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ABSTRACT

Nitrogen migration in ZnO was investigated by nitrogen isotope diffusion. The samples were deposited using plasma-assisted pulsed laser
deposition. Nitrogen concentration depth profiles were obtained from secondary-ion-mass spectrometry measurements, and in gas effusion
measurements, the molecular nitrogen flux was measured as a function of the heating rate. Measurements performed on sample stacks that
were doped with isotopically enriched 15N and 14N in the top and bottom half of the samples, respectively, clearly demonstrate that nitrogen
diffusion is governed by atomic diffusion and molecules are formed primarily at the sample surface. At high nitrogen concentrations, the
diffusion coefficient, D, is thermally activated, while for low concentration diffusion, D is independent of temperature. The data can be
described by a model, where N diffusion occurs between minimum energy positions by surmounting the barrier between sites at a saddle
point. Separated in energy from the transport sites are deep levels with a concentration of ≈1018 cm−3. For high-concentration diffusion, the
N chemical potential, μN, resides at ≈1.36 eV below the migration saddle point. For low concentration diffusion, μN shifts deeper in energy
with a rate of ≈2.8 meV/K as the temperature increases. From N effusion data, the nitrogen density-of-states is derived. For high N concen-
tration diffusion, two peaks are observed at ES–μN =−0.93 and −1.26 eV, while for low N concentration diffusion, a prominent peak at
ES–μN =−1.63 eV occurs. Applying density functional theory calculations, different microscopic diffusion mechanisms are evaluated, and
the corresponding transition states are derived.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0070510

I. INTRODUCTION

With an increasing demand for efficient short wavelength
light emitting diodes and lasers, many research activities have been
focusing on ZnO. Its extraordinary physical properties such as a
direct bandgap of 3.37 eV at room temperature, an exciton binding
energy of approximately 60 meV,1 and the availability of large
wafers2 render it suitable for opto-electronic applications. However,
for most semiconductor devices, doping is essential. In view of this
requirement, ZnO has a major drawback since it is afflicted with
doping asymmetry. Commonly, as-grown undoped ZnO exhibits
n-type conductivity, which has been ascribed to the presence of
oxygen vacancies, zinc interstitials, and hydrogen.3–10 Nevertheless,
n-type conductivity can be well controlled by adding donor atoms
such as Al, B, Ga, In, and Sn.11–15

On the other hand, previous and recent reports on p-type
doping of ZnO are controversial. While some researchers have
reported on ZnO with high carrier concentrations and high

mobilities, others have claimed that stable p-type ZnO does not
exist. The growth of stable p-type ZnO with large hole concentra-
tions is difficult to achieve. Potential acceptors are group I elements
accommodated at Zn-sites and group V elements substituting O
atoms.16,17 Although p-type doping has been attempted with many
potential acceptor atoms, quite a number of studies have focused
on nitrogen as the acceptor of choice since it has been suggested as
an ideal candidate to achieve p-type doping.18 Unfortunately, the
doping efficiency was found to be exceedingly low.19 This may be
due to a number of reasons. Density functional theory calculations
have suggested that N is a deep acceptor with an ionization energy
of 0.4–1.3 eV.20,21 In addition, the doping efficiency of nitrogen
decreases due to the formation of complexes, such as NO, N2O,
N2, transition-metal nitrogen complexes, and carbon nitrogen
complexes.20,22–27 On the other hand, it has been suggested that
complex formation may also result in p-type doping with rather
small ionization energies.28 Hence, the numerous reports in the
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literature show that the properties ascribed to nitrogen in ZnO are
manifold and extend well beyond the simple picture of an acceptor
atom. Evidently, the lattice position of nitrogen and the character
of its accommodation depend on experimental conditions. This
raises questions regarding the stability and diffusivity of nitrogen in
ZnO.

In the past, few studies regarding nitrogen diffusion in ZnO
were reported. For this purpose, N was introduced by ion implanta-
tion or diffusion from a solid source. ZnO implanted with nitrogen
and indium did not show any sign of N diffusion when annealed at
800 °C.29 On the other hand, Zhang et al.30 observed the out-
diffusion of nitrogen from indium doped ZnO already at tempera-
tures of about 600 °C. However, N diffusion deeper into the
volume of the host material was not observed.30 The migration
behavior of nitrogen changes when nitrogen is introduced from a
solid source. When ZnO is deposited on InN, a rapid thermal
anneal at 850 °C for 20 s in the presence of oxygen caused N atoms
to migrate from the underlying InN layer into the ZnO layer where
they acted as acceptors.31 However, despite the importance of nitro-
gen diffusion in ZnO, none of these approaches provide a sound
insight into the underlying mechanisms of N diffusion nor do they
estimate diffusion coefficients and diffusion barriers.

In this paper, we investigate nitrogen transport in pulsed laser
deposited ZnO layers by two different methods. First, we address
the question whether nitrogen migration is governed by atomic or
molecular diffusion by employing gas effusion experiments on ZnO
doped with 14N and 15N isotopes. Information on the diffusivity
was deduced from effusion measurements and by analyzing nitro-
gen concentration depth profiles measured by secondary-ion-mass
spectrometry (SIMS). Finally, a microscopic model for N diffusion
in ZnO and possible diffusion paths are presented.

The paper is organized as follows. The experimental details
such as sample preparation and the employed methods are briefly
described in Sec. II. Information on the crystalline quality of the
PLD-grown samples is presented in Sec. III A. In Sec. III B, experi-
mental evidence for monatomic nitrogen diffusion is presented,
while Sec. III C addresses nitrogen diffusion coefficients that are
determined from concentration depth profiles and gas effusion
measurements. In Sec. IV, we discuss the implications of the data
for nitrogen transport and present a model that accounts for N dif-
fusion in ZnO. Furthermore, microscopic diffusion mechanisms
are evaluated, and finally, in Sec. V, the main conclusions of this
work are summarized.

