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ZnO and ZnO:N films grown by atomic layer deposition and post-growth annealed were studied
by scanning electron microscopy, low-temperature cathodoluminescence and X-ray diffraction. Low-
temperature cathodoluminescence spectra reveal donor-related emission centered at 3.35 eV and
acceptor-related emission centered at 3.31 eV. The cathodoluminescence maps recorded from the films
cross-section clearly show the acceptor and donor-related emission coming from separate regions. The
intensity of acceptor- and donor-related emission after annealing at different temperatures and media
was studied. A comparison of the cathodoluminescence images, grain size and dislocation density indi-
cates that the acceptor-related emission is not related to grain boundaries.
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1. Introduction

Zinc oxide, with a wide and direct bandgap
(3.37 €V), has many potential applications as in
electronic devices [1]. The main obstacle in ex-
tending the scope of ZnO to optoelectronics is
the lack of stable, repeatable and reliable p-type
7Zn0O. Interstitial H impurity and native defects
as zinc interstitial, Zn;, create abundant shallow
donor states which are responsible for a high level
of background electron conductivity, while oxygen
vacancy Vo, and/or its complexes as Zn;VoH or
nZn;Vo create deep donor states responsible for
the self-compensation effect. All these phenomena
cause difficulties in converting conductivity to the
p-type [2-5].

Acceptor dopants for ZnO include group I ele-
ments substituted for Zn or group V elements as
oxygen substitutes. Group I elements, due to their
small size, tend to occupy the interstitial sites where
they act as donors. Group V elements with atomic
number higher than oxygen tend to occupy anti-
site positions where they are donors [6]. Among the
group V elements, nitrogen is the most suitable ac-
ceptor candidate due to the similarity of atomic size
and electronic configuration to oxygen [7]. Nitro-
gen also acts as a shallow acceptor dopant for other
II-VI compounds like ZnSe [8]. However, based
on Density Functional Theory (DFT) calculations,
substitutional nitrogen (No) is a deep acceptor in
ZnO with the ionization energy of 1.3 €V [9], so it
cannot be activated at room temperature.
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Recently performed DFT investigations sup-
ported by experimental reports indicate that ac-
ceptor states in N-doped ZnO originate from com-
plexes involving zinc vacancy, such as Ng-Vzy,
No-Vza-H, and/or Vz,-H [10-13]. In the light of
these studies, oxygen-rich growth conditions that
reduce the formation energy of zinc vacancy [4] are
vital for the effective acceptor doping of zinc ox-
ide, because the V7, H and Vz,NoH complexes that
provide shallow acceptor states can be effectively
created.

We have previously reported on p-type ZnO by
nitrogen doping achieved using Atomic Layer Depo-
sition (ALD) at a low growth temperature (100°C),
which in the case of ALD provides oxygen-rich
growth conditions. Measurement of RT Hall con-
firmed activation of acceptor doping after post-
growth rapid thermal annealing (RTA) in oxy-
gen at 800-900°C [14]. High-resolution cathodo-
luminescence (CL) revealed a complicated spatial
distribution of donor and acceptor-related emis-
sions across these p-type ZnO:N films [6]. In the
present work, we investigate the influence of dif-
ferent ambiences and temperatures of RTA used
for the activation of acceptor dopants on the in-
tensity of acceptor-related CL of ZnO and ZnO:N
films. The investigations are aimed at establish-
ing the optimal annealing conditions and to find
out whether acceptor-related emission is related to
grain boundaries, as suggested in some previous
studies [15].
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TABLE I

Structural parameters of as-grown ZnO, ZnO:N and annealed ZnO:N calculated from X-ray diffractograms. Note:
*Normalized integral area was calculated taking into account relative intensities mentioned in the JCPDS data

file (file No. 36-1451).

Sample Crystallite size [nm] Normalize integral area® [%] | Javg (10'°
[100] [110] [002] [100] [110] [002] | [lines/cm?|
ZnO as-grown 546 +1.4 | 41.7+04 | 45.0£0.3 8.44 83.42 8.13 5.40 £ 0.08
ZnO:N as-grown 73.6£1.2 | 50.6+0.3 - 19.44 80.55 - 3.49 £0.04
ZnO:N RTP O2 800°C | 75.8+1.2 | 86.5+1.3 - 18.10 81.89 - 1.40 +0.02
ZnO:N RTP N, 400°C | 47.5+0.3 | 62.9+0.3 - 19.00 80.90 - 2.88 £0.01
2. Experimental details @ zno T & O -
320 = |2 = g
ZnO and ZnO:N films were grown on highly re- 2 n0 T z o g TT
sistive silicon substrates at 100°C by using ALD. %160 g % 8l S
Before deposition, the substrates were cleaned by § ) i, |5
ultrasonication in acetone, isopropyl alcohol and =00 L sio0n ) = y
then rinsed off by deionized water. The precur- 0w 4 50 s 70 e
sors for zinc and oxygen were diethylzinc (DEZn, 20(deg) - 20 (deg)
Zn(CsoHs)2) and deionized water (DI). Ammonia (© zaon = |Is @ zon z |z
water (NH4OH, 25% ammonium hydroxide) was ol AL ET -3 ) RTgpm omEE
used as a nitrogen precursor at every fourth ALD ;se gﬁ t % ol T f
cycle, resulting in nitrogen incorporation at the level H g § 5
of 10! at/cm®. A Savannah-100 reactor with puls- =3¥r J = 2 )
ing time of 0.015 s and purging time of 2 s was used o 0 ol —— e
for all precursors. With 10000 ALD cycles, a film 20 (deg) 20 (deg)
thickness of about 2 pm was obtained. RTA pro-
cesses were performed in an Accu Thermo AW610 Fig. 1. X-ray diffractograms of as grown ZnO (a),

