 SizNy —8.83 —8.58 Ref. [31]

ZnS —1.88 —2.12 Ref. [32]

ZnSe —1.73 —1.84 Ref. [32]

P3Ns —3.87 —3.32 Ref. [33]

ZnGeN, has a direct band gap at the I' point calculated ~ ZnsP» —1.28 -1.71 Ref. [34]

to be 3.19 eV [15]. ZnSiN; has an indirect band gap of 4.83 ~ ZmsAs: -1.29 —1.34 Ref. [35]
eV: the conduction-band minimum (CBM) is at I, while the GeAs —0.13
valence-band maximum (VBM) is at 7. The band structures of ~ Z0GeAs: —0.93

ZnGeN; and ZnSiN, are plotted in Fig. 1. Punya et al. previ- Zn0 —3.10 —3.62 Ref. [29]

ously calculated the band structure of ZnGeN, and ZnSiN, us- G.eOZ —4.93 —3.70 Ref. [29]

Si0, —8.90 —9.44 Ref. [33]

ing the quasiparticle self-consistent GW approximation [25].
For ZnGeN,, they found a direct band gap of 3.42 eV, while
for ZnSiN,, they found an indirect band gap of 5.44 eV with
the VBM residing between I" and X. We find the same local
maxima in the valence band but find the maximum at the T
point to be higher than the local maximum between I' and
X. The difference is small (less than 0.2 eV), however, and
mostly results from differences in the lattice parameters. Note
that there is a difference in the labeling of k points between
our results and the results of Punya et al. as they interchanged
the a and b lattice vectors.
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FIG. 1. Calculated band structure of (a) ZnGeN, and (b) ZnSiN,.
Inset: Brillouin zone for the orthorhombic lattice.

Defect calculations are performed in a2 x 2 x 2 supercell
with 128 atoms using a 2 x 2 x 2 k-point mesh [resulting
in the single special k point (1/4, 1/4, 1/4)]. Convergence
tests showed that the formation energies change by less than
0.01 eV when a4 x 4 x 4 mesh is used. Spin polarization was
included in all calculations.

The formation energy of a defect D in charge state g is
defined as [26]

E/(D?) = Eu(D?) — Eou(bulk) + > nipt; + gEr + A,

ey
where Ey (DY) is the energy of the supercell with the defect
in the charge state g, Ei(bulk) is the energy of the pristine
supercell structure, and p; is the chemical potential of the
atoms added or removed to form the defect. Er is the Fermi
energy, referenced to the VBM, and A? is the Freysoldt
correction [27,28].

The chemical potentials are variables that reflect the
growth conditions; for ZnGeN,, these are reflected in the
choice of chemical potentials for Zn, Ge, and N [26].
The chemical potentials are constrained by equilibrium with
7ZnGeN,:

AH'(ZnGeNy) = Apizn + Apge +2Aun, 2)

where AH/(ZnGeN,) is the enthalpy of formation of
ZnGeN,. The chemical potentials of Zn, Ge, and N are refer-
enced to their elemental form; for instance, (zn = Uzn(buik) +
Az,. Similar equations hold for the chemical potentials in
ZnSiN,. The choice of chemical potentials for dopants is
constrained by equilibrium with the host structure and by
the formation of competing phases. The calculated formation
enthalpies of ZnGeN, and ZnSiN,, along with the forma-
tion enthalpies of the limiting phases, are compared with
experimental values in Table II. Phase stability diagrams are
plotted in Fig. 2. We highlight the extrema of the ZnGeN, and
ZnSiN; stability regions as they will be convenient choices of
chemical potentials for plotting formation energies.
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FIG. 2. The calculated phase stability diagrams for (a) ZnGeN,
and (b) ZnSiN,.

To evaluate each dopant, we determine the maximum
carrier concentration that can be induced in each material.
In equilibrium, the total number of positive and negative
charges in the material will be equal. The positive charges in
the material are the free holes and positively charged point
defects or impurities, while the negative charges are the free
electrons and negatively charged point defects or impurities.
For n-type material, the hole concentration p is small and can
be neglected. The concentration of charge Q resulting from a
particular defect or impurity i is

—E/
Q,» = giNsites €XP k37lw > 3)

where ¢; is the charge of the defect or impurity, Ngjes 1S
the concentration of sites it can occupy, Elf is the formation
energy, kg is Boltzmann’s constant, and 7 is the growth
temperature. This expression is summed over all point defects
and impurities in the system. The full charge balance equation
in equilibrium can be written as

> g ZELY e (2 @)
ilVsites €X = INc €X s
A SR\ YT P\t

where the electron concentration 7 is expressed assuming the
Boltzmann approximation (nondegenerate limit) and N, is the
effective density of states for the conduction band.
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FIG. 3. Formation energies for (a) P and (b) As substitutional
impurities in ZnGeN, under N-poor conditions.