II. EXPERIMENTAL DETAILS

Zinc oxide films were grown on c-axis sapphire and float zone
single crystal silicon at a substrate temperature of 550 °C using
pulsed laser deposition (PLD). Prior to the deposition, the sub-
strates were subjected to a prolonged anneal to remove nitrogen.
The targets were produced by cold-pressing the commercially avail-
able ZnO powder with a purity of 99.9995% and a subsequent sin-
tering step at 950 °C for 5 h in ambient air to yield ceramic ZnO.
For the deposition, a XeCl and a KrF excimer laser emitting at a
wavelength of 308 and 248 nm, respectively, were used. The lasers
were operated at a pulse repetition rate of 10 Hz and a laser fluence
of about 2.5 J/cm2. To incorporate nitrogen atoms into the ZnO

layers, monatomic nitrogen generated in a remote plasma was
added during growth. The nitrogen flow was set to 40 and
45 SCCM. To obtain stoichiometric ZnO, an oxygen gas flow was
added to the remote plasma. For some secondary-ion-mass spec-
trometry and gas effusion measurements, 15N2 was used as a tracer
element that duplicates 14N2 chemistry. Nitrogen concentration
depth profiles were measured using secondary-ion-mass spectrome-
try. For calibration, a N implanted ZnO standard was used. The
depth scales were acquired by measuring the depth of the sputtered
craters with a mechanical stylus.

When using gas effusion measurements,32–34 the specimens
were annealed in ultrahigh vacuum with a constant heating rate,
while the molecular nitrogen flux was measured with a quadrupole
mass spectrometer. The relative ion current obtained from the
quadrupole mass spectrometer was calibrated using the known
neon flux through a capillary. Structural information was obtained
from secondary-electron microscopy (SEM) and from Raman back-
scattering. For the latter method, a HeNe laser was used as an exci-
tation source and the backscattering spectra were measured at
room temperature.

Density functional theory calculations were performed to
determine the transition barriers for likely nitrogen diffusion paths.
The calculations were performed using the projector augmented
plane wave approach and a super cell geometry with up to 96
atoms. The d electrons of Zn were treated as valence electrons. For
the calculations, the GGA +U approximation with an onsite
coulomb repulsion parameter of U–J = 4.7 eV was employed.35,36

The plane wave cutoff amounted to 400 eV and a k-point mesh of
3 × 3 × 3 was used. To determine the diffusion barriers, a modified
nudged elastic band (NEB) method, namely, the climbing-image
technique was employed.37 The calculations were performed with
the Vienna ab initio simulation package (VASP).38,39

III. RESULTS

The results presented in this section were obtained from
Raman backscattering measurements, SEM, gas effusion, and SIMS
measurements. In Sec III A, information on the crystalline quality
of the samples is provided. Then, in Sec. III B, samples isotopically
enriched with 14N and 15N are used to elucidate the fundamental
migration process and address the question whether nitrogen dif-
fuses primarily monatomic or molecular. In Sec. III C, diffusion
coefficients and migration barriers are deduced from SIMS depth
profiles and nitrogen effusion measurements.

A. Microscopic structure

Information on the structural properties were obtained from
Raman backscattering and SEM measurements. At the Γ-point, the
zone centered phonon modes are given by40

Γ ¼ A1 þ 2B1 þ E1 þ 2E2: (1)

The E-modes are twofold degenerate, and the B modes are
infrared and Raman inactive modes. Raman backscattering spectra
measured on PLD-grown ZnO on sapphire and single crystal
silicon (c-Si) substrates are shown in Fig. 1. The measurements
were performed at room temperature. Both spectra exhibit the E2

low
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and E2
high phonon modes at ν = 98 and 436 cm−1, respectively.

Also, the mixed phonon mode at ν = 334 cm−1 is visible in the
spectra. Depending on the used substrate, additional phonon
modes are visible that originate from the substrates. For ZnO
deposited on sapphire (blue curve), these modes are marked with
an asterisk. For ZnO deposited on c-Si (red curve), the TA and
LO–TO phonons of c-Si are visible. In the inset of Fig. 1, a cross-
sectional SEM micrograph of PLD-grown ZnO is depicted. The
micrograph shows that the ZnO layer is composed of columnar
grains. The results from SEM and Raman scattering confirm that
the specimens are composed of columnar grains and hence are
polycrystalline.

B. Monatomic nitrogen diffusion

In Fig. 2, the ion flux for the masses 44 (N2O), 28 (N2), 16
(O), and 32 (O2) are plotted as a function of the annealing temper-
ature, T. At a temperature of T = 586 °C, the ion flux of N2O, N2,
and O exhibit a pronounced peak. A second less pronounced peak
is observed at T = 838 °C. The data shown in Fig. 2 suggest that
molecular nitrogen and nitrous oxide are formed either in the bulk
or at the surface of the specimen during the gas effusion experi-
ment. However, since the effusion peaks for N2O, N2, and O occur
at the same temperature, a fraction of N2 and the weak signal for
atomic O are due to a dissociation reaction of nitrous oxide at the
filament of the quadrupole mass spectrometer. On the other hand,

molecular oxygen is detected only at annealing temperatures of
T > 950 °C, which is supporting the previous conclusion. Moreover,
it indicates that the ZnO samples are thermally stable up to 950 °C.

To answer the question whether N2 and N2O are formed in
the bulk or at the surface of ZnO, isotope experiments using 14N
and 15N were performed. Sample stacks were deposited at a sub-
strate temperature of 550 °C where the first ZnO layer was doped
using 15N and the second layer was doped with 14N. Nitrogen con-
centration depth profiles were obtained from SIMS measurements
and are plotted in Fig. 3. The top layer doped with 14N shows a
homogeneous nitrogen concentration of ≈1.4 × 1018 cm−3. At a
depth of about 0.5 μm, the doping source was changed to 15N. The
change of the doping source resulted in a steep decrease of the 14N

FIG. 1. Raman spectra of PLD-grown ZnO thin films. The samples were depos-
ited on single crystal silicon (red curve) and sapphire substrates (blue curve).
The 633 nm emission line of a HeNe laser was used as the excitation source.
The E2

low and E2
high phonon modes and the mixed 2 E2

M mode attributed to ZnO
are clearly visible in the spectra. 2TA and LO–TO indicate the phonon modes
from c-Si, and the asterisks show phonon modes that originate from the sap-
phire substrates. An SEM cross-sectional micrograph is depicted in the inset.
The measurements were performed at room temperature.

