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Understanding the interaction of group V impurities with intrinsic defects in ZnO is important for
developing p-type material. We have studied N-doped ZnO thin films and N-doped bulk ZnO
crystals, with positron annihilation spectroscopy, in contrast to earlier studies that have
concentrated on N-implanted ZnO crystals. We show that the introduction of N impurities into
ZnO, irrespective of whether it is done during the growth of thin films or bulk crystals or through
implantation and subsequent thermal treatments, leads to the formation of stable vacancy clusters
and negative ion-type defects. Interestingly, the stability of these vacancy clusters is found almost
exclusively for N introduction, whereas single Zn vacancy defects or easily removable vacancy
clusters are more typically found for ZnO doped with other impurities.

. INTRODUCTION

ZnO has great potential to be used as a material for
optoelectronics components thanks to its suitable bandgap
(~3.4 eV) and high excitation binding energy (~60 meV)."™
However, the difficulties encountered when attempting to
dope ZnO p-type have slowed down the device develop-
ment. One of the more promising group V dopants for
obtaining p-type ZnO is nitrogen, as it should be easily
incorporated on the O sublattice thanks to its similar size.
Doping through both implantation*® and incorporation
during growth7’9 are intensively investigated.

Positron annihilation spectroscopy is an effective method
for the investigation of vacancy-type defects in semicon-
ductors. Positrons implanted into a solid can get trapped
in and localize at neutral and negative vacancies due to
the missing positive ion core. This results in observ-
able changes in the measurable annihilation character-
istics, i.e., the positron lifetime and the momentum
distribution of the annihilating positron—electron pair
(Doppler broadening). In addition, positrons may have
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shallow hydrogenic states at negative ions, such as ac-
ceptor impurities. The annihilation data can be used to
determine the vacancy concentration as well as to distin-
guish between different vacancy types and their chemical
environment.

Vacancies in ZnO have been studied using positron
annihilation spectroscopy by many research groups since
the late 1980s, most of them dealing with bulk ZnO crys-
tals and radiation damage.'®"? In spite of the considerable
research effort especially during the last 10 years, the un-
derstanding of many basic characteristics of the defects in
ZnO is still quite limited. In particular, studies of doping
effects on the vacancy defects structure are relatively scarce.
In this paper, we present results obtained with positron
annihilation spectroscopy in N-doped ZnO thin films and
bulk crystals. We compare these new findings to those
published earlier on N-implanted ZnO and discuss the
special relationship between N impurities and vacancy
clusters in the ZnO lattice.

Il. EXPERIMENTAL DETAILS
A. Samples

The ZnO thin films with a thickness of 400-500 nm
were grown by chemical vapor deposition (CVD) using

© Materials Research Society 2013 1977

IP address: 134.176.64.199


http://journals.cambridge.org

F. Tuomisto et al.: Nitrogen and vacancy clusters in ZnO

metallic zinc, NO,, and NHj as precursors. The nitrogen
concentration was varied by adjusting the dopant flow be-
tween 20 and 100 sccm using a constant growth temper-
ature of 350 °C. The low temperature was chosen to push
the achievable nitrogen concentration into the 10?° per cm®
range as the solubility of nitrogen drastically decreases with
increasing growth temperature.® All films were grown on
nonpolar a-plane substrates since the incorporation of
unintentional impurities during the CVD process is reduced
by using either a-plane or c-plane Zn-face substrates as com-
pared with O-face ZnO,"*'* and higher nitrogen doping
levels can be achieved.”®

Bulk ZnO samples were grown by seeded chemical
vapor transport (CVT) using ammonia (NH3) as a source
of nitrogen dopants.'> ZnO and graphite powder were
loaded into one end of a fused silica ampoule. A seed
crystal16 was attached to the deposition end, ~10 cm from
the source powder. The ampoule was evacuated, back-
filled with ¥2 atm NH3, and sealed using hydrogen—oxygen
torch. The ampoule was placed in a three-zone horizontal
furnace that maintains a temperature of 1000 °C at the
source end and 880 °C at the deposition end.