III. RESULTS
A. ZnGeN,

As ZnGeN; is a ternary material, there are three types
of substitutional impurities that can result in (single) donors:
substitution of a group-III element on the Zn site, substitution
of a group-V element on the Ge site, or substitution of a
group-VI element on the N site. For the group-III elements
we have previously published work examining Al, Ga, and In,
finding that they substitute both as a donor on the Zn site and
as an acceptor on the Ge site [18]. This strong tendency for
self-compensation renders it difficult (or impossible) to obtain
n-type doping with group-III elements. We will therefore
focus on group-V and group-VI dopants. We will first examine
the properties of each of the substitutional dopants, and then
evaluate the carrier concentrations that can be achieved.

1. Group-V donors: P and As

In Fig. 3, we plot the formation energies as a function of
Fermi level for P and As substituting on each of the Zn, Ge, or
N sites. The group-V elements are expected to act as donors
when substituting on the Ge site. Indeed, we find that Pg. and
Asge act as shallow donors (i.e., the positive charge state is the
only stable charge state over the entire range of Fermi levels).
For both Pg. and Asge, the (4-/0) and (0/—) transition levels
occur well above the CBM, indicating that neither impurity
exhibits DX -center behavior.

Pge and Asg. also have relatively low formation energies.
However, P and As can also substitute on the Zn or N
sites, and the effects of incorporation on those sites need to
be examined. On the Zn site, P and As should still act as
donors (expected to be triple donors), but on the N site they
are isoelectronic and would be expected to be electronically
inactive. In Fig. 3 we plot the formation energies under N-
poor conditions so as to show the worst-case scenario for
incorporation on the N site.

We find that P prefers to substitute on the Ge site for all
chemical potentials and all Fermi levels. Examining the local
relaxations we find that Pg. bonds symmetrically to its four
nearest-neighbor N atoms, causing a breathing relaxation as
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the four P-N bond lengths contract by 10% of the bulk Ge-N
bond lengths. For Py, there is an asymmetric relaxation in
the neutral state, where the P-Zn bonds are 17% longer than
bulk N-Zn bonds, and the P-Ge bonds are 9% longer than
bulk N-Ge bonds. These large relaxations are an indication
of the size mismatch between P and N, and partially explain
why, despite P being isoelectronic to N, Py has a significantly
higher formation energy than Pg.. We also find P, acts as
a triple donor, but has a very high formation energy under
n-type conditions and is unlikely to form.

As shown in Fig. 3, we find that As prefers substitution on
the Ge site for most Fermi levels, but under N-poor conditions,
Asy is more stable than Asge when the Fermi level is high in
the gap. Conveniently, since Asy is electrically neutral under
n-type conditions, it will not compensate Asge donors. In
terms of relaxations, we find that Asg, in the positive charge
state causes only a small breathing relaxation where As-N
bond lengths are 3% shorter than bulk Ge-N bond lengths.
Similar to Py, Asy causes a large asymmetric relaxation,
where As-Zn bonds are 20% longer than bulk N-Zn bonds and
As-Ge bonds are 11% longer than bulk N-Ge bonds. Lastly,
like Pz,, Asz, acts as a donor, but under n-type conditions, it
is unlikely to form.

Tonic radii can be used to explain the relaxations around
Pg. and Asg. in the positive charge state. P>* has an ionic
radius of 0.17 A, As* 0.34 A, and Ge** 0.39 A [36]. The
differences in these ionic radii agree with the differences in
length between the N-P, N-As, and N-Ge bond lengths to
within 0.03 A.

P and As are isovalent with N and we therefore expect
them to occur in the neutral charge state. We find, however,
that for Fermi levels in the lower part of the gap they can
also be stable in the positive charge state. The positive charge
states are associated with localized hole states. These findings
are consistent with the Asy substitutional impurity in GaN
[37,38].

2. Group-VI donors: S and Se

We have previously studied O as a potential unintentional
dopant in Ref. [15] and found that Oy acts as a shallow donor,
but O doping does not lead to high n-type conductivity due to
effects of compensation. However, other group-VI elements
such as S and Se may act as good donors. This is indeed
confirmed by the results in Fig. 4, where Sy and Sey are found
to be stable only in a positive charge state. DX configurations
are not stable; in each case, the transition level between the
between the positive and negative charge states occurs well
above the CBM.