FIG. 2. The temperature dependence of the ion flux of N2O, N2, O, and O2 are
shown in (a), (b), (c), and (d), respectively. The ZnO sample was annealed with
a heating rate of dT/dt = 20 K/min.
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depth profile and a steep increase of the 15N depth profile. The
bottom layer also shows a homogeneous depth distribution with a
concentration of ≈2.6 × 1018 cm−3. The sharp decrease of the 14N
and 15N concentrations at a depth of about 0.5 μm shows that
interdiffusion of the nitrogen isotopes during the growth process
can be neglected. At the interface to the sapphire substrate, a peak
in the 15N concentration is observed. This is an artifact of the SIMS
measurement and is ascribed to a change of the lattice matrix from
ZnO to sapphire.

A sample from the same deposition was placed into the gas
effusion system and the molecular nitrogen flux was measured as a
function of the annealing temperature, T. The sample was annealed
with a heating rate of r = 20 K/min. In Fig. 4, the molecular flux of
nitrogen is plotted as a function of T. The out-diffusion of nitrogen
commences at T≈ 400 °C. It is important to note that the fluxes of
14N2,

15N2, and
14N15N are similar in value and exhibit the same

temperature dependence. The nitrogen molecules can either form in
the ZnO layer or at the surface of the sample. If the molecules were
to form within the ZnO layer, nitrogen diffusion would be governed
by molecular diffusion. However, if the molecules were to form at
the surface prior to desorption into vacuum, the diffusion mecha-
nism would be governed by atomic N diffusion. In the case of
molecular N diffusion, the flux of 14N15N molecules should be sig-
nificantly smaller than the flux of 14N2 and

15N2 molecules. While
the isotopically pure molecules 14N2 and

15N2 could form in signifi-
cant concentrations in the top and bottom half of the sample,
respectively, the isotopically mixed molecule 14N15N would form
only in the region where both isotopes are incorporated with high-
concentrations. This region occurs at a depth of ≈0.47 μm and has a
width of less than 40 nm (see Fig. 3). Consequently, if the molecules
would form in the specimen prior to out-diffusion, the concentra-
tion, and the measured flux of 14N15N should be significantly

smaller than the flux of isotopically pure nitrogen molecules. This,
however, is not the case. The data show similar values for 14N2,
15N2, and 14N15N molecules. A comparable concentration of
14N15N to 14N2 and 15N2 molecules can only be obtained when
nitrogen diffusion in ZnO is governed by atomic diffusion. Hence,
our data clearly demonstrate that N migration is governed by
atomic diffusion. N atoms diffuse through the bulk toward the ZnO
surface where they form molecules prior to desorption.

C. Diffusion coefficients

1. Concentration depth profiles

Further insight into the atomic N diffusion process was
obtained from post-annealing experiments of ZnO:14N–ZnO:15N
sample stacks. Typical nitrogen concentration depth profiles of
as-deposited and post-annealed samples are shown in Fig. 5.
Annealing was performed at the indicated temperatures for 1 h.
Atomic N diffusion is observed for annealing temperatures
TA > 550 °C. With increasing TA, the 14N and 15N depth
profiles broaden. In addition, at TA = 700 °C, the 14N and 15N
concentrations decrease from C14N � 1:5� 1018 cm�3 and C15N

� 3� 1018 cm�3 to C14N � 7:2� 1017 cm�3 and C15N � 1:2
�1018 cm�3, respectively. This indicates that the nitrogen diffusion-
length is large enough for atoms to reach the surface or interface
and leave the sample.

FIG. 3. Depth distribution of 14N and 15N in as-deposited ZnO obtained from
SIMS measurements.

FIG. 4. Molecular nitrogen flux as a function of temperature. The ZnO sample
was doped with nitrogen using a remote microwave plasma. For the first 0.5 μm
isotopically enriched 15N was used, while the second half of the sample was
doped with 14N. The depth distribution of the isotopes is shown in Fig. 3. The
sample was annealed with a heating rate of 20 K/min.
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For the analysis of concentration depth profiles, a number of
approaches can be used depending on the experimental boundary
conditions.41 In the past, two different models were applied to
describe complex diffusion profiles in semiconductors. One model
emphasizes trapping and de-trapping of the diffusing species at
energetically shallow and/or deep sites.42 This model has the
advantage that it can be applied without the knowledge of specific
chemical reactions that might occur in the migration process or the
exact nature of participating defects and complexes. Moreover, the
beauty of this model is that it allows us to determine energy barri-
ers and, hence, provide insight into the governing migration pro-
cesses solely based on the macroscopic data, namely, the
concentration depth profiles.

On the other hand, diffusion can also be described by taking
into account specific chemical reactions of the migrating entity in
the host material.43 Since it is difficult to determine the exact

reactions for a given diffusion problem, often only conceivable
reactions are assumed. Moreover, for complex and manifold reac-
tions, the analysis may become difficult. This is a shortfall of the
model. However, both models have their merits and can provide
insight into the microscopic diffusion mechanisms. For the given
diffusion problem of nitrogen in ZnO, we decided to employ the
trapping/de-trapping model since little is known about the exact
structure of defects interacting with nitrogen atoms and of
nitrogen-related complexes that can form in ZnO.

In Fig. 6, the nitrogen concentration depth profiles are shown
for a specimen that was annealed for 1 h at a temperature of 650 °C.
For both nitrogen isotopes, an exponential decrease of the nitrogen
concentration is observed with a characteristic slope of x0 = 35 and
29.6 nm for 14N and 15N, respectively. Interestingly, for
C15N . 1018 cm�3, the 15N depth profile (red curve) deviates from
the exponential decrease and can be described with a complemen-
tary error function (erfc). Similar results were obtained for the other
depth profiles. However, there is too little data for a conclusive fit.
The functional change of the depth profiles from an erfc to an expo-
nential decay occurs when the nitrogen concentration equals the
density of traps for N atoms. According to Fig. 6, this occurs at
CN≈ 1.4 × 1018 cm−3.