B. Positron annihilation spectroscopy

In this work, the positron lifetimes in bulk crystals
were measured using a conventional fast—fast coinci-
dence spectrometer with a time resolution of 250 ps.'’
Two identical sample pieces were sandwiched with a
20 uCi positron source (*’Na deposited on 1.5-pm
Al foil). Typically, 2 x 10° annihilation events were col-
lected in each positron lifetime spectrum. The lifetime
spectrum n(f) = X,exp(—t/t;) was analyzed as the sum
of exponential decay components convoluted with the
Gaussian resolution function of the spectrometer after
subtracting the constant background and annihilations in
the source material (typically a few percent, for details, see
Ref. 18) The positron in state i annihilates with a lifetime t;
and an intensity /;. The state in question can be the delo-
calized state in the lattice or the localized state at a vacancy
defect. The increase of the average lifetime t,,, = X/; T;
above the bulk lattice lifetime tg shows that vacancy defects
are present in the material. This parameter is insensitive
to the decomposition procedure, and even a change as
small as 1 ps in its value can be reliably measured. In the
case of one type of vacancy defect, with specific lifetime
Ty, the decomposition of the lifetime spectrum into two
components T, and 1, is straightforward to interpret. The
second lifetime component 1, = Ty gives directly the
vacancy-specific lifetime and the first lifetime component
ist = (g ! + ky) ! < 1g, where Tp is the positron
lifetime in the delocalized state in the lattice and Ty is the
positron trapping rate into the vacancy defects.

The temperature dependence of the average positron
lifetime t,,. is analyzed with the model of trapping and
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escape rates of positrons.'® In this model, the trapping
coefficient py to a neutral vacancy is independent of
temperature and to a negatively charged vacancy, it varies
as T~ 7. The trapping rate of positrons into the vacancies
(concentration cy) is Ky = Wy ¢y (Ly = 3 X 10" em?®/s for
Zn vacancies in ZnO at 300 K). Positrons can get trapped
also at hydrogen-like Rydberg states surrounding negative
ion-type defects (shallow traps for positrons). The positron
trapping rate at the Rydberg state g varies also as 7,
which is the result predicted by the theory of transition
from a free state to a bound state in a Coulomb potential.19

The positron annihilation characteristics were measured
in thin epitaxial films by using a mono-energetic continu-
ous positron beam. As lifetime experiments are not possible
with a continuous beam, the Doppler broadening of the
annihilation radiation was monitored as a function of
the beam energy, providing a depth profile of the signal.
The motion of the annihilating electron—positron pair
causes a Doppler shift in the annihilation radiation
AE = ¢p1/2, where py_is the longitudinal momentum com-
ponent of the pair in the direction of the annihilation photon
emission. This causes the broadening of the 511 keV an-
nihilation line. The shape of the 511 keV peak gives thus the
one-dimensional momentum distribution p(p) of the an-
nihilating electron—positron pairs. A Doppler shift of 1 keV
corresponds to a momentum value of pp, = 0.54 a.u.

The Doppler broadening can be experimentally mea-
sured using a Ge gamma ray detector with a good energy
resolution. The typical resolution of a detector is around
1-1.5keV at 500 keV. This is considerably compared with
the total width of 2—-3 keV of the annihilation peak, mean-
ing that the experimental lineshape is strongly influenced
by the detector resolution. Therefore, various shape param-
eters are used to characterize the 511 keV line. The low
electron-momentum parameter S is defined as the ratio of
the counts in the central region (typically, p; < 0.4 a.u.) of
the annihilation line to the total number of the counts in the
line. In the same way, the high electron-momentum param-
eter Wis the fraction of the counts in the wing regions of the
line (typically, pr. > 1.5 a.u.). Due to their low momenta,
valence electrons mainly contribute to the region of the S
parameter. On the other hand, only core electrons have
momentum values high enough to contribute to the W
parameter. Therefore, S and W are sometimes called the
valence and core annihilation parameters, respectively.

lll. N-DOPED CVD-ZNO

Figure 1 shows the S parameter measured at room
temperature as a function of positron implantation energy
in N-doped CVD-ZnO thin-film samples. When positrons
are implanted close to the sample surface with £ = 0-1 keV,
arelatively high S parameter of up to S = 0.50 is recorded
in the samples. These values characterize the defects and
chemical nature of the near-surface region of the samples
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at the depth 0-5 nm. The region of constant § gives the
characteristic value of the CVD-ZnO layer and extends
up to 8 keV in the thickest sample. The decrease of the
S parameter at higher implantation energies is due to
the increasing fraction of positrons annihilating in the
HT-ZnO substrate for which the characteristic S param-
eter is roughly § = 0.44, slightly above the value of the
“defect-free” ZnO lattice."'