The formation energies in Fig. 4 are plotted for Zn-poor
conditions. Since we would like the group-VI dopants to
substitute on the N site, Zn-poor (i.e., N-rich) conditions
constitute a worst-case scenario for such incorporation. Even
then, Sz,, Sezn, Sge, and Sege all have much higher formation
energies than Sy or Sen. Substitution on the N site is thus
strongly preferred under all growth conditions. However, the
formation energies of Sy and Seyn are high when Ef is high
in the gap, and we will see that this leads to very low electron
concentrations when n-type doping is attempted.
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FIG. 4. Formation energies for (a) S and (b) Se substitutional
impurities in ZnGeN, under Zn-poor conditions.

Sn bonds to two Zn atoms and two Ge atoms. In the
positive charge state, Sy causes a large asymmetric relaxation,
where S-Ge bond lengths are 19% longer than bulk N-Ge
bond lengths and S-Zn bond lengths are 12% longer than bulk
N-Zn bond lengths. A similar relaxation occurs for Sey in the
positive charge state, where Se-Ge bonds are 23% longer than
bulk N-Ge bonds, and Se-Zn bonds are 15% longer than N-Zn
bonds.

3. Carrier concentrations

We now examine the levels of n-type doping that can be
achieved with various donor impurities. This will depend on
the formation energies of the substitutional donors as well
as any compensating acceptors that may form. In a previous
study [15], we identified Zng, and V7, as the dominant native
acceptors in ZnGeNy; Vg, is much less likely to form. In Fig. 5
we plot the formation energies of these dominant acceptors
alongside those of our candidate donors. We chose Zn-poor
conditions, which were found to suppress the formation of
native acceptors [15]. The plot shows that even under these
conditions, compensation by native acceptors is a serious
problem in ZnGeN,. However, given that there is a lot of
flexibility in choosing chemical potentials (corresponding to

6.0

4.0+

2.0+

Formation Energy (eV)

00 05 1.0 15 20 25 3.0
Fermi Energy (eV)

FIG. 5. Formation energies for candidate dopants and native
acceptors in ZnGeN, under Zn-poor conditions.
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FIG. 6. Calculated electron concentration as a function of chemical potentials for ZnGeN, doped with (a) P, (b) As, (c¢) S, or (d) Se, for a
range of chemical potentials allowed by the phase stability diagram and at a growth temperature of 1000 K. The chemical potential condition
that enables the highest carrier concentration is indicated by n,, for each dopant.

growth under different conditions), one may wonder whether
it is possible to identify conditions that would be more optimal
for achieving n-type doping.

To examine this, we investigate the actual carrier concen-
trations that can be achieved. These depend on the concen-
trations of donors and acceptors in the system, which are
determined by their formation energies. We have seen that
these formation energies depend on the Fermi level. In an
actual material, the Fermi level is fixed by the condition
of charge neutrality, as expressed in Eq. (4). We perform
this investigation over the full range of allowed chemical
potentials, which is determined by the phase stability diagram
for ZnGeN, [7,15]. This diagram shows the range of chemical
potentials Au; for each element i for which ZnGeNj is stable,
in the presence of competing phases. Small changes in chem-
ical potential can significantly change defect concentrations,
due to the exponential dependence in Eq. (3). By exploring
this full phase space, we are able to provide growth-condition
guidelines for maximizing the electron concentration.

In Fig. 6, we use a color map to illustrate how the electron
concentration depends on the chemical potential for each
dopant at a growth temperature of 1000 K. The carrier con-
centration results from solving the charge-balance condition
[Eq. (4)] quantitatively, including potential compensation by
native acceptors.

Phosphorous [Fig. 6(a)] stands out as the best dopant;
we find that a concentration of n = 1.3 x 10! cm™ can be
achieved. Notably, we find that the maximum carrier con-
centration is found neither at the Zn-poor condition, where
the formation energy of the acceptors is highest, nor at the
Ge-poor condition, where the formation energy of the Pge
is lowest, but somewhere in the middle, near the N-poor
condition.

When doping with arsenic [Fig. 6(a)], it is possible to
reach concentrations up to n = 2 x 10'® cm™3 for conditions
roughly midway between the Zn-poor and Ge-poor limits.

Sulfur and selenium, finally, are found to be poor dopants
(which was evident already from their high formation en-
ergies, Fig. 4). Sulfur can yield concentrations up to n =
1 x 10" cm™3, while with selenium n = 1 x 10'2 cm™3 can

be achieved, both under Zn-poor conditions.