From the characteristic decay length, the diffusion coefficients
were determined applying the relation

D ¼ x20
4tann

: (2)

The diffusion coefficients for 14N and 15N are plotted as a function
of the annealing temperature, Tann, in Fig. 7. For Tann≤ 650 °C, D

FIG. 5. 14N and 15N concentration vs depth in ZnO obtained from SIMS mea-
surements. The samples were deposited at 550 °C. Doping was achieved by
adding nitrogen from a remote microwave plasma. The nitrogen depth distribu-
tion in as-grown ZnO is plotted in (a). Subsequently, the specimens were
annealed for 1 h at the indicated temperatures (b)–(d).

FIG. 6. 14N and 15N concentration vs depth in ZnO obtained from SIMS mea-
surements. The sample was annealed at TA = 650 °C for 1 h. The dashed lines
indicate exponential decays with a characteristic length of x0≈ 35 and 29.6 nm
for 14N and 15N, respectively.
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is independent of the annealing temperature and a mean value of
D≈ 7.4 × 10−16 cm2/s is obtained. It is interesting to note that the
diffusion coefficients increase by more than an order of magnitude
when the samples are annealed at 700 °C.

2. Diffusion coefficients determined from effusion
measurements

Deeper insight into the properties of nitrogen in ZnO, such as
the total nitrogen concentration, the temperature dependence of
the N evolution rates, nitrogen binding energies, and the diffusion
coefficients can be obtained from effusion measurements. In order
to access these parameters, a second set of samples with a higher
nitrogen content was used. The increase of the N concentration
was achieved by increasing the N2 flux during deposition. All
samples were grown in the same deposition run.

Nitrogen effusion data obtained for different heating rates, r,
are displayed in Fig. 8. The ordinate shows the number of nitrogen
atoms that leave the samples per unit temperature interval and unit
surface area. The employed heating rates varied from 10 to 40 K/
min. The data shown in Fig. 8 were obtained from samples that were
deposited simultaneously. Out-diffusion of nitrogen commences for
temperatures above 200 °C. All spectra exhibit three pronounced
maxima of the nitrogen flux that shift to higher temperatures with
increasing heating rate. However, the prominent peak observed at
T > 900 °C is not directly related to nitrogen in the ZnO layers. This
peak is caused by N atoms that migrate into the substrate at lower
temperatures from where they are released at higher temperatures.
Therefore, the peak cannot be used for the following analysis.

The nitrogen concentration, CN, of the specimens was derived
by integrating the effusion spectra and taking into account the
sample thickness. In Fig. 9, CN is plotted as a function of the heating

rate. Since the specimens were grown in the same deposition, they
show the same nitrogen concentration that amounts to about
7.9 × 1019 cm−3. It is important to note that CN exceeds the nitrogen
concentration of the first batch of ZnO samples by more than a
factor of 30 (see Figs. 5 and 6). As will be shown below, the higher
N concentration results in considerably higher diffusion coefficients.

In Fig. 10, the temperature at which the nitrogen effusion rate
exhibits the largest value, Tmax, is shown as a function of the
heating rate, r. With increasing heating rate, Tmax increases from
560.7 to 611.1 °C. The increase of Tmax is consistent with the diffu-
sion of monatomic N from the bulk to the sample surface.
Previously, a similar behavior was reported for the diffusion of
hydrogen atoms in amorphous silicon44 and ZnO.33,34 At any given
time, the nitrogen distribution in the specimens can be derived
from the diffusion equation

@C(x, t)
@t

¼ D(t)
@2C(x, t)

@x2
, (3)

FIG. 7. Nitrogen diffusion coefficients as a function of the annealing tempera-
ture, Tann, for low concentration diffusion (CN < 1 × 10

18 cm−3). The diamonds
and triangles were obtained for atomic 14N and 15N diffusion, respectively.

FIG. 8. Molecular nitrogen evolution rate r−1dN/dt as a function of temperature.
The data shown in (a)–(d) were obtained for heating rates ranging from 10 to
40 K/min.
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where D represents the time dependent diffusion coefficient

D(t) ¼ D0 exp � EA
tkBr

� �
: (4)

Here, EA is the diffusion activation energy, D0 denotes the diffusion
prefactor, and kB is the Boltzmann constant. In the as-deposited

samples, the nitrogen concentration is constant with depth. During
the effusion measurement, the temperature increases linearly with
time. With these boundary conditions, Eq. (2) can be solved to
deduce the diffusion coefficients from gas effusion measure-
ments,44

ln
rd2

kBT2
maxπ

2

� �
¼ ln

D0

EA

� �
� EA
kBTmax

¼ ln
D
EA

� �
: (5)

Using this equation, the temperature dependence of the diffusion
coefficient can be determined by measuring nitrogen effusion as a
function of the sample thickness, d, or as a function of the heating
rate, r,

In Fig. 11, the values obtained from ln (rd2/kBT2
maxπ

2) are
plotted as a function of the inverse temperature, Tmax. A
least-squares fit to the data yielded an activation energy of
EA = 1.61 eV (solid line). From the data shown in Fig. 11, the diffu-
sion coefficients were determined according to

D ¼ D0 exp � EA
kBT

� �
: (6)

An Arrhenius plot of the diffusion coefficient is shown in Fig. 11.
The values have to be compared to the diffusion coefficients
obtained from the nitrogen concentration depth profiles (Fig. 7). It
is obvious that there is a difference in the diffusion mechanisms for
low and high nitrogen concentrations. For low N concentration the
diffusion coefficient is constant with temperature up to 650 °C and
amounts to D≈ 7.4 × 10−16 cm2/s. On the other hand, for high N
concentration an Arrhenius behavior is observed with an activation
energy of 1.61 eV (Fig. 11) and the diffusion coefficients are about
6 orders of magnitude larger.