The S and W parameters measured in the N-doped
CVD-ZnO layers are shown as plotted against each other
with the positron implantation energy as running param-
eters in Fig. 2. The values characterizing the layers are
highlighted in the figure. Figure 2 also shows the values
of the ZnO lattice,'" the isolated Zn Vacamcy,zo’21 and those
typical of HT-ZnO,**** adjusted for the detector resolu-
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FIG. 1. S parameter as a function of positron implantation energy
(probing depth) in CVD-grown ZnO:N thin films. The S parameters
characterizing the ZnO lattice and the Zn vacancy are shown as dashed
lines, determined based on the measurement data in the bulk VP ZnO
(Ref. 11).
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FIG. 2. (S, W) plot with positron implantation energy as the running
parameter. The characteristic (S, W) points of the ZnO lattice, V,, and
HT-ZnO (essentially Liz,) are shown for reference.
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tion, and geometry applied in these experiments. It is
clearly seen that at high positron implantation energies,
the measured data converge toward the HT-ZnO point as
expected. Interestingly, the (S, W) point measured in the
undoped CVD-ZnO sample coincides with the Zn vacancy
point. This is interpreted as saturation trapping to single
Zn vacancy-related defects, whose concentration hence
needs to be above 5 x 10'® per cm?.?! On the other hand,
the (S, W) points characterizing the N-doped CVD-ZnO
samples all fall on a line that goes through the ZnO lattice
values (Sg, Wg) and runs to the right of the ZnO-V,, line.
This together with the relatively high S parameter values
(S goes up to 1.09 x Sp) indicates that the N-doped samples
contain important concentrations of clusters of vacancies,
containing both Zn and O vacancies (clusters of Zn vacan-
cies only would be indistinguishable from single Zn
vacancies®?). Importantly, the linear behavior of the
(S, W) parameters in the N-doped samples implies that the
vacancy clusters have similar nature in all the samples and
only their concentration changes.

Figure 2 shows that the S parameter increases with N
flow up to 60 sccm and then decreases again, indicating
that the relationship between the N content and the con-
centration of the observed vacancy clusters is not straight-
forward. To determine the possible effect of negative ions
on the room temperature data, we measured the N-doped
ZnO samples at temperatures ranging from 40 to 500 K
(data from a representative sample are shown in Fig. 3).
The § parameter measured in the layer decreases with de-
creasing temperature, indicating that negative ions compete
with vacancies in trapping positrons at low temperatures, as
the negative ions produce the annihilation parameters of the
defect-free lattice. The data are similar for all the N-doped
samples; hence the differences in the S parameters measured
at room temperature are due to differences in vacancy
cluster contents rather than differences in negative ion
introduction. It should be noted that the temperature de-
pendence is very similar in N-implanted HT ZnO; also,
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FIG. 3. S parameter as a function of temperature in the 20-sccm ZnO:N
thin film sample. The solid curve is drawn to guide the eye. Data from
N-implanted HT ZnO are shown for comparison.
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vacancy clusters and negative ion-type defects have been
observed.*

IV. N-DOPED CVT-ZNO

Figure 4 shows the average positron lifetime measured
as a function of temperature in a bulk N-doped CVT-ZnO
crystal as well as the second (vacancy) lifetime component
extracted from the annihilation spectra. Results also from
undoped CVT® and vapor-phase grown (VP) ZnO'" are
shown for comparison. The increase of the average
positron lifetime t,,, with decreasing temperature is a clear
indication of the presence of negatively charged vacancy
defects. In undoped VP ZnO, the monotonous behavior of
the lifetime below 300 K indicates that these vacancy
defects are the dominant negatively charged defect. On
the other hand, in the undoped CVT ZnO sample, the slight
change in the temperature dependence of the positron
lifetime at 50-150 K is a sign of negative ion-type defects
competing in trapping of positrons with the negative
vacancies. This is observed also as the increase of the first
lifetime component Tt (not shown here) where the increased
trapping in the negative ion-type defects brings the compo-
nent closer to the bulk lifetime.