B. ZIlSiNz

For ZnSiN,; we have performed a similar comprehensive
study as presented in Sec. III A for ZnGeN,, for the same set
of potential dopants and analogous native acceptors (Vzy, Vs,
and Zng;). We will present the results for the dopant configu-
rations in less detail because, as we will show, compensation
by native acceptors is an insurmountable problem in ZnSiN5.

Formation energies are shown in Fig. 7. Similar to the case
of ZnGeN,, we find that Ass; has much higher formation
energy than Pg;, and that Sey has much higher formation
energy than Sy. We have also found that Al, Ga, and In can
substitute both as a donor on the Zn site or as an acceptor

6.0 1
4.0+
2.0
0.0+

-2.01

Formation Energy (eV)

-4.01

0.0 1.0 2.0 3.0 4.0
Fermi Energy (eV)

FIG. 7. Formation energies for candidate dopants and native ac-
ceptors in ZnSiN, donors and compensating acceptors under Zn-poor
conditions.
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on the Si sites. As a result, they self-compensate and will not
lead to n-type doping. Therefore, we focus on Pg; and Sy as
potential donors. We also examine Oy.

Pg; is a shallow donor, stable only in the 41 charge state.
Pg; gives rise to a small breathing relaxation where the P-N
bonds are 4.8% shorter than bulk Si-N bonds. The P-N bond
lengths in ZnSiN, are similar to the P-N bonds in ZnGeN,
(just 0.9% shorter). The Pg; (+/0) and (0/—) transition levels
occur well above the CBM, indicating that Pg; does not exhibit
DX -center behavior.

Sn and Oy do behave as DX centers, as they have a (4/—)
transition level within the gap. However, these transition
levels are very near the CBM, 0.04 eV below the CBM
for Sy and 0.13 eV below the CBM for Oy, and therefore
in principle Sy and Oy can still contribute electrons to the
conduction band. In the positive charge state, Oy causes an
asymmetric relaxation, with O-Zn bonds 11% longer than
bulk N-Zn bonds but O-Si bond lengths within 2% of bulk
N-Si bonds. For Sy in the positive charge state, a similar but
larger relaxation is found: S-Zn bonds are 10% longer than
bulk N-Zn bonds and S-Si bonds are 21% longer than bulk
N-Si bonds. This is unsurprising, considering that S has a
larger ionic radius than O. However, in the negative charge
states, the relaxations are different. For Oy, the O atom shifts
away from a nearest-neighbor Zn atom and assumes a position
in the plane formed by the other nearest-neighbor Zn atom
and the two nearest-neighbor Si atoms. For Sy there is no
significant change in the position of the S atom; however, one
of the nearest-neighbor Si atoms moves away from the S atom
by 21% of the bulk N-Si bond length.

Qualitatively the native defects in ZnSiN, behave similarly
to the native defects in ZnGeN,. We find Vs; has much
higher formation energy than Vz, and Zns;, similar to the high
formation energy seen for Vg, in ZnGeNj. Vz, and Zng; have
properties similar to Vz, and Zng. in ZnGeN,: they both have
low formation energies in the —2 charge state under n-type
conditions. Furthermore, the positions of the transition levels
of Vz,, and Zng; within the band gap of ZnSiN, are very similar
to those of Vz, and Zng, in ZnGeN, when the band alignment
between the two materials is taken into account [39].

A significant difference between the native defects in
ZnGeN, and ZnSiN; is that the formation energy of Vy, is
much lower in ZnSiN, than in ZnGeN,. In particular, the

formation energy of V, is negative for the Fermi level at
the CBM for any choice of chemical potentials. As a result,
Vzn would spontaneously form in any n-type ZnSiN;. An
analysis comparable to Fig. 6 indicates that the maximum
carrier concentration achievable in ZnSiN, is on the order
of a few times 10'3 cm™3, and therefore n-type conductivity
cannot be achieved.

IV. SUMMARY

We have investigated a variety of potential donors in
ZnGeN, and ZnSiN,. For ZnGeN, we find Sy, Sen, Pge,
and Asg. to act as shallow donors. However, compensation
by the native Zng, and V, acceptors can hamper doping. We
identify Pg, as the best donor: n-type carrier concentrations up
to 1.3 x 10" cm~3 may be achieved under N-poor conditions.

In the wider-band-gap ZnSiN,, we find the native acceptors
have qualitatively similar behaviors as in ZnGeN,. Pg; acts
a shallow donor, while Sy and Oy have transitions to the
negative charge state near the CBM. However, compensation
by native acceptors is very strong in ZnSiNj,, indicating that
n-type doping is not possible.
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