FIG. 9. Nitrogen concentration, CN, as a function of the heating rate, r. The
data were obtained from the N effusion spectra in Fig. 8.

FIG. 10. Temperature of the maximum nitrogen flux, Tmax, as a function of the
heating rate, r.

FIG. 11. ln (rd2/kBT2
maxπ

2) and the resulting diffusion coefficients, D, as a func-
tion of 103/Tmax for the data shown in Fig. 10.
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IV. DISCUSSION

The experimental data presented in Sec. III show that the
microscopic diffusion mechanism in ZnO is governed by atomic
nitrogen migration. This important insight will be used to develop
a microscopic model for N diffusion in ZnO and to identify possi-
ble diffusion paths. This section is divided into three parts. First,
the experimental data are described in terms of a two-band model
(Sec. IV A). Key parameters such as the energy depth and trap con-
centration are estimated from the temperature dependence of the
diffusion and from the nitrogen effusion data. The character of the
deep traps is discussed in Sec. IV B. Finally, different microscopic
diffusion mechanisms are evaluated, and the corresponding transi-
tion states are calculated (Sec. IV C).

A. Nitrogen density of states

A number of properties of nitrogen diffusion in ZnO can be
determined from the experimental data presented above. For the
diffusion process, it is reasonable to assume that nitrogen atoms
migrate between minimum energy positions by surmounting a
barrier between sites at a saddle point. Although the PLD deposited
films exhibit a polycrystalline nature with a c-axis surface orienta-
tion, the migration saddle point represented by the energy ES is
considered to be roughly constant throughout the ZnO layer.
Below ES nitrogen trapping sites are located that trap and release N
during the diffusion process. On the time scale of a typical diffu-
sion experiment, nitrogen equilibrates in these shallow traps.
However, depending on the exact microscopic migration path and
the charge state of N, some minor variations on the corresponding
energy levels have to be taken into account. The microscopic diffu-
sion mechanisms are discussed in detail below (see Sec. IV C).

Separated in energy from the shallow traps are deep traps at an
energy ET. Nitrogen atoms that are trapped in these states also par-
ticipate in the diffusion process but on very long timescales.
Subsequently, the corresponding diffusion coefficients are about six
orders of magnitude smaller (see Fig. 7). Similar to hydrogen diffu-
sion in ZnO, nitrogen migration can be described in terms of a
trapping and release mechanism from a density of binding-site
energies over barrier energies. The two-level model is schematically
depicted in Fig. 12. Hence, nitrogen diffusion is described by
Eq. (6) where the activation energy is given by

EA ¼ ES � EM when NT þ NM . CN . NT,
ES � ET when CN , NT:

�
(7)

Here, NT and NM denote the number of occupied deep trapping
and transport sites, respectively. EM and ET represent the energy of
the transport sites and deep traps, respectively. In order to derive
the energetic positions of the deep traps and the transport sites
from the experimental data, the diffusion pre-factor, D0, has to be
independent of the experimental parameters. Moreover, it has to
reflect the microscopic diffusivity of nitrogen in ZnO. Extrapolating
the Arrhenius plot of the diffusion coefficients (Fig. 11) to 1/T = 0
yields a prefactor of D0≈ 7.4 × 10−4 cm2 s−1. On the other hand,
the value of the diffusion prefactor can be estimated from Ref. 45,

DT
0 ¼ 1

Nsites
νa2, (8)

where Nsites corresponds to the number of nearest neighbor sites
for N migration, ν is the attempt frequency, and a denotes the
mean-free path. Two prominent diffusion mechanisms that will be
described in detail below are vacancy and N–O dumbbell promoted
nitrogen migration. In both cases, the number of nearest neighbor
sites amounts to Nsites = 4. Using values of a≈ 3.2 Å and
ν = 1013 s−1 the diffusion prefactor can be estimate to
D0
T≈ 2.6 × 10−3 cm2 s−1. This value is about one order of magni-

tude larger than D0 determined from the experimental data and
will later be used to determine the correct position of the N trap-
ping sites for high-concentration diffusion. On the other hand, for
deep traps, D is independent of temperature (Fig. 7). To assign an
energy value to ET the nitrogen chemical potential can be derived
from the diffusion coefficients using the relation

ES � μN(T) ¼ �kBT ln
D

DT
0

� �
: (9)

For the calculation, the theoretically derived prefactor was
used. For the accuracy of this approach, it is important to note that
the energy depends logarithmically on the diffusion prefactor.
Thus, even an error of one order of magnitude will change the
energy values only by less than 0.1 eV. In Fig. 13, the position of
the N chemical potential is plotted as a function of temperature.
For high-concentration diffusion (solid symbols), a constant value
of ES–μN≈−1.36 eV is obtained. This indicates that the
density-of-states is high and the chemical potential is pinned.
ES–μN has to be compared to the activation energy derived from
the data in Fig. 11. Both values should be approximately equal,

FIG. 12. Two-level model for nitrogen migration in ZnO. The N transport sites
are represented by EM and ES denotes the migration saddle point. Separated in
energy at ET are deep trapping sites for nitrogen.
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however, EA determined from the Arrhenius plot is deeper in
energy by 0.25 eV. This is related to the diffusion prefactor. From
the experimental data, a prefactor of D0≈ 7.4 × 10−4 cm2 s−1 was
obtained, while the theoretically derived value amounts to
D0
T≈ 2.6 × 10−3 cm2 s−1. Therefore, the position of the chemical

potential, ES–μN, provides a more accurate value.
For low concentration diffusion (open symbols in Fig. 13), μN

shifts deeper in energy with increasing temperature with a rate of
2.8 meV/K. Commonly, the chemical potential shifts away from
high density-of-states toward energies where the density-of-states is
low. According to the data shown in Fig. 13, this suggests that the
density-of-states is high above the N chemical potential and μN
shifts toward a minimum of the density-of-states that occurs
deeper in energy.