A longer lifetime component of Ty = 1, = 230 = 10 ps
can be extracted from the exponential lifetime spectra mea-
sured in the undoped CVT and VP samples below 300 K,
whereas the data measured in the undoped ZnO sample
above 300 K exhibit only one component. The longer life-
time component is constant as a function of temperature,
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FIG. 4. Average positron lifetime and the longer lifetime component
as a function of measurement temperature measured in N-doped CVT
ZnO. Data for undoped CVT ZnO and VP ZnO are shown for com-
parison. The solid curve is drawn to guide the eye, whereas the dashed
line describes the effect of thermal expansion of the lattice on the ZnO
lattice lifetime.
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implying that it represents positrons annihilation in one
trapped state. This lifetime component is specific to the Zn
vacancy. The lifetime tg = 170 ps is attributed o the an-
nihilation from the delocalized state in the ZnO lattice at
300 K, whereas the slight increase of the average positron
lifetime with temperature above 300 K in the undoped
VP ZnO sample is due to thermal expansion.'' The Zn
vacancy concentrations in the undoped VP and CVT
ZnO can be estimated to be 2 x 10'° per cm® and
2 x 10" per cm?, respectively.' 125

The lifetime data obtained in the N-doped CVT ZnO are
less straightforward to interpret. Vacancy defects are clearly
present in this material, as the average positron lifetime is
above the ZnO lattice lifetime (dashed line in Fig. 4). On the
other hand, the decrease of the average positron lifetime with
decreasing temperature is a sign of negative ion-type defects
competing with the vacancies in positron trapping. Further,
the vacancy lifetime component extracted from the lifetime
spectra is quite long, about 450 ps, in particular at higher
temperatures, whereas it decreases to below 300 ps at lower
temperatures. The long lifetime of about 450 ps is indicative
of the presence of large vacancy clusters where several Zn
and O atoms are missing. The decrease of the vacancy
lifetime component with decreasing temperature suggests
that negatively charged Zn vacancies are present, too, and
pull down the vacancy lifetime component when their
attractiveness increases thanks to the 7~ "/> dependence of
the trapping coefficient. For this effect to be observable, the
vacancy clusters need to be neutral. It should be noted that
the decrease of the average positron lifetime with decreasing
temperature cannot be explained by the Zn vacancies be-
coming more attractive, as this effect alone would increase
the average positron lifetime.

V. DISCUSSION

The results obtained in N-doped thin-film CVD ZnO
and N-doped bulk CVT ZnO crystals are very similar in
nature: all the samples are found to contain relatively large
vacancy clusters and negative ion-type defects, whereas
positron data in undoped ZnO are usually dominated by
a signal from defects related to single Zn vacancies. Earlier
results* on N-implantation into ZnO are also quite similar.
Already in the as-implanted samples, vacancy clusters are
observed throughout the ion track and the projected range.
Distinct evolution of the annihilation parameters is ob-
served after the thermal treatments (furnace for 1 h) in the
range of 600-1000 °C. After the highest temperature an-
nealing (data in Fig. 3), N-implanted samples show vacancy
clusters and negative ion-type defects. Hence, it seems that
whenever N is present at important concentrations in the
ZnO lattice, the material contains vacancy clusters and
negative ions. It is natural to assign the latter to substitu-
tional N impurities while the prevalence of vacancy clusters
(instead of single Zn vacancy-related defects) is intriguing.
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Earlier studies on ZnO show that defects related to
single Zn vacancies are the main defects observed with
positron annihilation spectroscopy. This is seen in both
undoped and Al/Ga-doped thin films?*'*°~® as well as
in studies in bulk crystals.'®~'%?%:2> Clusters of vacan-
cies in ZnO have been observed mainly in implantation
studies®**°® and also after heavy irradiation.”’ These
vacancy clusters have been shown to disappear (become
unstable) in thermal treatments at temperatures of about
800 °C, with a single exception: the N-implantation damage
is stable up to at least 1000 °C in ZnO. Most of the im-
plantation processing (with elements such as H, He, Li, N,
O, and Si) has been performed on HT ZnO, i.e., material
with a high concentration of Li that itself stabilizes the
damage as observed in the electron irradiation experi-
ments. %12 Hence, this cannot be the reason for the ex-
ceptional behavior of N implanted ZnO. A possible
explanation could be that out of the so far implanted species,
N could be the only one taking the substitutional position on
the O sublattice. However, more work is clearly required to
explain the mechanism of efficient implantation damage
stabilization by nitrogen.