The position of the nitrogen chemical potential can also be
determined from the nitrogen effusion data using the relation46

ES � μN ¼ �kBT ln
dnN2 /dt

F0

� �
, (10)

where dnN2 /dt is the molecular nitrogen flux, the prefactor is given
by F0≈ 2νNSa/d, and the number of surface states amounts to
NS≈ 1015 cm−2. Equation (10) can be used to calculate the N
chemical potential as a function of the nitrogen concentration, CN.
The analysis was performed for the effusion data shown in Figs. 4
and 8.

For high N concentration diffusion (CN > 1 × 1018 cm−3), the
position of the N chemical potential as a function of CN is plotted
in Fig. 14. The data were derived from the effusion spectra shown
in Fig. 8. At a nitrogen concentration of ≈5–8 × 1019 cm−3, the
nitrogen chemical potential resides at ES–μN =−0.5 to −0.6 eV and
quickly shifts further away from the N transport sites until a
plateau is reached at ES–μN =−1.3 eV. This value is in good

agreement with the position of the N chemical potential of
ES–μN =−1.36 eV that was obtained from the diffusion coefficients
for high N concentration diffusion (see full diamonds in Fig. 13).
Pinning of the chemical potential occurs when the density of states
is high. In the case of nitrogen, this indicates that N atoms are
accommodated in the host lattice with binding energies that corre-
spond to the position of the plateau energies. As the nitrogen
content decreases further to CN < 5 × 1018 cm−3, the chemical
potential approaches a constant value of ES–μN≈−2.1 eV.

For low N concentration diffusion (CN < 1 × 1018 cm−3), the
chemical potential shows a similar behavior (Fig. 15). For clarity,
only one curve is shown. At a nitrogen concentration
of ≈1018 cm−3, the nitrogen chemical potential resides at
ES–μN =−1.18 eV and quickly shifts further away from the H trans-
port sites until a first plateau is reached ES–μN =−1.64 eV. A
second plateau is observed at ES–μN =−2.44 eV. Finally, for
CN < 1017 cm−3, the N chemical potential approaches a value of
about −3 eV.

A comparison to the data shown in Fig. 13 (open symbols)
reveals a difference in ES–μN of about 0.41 to 0.14 eV for the
samples annealed at T = 823 and 973 K, respectively. It is very
likely that the small discrepancy is due to subtle distinctions of the
two experiments: (i) During the diffusion experiments CN remains
constant and only little nitrogen is lost at the highest annealing
temperature. (ii) There is a pronounced difference in the thermal
load and its change with time for the two experiments. For the dif-
fusion experiments, the specimens are kept at a desired temperature
for 1 h and are rapidly cooled to room temperature, subsequently.
On the other hand, in the effusion experiment, the samples are
annealed with a constant heating rate until the final temperature is
reached. Finally, when the effusion measurement is finished, the

FIG. 14. Nitrogen chemical potential, ES–μN, as a function of the nitrogen con-
centration for high N concentration diffusion (CN > 10

18 cm−3). The values were
derived from the effusion data shown in Fig. 8. Details are described in the text.

FIG. 13. Nitrogen chemical potential, ES–μN, as a function of temperature for
high (full symbols) and low N concentration diffusion (open symbols).
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samples are depleted of nitrogen. This manifests itself in a pro-
nounced decrease of CN to about 1015 cm−3. Accordingly, the N
chemical potential decreases to a value of ES–μN≈ 3 eV (see
Fig. 15).

The effusion data can be further analyzed to derive a
density-of-states distribution for nitrogen in ZnO. The total nitro-
gen concentration is given by

CN ¼
ð
NN(E)f (E, T , μN)dE, (11)

where NN is the nitrogen density-of-states and f(E,T,μN) is the
occupation function. The N density-of-states distribution can
be derived from Eq. (11) by partial differentiation. At
E ¼ μN; the partial derivative @f (E, T , μN)/@μN peaks. Thus, the
density-of-states for N atoms in ZnO can be estimated by46

NN(μN) �
@CN

@μN
: (12)

The nitrogen density-of-states distributions obtained for ZnO with
CN > 1018 cm−3 are shown in Fig. 16. Independent of the heating
rate, all samples show two peaks. Looking at the mean values, the
peaks are located at ES–μN≈−0.93 eV and ≈−1.26 eV. The more
pronounced peak in the N density-of-states occurs at ES–
μN≈−1.26 eV, which is in good agreement with the position of the
N chemical potential determined from the diffusion coefficients for
high N concentration diffusion (see full diamonds in Fig. 13). This
value corresponds to the energy of the transport sites with respect

to the migration saddle point. Furthermore, the majority of the N
atoms reside in transport sites.

For CN < 1018 cm−3, the N density-of-states distribution looks
different. In Fig. 17, the result for the mixed isotope molecule
14N15N is shown in comparison to the data obtained for
CN > 1018 cm−3. The density-of-states distributions for 14N2 and
15N2 are identical but they were omitted for clarity. For low N con-
centrations, a pronounced peak is observed at ES–μN =−1.63 eV
(red curve in Fig. 17). Compared to the N density-of-states for high
N concentrations, this peak is deeper in energy by about 0.34 eV.
Further away from the saddle point, two smaller peaks appear in
the density-of-states distribution at about ES–μN =−2.17 and
−2.4 eV. According to SIMS data (see Figs. 5 and 6), N diffusion
for CN < 1018 cm−3 (red curve) is trap limited. Hence, all three
peaks have to be assigned to deep traps for nitrogen.

FIG. 15. Nitrogen chemical potential, ES–μN, as a function of the nitrogen con-
centration for low N concentration diffusion (CN < 10

18 cm−3). The values were
derived from the effusion data shown in Fig. 4. For clarity, only one set of data
is shown. Details are described in the text.