To illustrate the situation with N incorporation and the
formation of various kinds of clustered vacancy defects in
ZnO, data from a wide variety of ZnO samples are col-
lected in Fig. 5. Samples where the dominant signal comes
from Zn vacancies produce data that would fall on the line
drawn between the “ZnO lattice” and “V_,” points in the
figure and are not shown.?' ZnO bulk crystals grown by
the hydrothermal method typically produce data that are
close to the “HT ZnO” point (left to the ZnO-V, line) due
to high concentrations of substitutional Li.?* Implantation
processing with elements other than N, followed by ther-
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FIG. 5. (S, W) plot with characteristic data from a variety of ZnO samples.
The S and W parameters are shown as normalized to those of the ZnO
lattice.

mal treatments (furnace annealing at low temperatures or
flash annealing at high temperatures), produce vacancy
clusters that are characterized by the triangular symbols
and the dashed line going through them and the ZnO point.
These are clearly different in nature from the vacancy
clusters introduced during the growth of N-doped ZnO or,
e.g., ZnCdO,* denoted by full circles. N implantation
followed by annealing,* as well as high-fluence particle
irradiation,?! produce vacancy clusters (open circles)
that are rather similar to the in-grown vacancy clusters.

The high stability of the N-implantation induced and
in-grown vacancy clusters in N-doped ZnO—the latter
have survived the cooling down from relatively high growth
temperatures—correlates with the similar nature observed
in positron experiments. On the other hand, the vacancy
clusters produced by implantation of other species than
N—which disappear during high temperature anneals—are
clearly different from the positron point of view. A possible
reason is the balance between the amounts of Zn and O
vacancies forming the clusters in question. A relatively
simple idea, based on the positron data trends in another
strongly cation—anion mismatched semiconductor InN,**
would be that the less stable clusters have more O vacan-
cies. However, this interpretation is subject to more detailed
studies (both experimental and computational) on the nature
of multivacancy complexes in ZnO. Finally, an interesting
observation that can be made is that in N-containing
samples, similar to those presented here, Raman experi-
ments show evidence of interstitial clusters.*’

VI. SUMMARY

We have studied N-doped CVD ZnO thin films and
N-doped CVT bulk ZnO crystals with positron annihila-
tion spectroscopy, with the aim of elucidating the role of
nitrogen in the ZnO lattice. The positron methods are best
suited for studying vacancy-type defects in semiconductors
when the defect concentrations are above 10" per cm®.
A more general discussion of the results is made possible by
the comparison with earlier results on a wide variety of
undoped, doped, and implantation-processed ZnO samples.

We show that the introduction of N impurities into
ZnO, irrespective of whether it is done during the growth
of thin films or bulk crystals or through implantation and
subsequent thermal treatments, leads to the formation of
stable vacancy clusters and negative ion-type defects.
The latter are quite likely the N impurities themselves
(the concentrations have not been correlated) at substi-
tutional positions. The existence of these vacancy clusters
is observed almost exclusively for N introduction, whereas
single Zn vacancy defects or easily removable vacancy
clusters are more typically found in other cases. The close
resemblance to effects observed in ZnO-CdO alloying
suggests that formation of vacancy clusters in N-containing
ZnO could be due to relaxation of stress/strain brought by
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the foreign species rather than electronic (Fermi-level)
effects. The relation of the N-induced vacancy clusters with
Zn interstitial complexes needs to be clarified.
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