FIG. 16. Nitrogen density-of-states distribution in ZnO for high N concentrations
(CN > 10

18 cm−3). The data were derived by applying Eq. (12) to the effusion
spectra shown in Fig. 8. The positions of the peaks with respect to the migration
saddle point, ES, are denoted in the figure. r is the heating rate of the effusion
measurements that amounted to 10 (a), 20 (b), 30 (c), and 40 K/min (d).
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A characteristic property of low N concentration diffusion is
the temperature independence of the diffusion coefficient (see
Fig. 7). However, at the highest annealing temperature of 700 °C,
an increase of D by more than one order of magnitude was
observed. This increase is directly related to the nitrogen density of
states (red curve in Fig. 17). The highest peak resides at
ES–μN =−1.63 eV and contains a N concentration of about
4.4 × 1017 cm−3. The temperature required to activate these N
atoms can be calculated from the diffusion coefficients that were
determined by applying Eq. (1) to the SIMS depth profiles. Solving
Eq. (9) for T yields

T ¼ � ES � μN

kB ln
D
DT
0

: (13)

At the highest annealing temperature, the diffusion coefficients
amount to D = 5.7 × 10−15 and 3.2 × 10−14 cm2/s for 15N and 14N,
respectively (see Fig. 7). Hence, to thermally activate N atoms with
a binding energy of 1.63 eV a temperature of T = 704.7 and 753.1 K
for 15N and 14N is required. This is in good agreement with the
pronounced increase of the diffusion coefficient for an annealing
temperature of TA = 700 °C (see Fig. 7).

B. Character of the deep traps

The origin of the deep trapping sites for nitrogen is difficult to
determine. However, an analysis of the spatial concentration depth
profiles obtained from SIMS measurements can provide further
details of their character. When the nitrogen concentration is com-
parable to or smaller than the concentration of deep traps, NT, the
migration is dominated by these traps and the diffusion depth pro-
files exhibit an exponential decay. For N diffusion in ZnO, the con-
centration of deep traps amounts to NT≈ 1 × 1018 cm−3. The slope
of the exponential decay indicates the mean-free path for low-
concentration diffusion and is given by47

x0 ¼ (4πrCNT )
� 1

2: (14)

Using this equation, the capture radius, rC, can be calculated.
From the SIMS depth profiles, a mean value of x0 = 32.3 nm is
obtained that yields a capture radius of rC = 0.076 nm. It is interest-
ing to note that similar small capture radii were reported for hydro-
gen diffusion in amorphous and polycrystalline silicon.42,48 The
rather small value of rC for nitrogen capture does not allow a direct
conclusion on the type of nitrogen traps.

Microscopic identification of deep N traps is difficult. It is con-
ceivable that N atoms can form complexes with trace elements. The
most common impurities in high purity ZnO powder are calcium
(Ca), iron (Fe), manganese (Mn), and sodium (Na). The concentra-
tions of these trace elements are in the sub-ppm range.49 The impu-
rities replace Zn in the lattice and depending on their chemical
nature act as donors or acceptors. In addition, Fe and Mn doping of
ZnO is used to obtain dilute magnetic semiconductors.50–53

However, the concentration of the trace metals is about two orders
of magnitude lower than the number of deep nitrogen traps in
ZnO. Therefore, the trace elements cannot solely account for the
concentration of deep N traps.

Another possible trapping site for nitrogen is oxygen. Fourier
transform infrared (FT-IR) measurements performed on highly
N-doped ZnO samples revealed local vibrational modes that are
related to N–O stretching vibrations.22 A further possible element
that can trap N atoms is hydrogen, which is always present in semi-
conductors. In single crystal ZnO grown at temperatures ≥ 900 °C
residual hydrogen concentrations between 5.2 × 1016 and
3.6 × 1018 cm−3 have been reported.34 Clear evidence for the forma-
tion of N–H complexes in chemical vapor transport grown
specimens using ammonia as transport gas was obtained from
FT-IR measurements. The N–H complex is thermally stable up to
700 °C.54

Finally, molecular nitrogen might be involved to some degree.
Although nitrogen diffusion is governed by atomic diffusion (see
Sec. III A), some N2 molecules might form in the bulk. However,
the fraction of N atoms that form molecules can no longer partici-
pate in the atomic diffusion process by de-trapping or dissociation
because of the high chemical stability of the N2 molecule.
Consequently, molecular nitrogen does not contribute to the deep
traps for N in ZnO.

FIG. 17. Comparison of the nitrogen density-of-states distribution in ZnO for low
(red curve) and high (blue curve) nitrogen concentration. The data for
CN < 10

18 cm−3 were obtained from the effusion data shown in Fig. 4. For
clarity, only the distribution for 14N15N is plotted. The data for the other nitrogen
molecules (14N2 and 15N2) show the same density-of-states distribution. The
data for CN > 10

18 cm−3 were replotted from Fig. 16(b), where the specimen
was annealed with a heating rate of 20 K/min. The sketches show the position
of the nitrogen chemical potential for high and low N concentrations.
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C. Diffusion paths

At high nitrogen concentrations (CN > 1 × 1018 cm−3), diffu-
sion takes place between minimum energy positions by surmount-
ing the barrier between sites at a saddle point. In the following, two
microscopic models will be discussed that can account for atomic
nitrogen diffusion and are consistent with our experimental data.

A microscopic mechanism for atomic diffusion that is encoun-
tered in numerous materials is vacancy mediated diffusion.
Migration occurs when a substitutional N atom switches its lattice
place with an adjacent oxygen vacancy (OV). The initial and final
atomic positions of an N atom (blue) that switches its place with
an adjacent OV are depicted in Fig. 18(a). To determine the
minimum energy path and the saddle point for the vacancy medi-
ated diffusion mechanism, the climbing-image nudged elastic band
method was employed.37 The calculations were performed for
neutral and negatively charged nitrogen atoms. In Fig. 18(b), the
change of the total energy, ΔE, is plotted as a function of the posi-
tion of the N atom. For both charge states of the N atom, two
maxima are obtained. From a symmetry point of view, the maxima
should have the same energy value. But for both charge states, the
maximum at the right hand is about 30 and 50 meV higher for

N−–OV and N0–OV, respectively. It is conceivable that this is due
to a numerical error of the calculations. However, it is interesting
to note that the saddle point for vacancy mediated N diffusion is
about EB = 1.65 and 1.0 eV above the minimum energy position;
e.g., the substitutional oxygen site, NO, for N−–OV and N0–OV,
respectively. The larger value is in good agreement with the experi-
mental results for low N concentration diffusion (see Fig. 17) and a
similar barrier height for neutrally charged N was reported by
Zhang et al., recently.30 This would imply that OV sites act as deep
traps for nitrogen. However, substitutional nitrogen acts as an
acceptor and, therefore, the diffusing species will be negatively
charged. For N−–OV, the barrier height amounts to EB = 1.0 eV.
This energy value is too low for trap limited diffusion.
Consequently, N diffusion via oxygen vacancies can be regarded as
one possible mechanism for high N concentration diffusion (see
Figs. 13 and 17).

For a second microscopic diffusion mechanism, the oxygen
dumbbell complex55 was revisited. Substituting one of the two O
atoms with nitrogen forms a stable N–O dumbbell [see Fig. 19(a)].
The initial, one intermediate, and the final positions of nitrogen
diffusing via a dumbbell complex are shown in Fig. 19(a). The
intermediate configuration corresponds to the transition state and
requires the surmounting of a saddle point energy of EB = 1.32 and

FIG. 18. Vacancy mediated nitrogen diffusion in ZnO. The initial and final posi-
tions of the N atom (blue) are shown in (a). Oxygen and zinc atoms are
depicted in red and turquoise, respectively. (b) shows the change of the total
energy as the N atom moves from its initial position to the vacancy. The up and
down pointing triangles represent the diffusion barrier for neutral and negatively
charged nitrogen, respectively.

FIG. 19. Nitrogen diffusion along the a-plane of ZnO via the dissociation and
formation of N–O dumbbells. (a) shows the initial, intermediate, and final posi-
tions of the diffusing N atom. The intermediate position corresponds to the tran-
sition state. (b) shows the change of the total energy as the N atom moves from
its initial to its final position. The up and down pointing triangles represent the
diffusion barrier for neutral and negatively charged nitrogen, respectively.
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1.64 eV for N− and N0, respectively [see Fig. 19(b)]. When the N
atom reaches the minimum energy at position 5, it forms an N–O
dumbbell again [see Fig. 19(a)]. However, this position is not iden-
tical to the starting configuration since the N atom resides to the
left of the O atom. In order to attain the same configuration as the
starting conditions, the N–O dumbbell needs to rotate by about
180°. Interestingly, this requires only very little energy for the
neutral N atom, and for the negatively charged N atom, the barrier
vanishes.

Dumbbell assisted diffusion can also occur along the c-axis.
The initial and final atom configurations are depicted in Fig. 20(a).
The minimum energy path to overcome the saddle point is plotted
in Fig. 20(b) for neutral and negatively charged nitrogen. The diffu-
sion barrier amounts to EB = 1.36 and 1.75 eV for N− and N0,
respectively. The additional rotation of the dumbbell was omitted,
since the rotation of the dumbbell requires only ≈0.1 eV for N0,
and the rotational barrier disappears for negatively charged
nitrogen.

The investigated microscopic migration mechanisms have in
common that their energy barriers do not differ much. For N−, the
diffusion barrier is always considerably smaller than for N0.
Assuming that most nitrogen atoms are accommodated as

acceptors their charge state will be N−. However, p-type conductiv-
ity was not observed in our samples. This is mainly due to the low
N content, which results in an increase in the resistivity of the
samples but is too low to compensate for all acceptors of the typi-
cally n-type ZnO. Hence, our data suggest that under the experi-
mental conditions presented here nitrogen diffuses in the negative
charge state. For N− diffusion, the barrier energy amounts to
EB = 1.0–1.36 eV, which is reasonably close to the experimental
values of 1.26–1.36 eV. This suggests that the three microscopic dif-
fusion mechanisms are of high importance for N transport. Most
likely, these mechanisms are the dominant diffusion processes for
N in ZnO.

V. SUMMARY

In summary, we have presented a detailed investigation of
nitrogen diffusion in ZnO. Employing SIMS and gas effusion mea-
surements on ZnO samples doped with 14N and 15N isotopes
revealed that nitrogen migration is governed by atomic diffusion.
For low N concentration diffusion (CN < 1 × 1018 cm−3), the nitro-
gen depth profiles exhibit an exponential decay with depth, and the
diffusion coefficient is independent of the annealing temperature.
For high-concentration diffusion (CN > 1 × 1018 cm−3), D is ther-
mally activated with an activation energy of 1.61 eV. However, the
slope of the Arrhenius plot does not correspond to the position of
the chemical potential. Using the theoretical diffusion prefactor,
the position of the N chemical potential was derived at ES–
μN =−1.36 eV. Nitrogen diffusion in ZnO can be described by a
two-level model, where N atoms migrate between minimum energy
positions by surmounting a barrier between sites at a saddle point.
Separated in energy from the shallow traps are deep traps with a
concentration of NT≈ 1 × 1018 cm−3. The position of the N chemi-
cal potential was estimated from the SIMS data. For high-
concentration diffusion, a value of ES–μN≈ 1.36 eV was obtained,
while for low concentration diffusion a shift of μN away from the
transport sites was observed with increasing temperature with a
rate of 2.8 meV/K. The gas effusion data were analyzed to derive
the nitrogen density-of-states distribution. Specimens with
CN > 1 × 1018 cm−3 exhibit two pronounced peaks that are located
at an average energy of ES–μN =−0.93 eV and ES–μN =−1.26 eV.
On the other hand, samples with a low N concentration
(CN < 1 × 1018 cm−3) show a different density-of-states distribution
with a dominant peak located at ES–μN =−1.63 eV. Microscopic
diffusion mechanisms comprising vacancy and dumbbell mediated
diffusion were evaluated using density functional theory calcula-
tions to determine the transition barriers. For neutral N diffusion,
the barrier energy amounts to EB = 1.64–1.75 eV, while for nega-
tively charged nitrogen, the transition barriers decreased to EB = 1.0
and 1.36 eV for vacancy and dumbbell mediated diffusion,
respectively.
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