system from Allwin21 Inc. in O3 at 800°C (for 3 min
and 6 min) and in Ny at 400°C (for 4 min). Struc-
tural analysis of the films was done by Cu K, ra-
diation (A = 1.5406 A) using a Bragg Brentano
powder diffractometer (X’Pert Pro AlphalMPD
from Philips/PANalytical) equipped with an in-
cident beam Ge(111) Johansson monochromator
and a strip detector. Cross-sectional scanning elec-
tron microscopy (SEM) images along with low-
temperature (5.3 K) cathodoluminescence maps
were recorded by a Hitachi SU-70 system synchro-
nized with Gatan MonoCL-3 system, respectively.

3. Structural properties

X-ray diffractograms (XRD) showed polycrys-
talline nature for all the investigated films (Fig. 1).
As grown ZnO showed the most intensive reflection
at 56.5°, which corresponded to the [110] orienta-
tion of the crystallites with the presence of the [100]
orientation of crystallites observed at 31.7° and the
002 reflection at 34.4° coming from the crystallites
oriented along the [001] direction with the lower in-
tensity. It is to be noted here that 001 transition is
forbidden so we can observe the crystallites showing
the [001] orientation by 002 reflection.

After nitrogen doping, the intensity of the peaks
corresponding to orientations [110] and [100] de-
creased while 002 reflection disappeared. After all
types of ZnO:N annealing were performed, the in-
tensity of the X-ray reflections corresponding to

as grown ZnO:N (b), ZnO:N annealed in Oz at
800°C (c), ZnO:N annealed in N3 at 400°C (d).

the orientations [110] and [100] relatively increased,
however the [001] orientation did not appear. It
should be noticed that the signal from the 002 re-
flection coming from the [001] crystallographic ori-
entation in as-grown ZnO was quite weak (Fig. 1a)
as compared to the peaks corresponding to the [100]
and [110] orientations. As has been shown in our
previous papers [16, 17|, the low intensity diffraction
peaks have tendency to disappear after annealing in
favor of the most intensive, which also become nar-
rower, indicating an increase in the size of the corre-
sponding crystallites. Similar effects were observed
here according to the values shown in Table I.

The proportion of the integral area [%| of the
peaks is similar after both doping and annealing
as shown in Table I. The crystallite size calculated
using the Scherrer formula revealed that after dop-
ing with nitrogen, the crystallite size corresponding
to the [110] orientation has increased from 41.7 nm
to 50.6 nm, and for the [100] orientation it in-
creased from 54.6 to 73.6 nm. After annealing of
ZnO:N in O3 at 800°C for 3 min, the size of the
crystallites corresponding to the [110] has grown
to 86.5 nm, while the size of crystallites oriented
along the [100] orientation is 75.8 nm, so very close
to the pre-RTP value. ZnO:N films annealed in Ng
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at 400°C for 4 min show an increase of the crystallite
size to 62.9 nm for the privilege orientation [110],
while for the [100] it has decreased to 47.5 nm, so
it is smaller compared to the as-grown ZnO and
ZnO:N.

Dislocation density (d) is an important parameter
for assessing the structural quality and the struc-
tural defects in single-crystalline materials. The
XRD microbeam studies of cold-worked metals in-
volved the use of dislocation density at first [18].
Microbeam experiments indicated that dislocations
lie at the boundary between two adjacent blocks,
and metal is broken in between. Considering these
conventions, the dislocation density can be calcu-
lated by the relation 6 = n/D?, where & represents
dislocation density, n equals to 1 for isotropic dis-
tribution of dislocations, and D stands for the di-
mension of the block [19]. This relation was elabo-
rated and further used for non-metallic single crys-
talline materials and epitaxial films where the same
denoted D represents crystallite size. For polycrys-
talline materials, this relation does not exactly de-
termine the dislocation density as the requirements
of the model are not fully met. However the § value,
depending on the crystallite size, can be considered
as a factor that describes the structural quality of
polycrystalline films and has been used to evaluate
polycrystalline layers [19, 16], also polycrystalline
ZnO films [20]. In polycrystalline films, where few
crystallographic orientations appears at the diffrac-
tograms with similar intensity, the value of § can
be calculated for every orientation separately, and
the weighted average ¢ value accounts for crystal-
lographic quality of the layer. For the ZnO films
investigated here, the day; was calculated as

norm norm norm
davg = 0100 100 + 0110 L1170 + doo2 Log s

(1)

where
1 1 1
0100 = 75— 010=pp— do02=n—  (2)
100 110 002
and I{5p™, I7r0™ and I555™ are the relative inte-

grated intensities of the XRD peaks normalized to
intensities mentioned in the JCPDS data file (file
No. 36-1451). The last term was omitted for all sam-
ples not showing the 002 peak.

As shown in Table I, the d.y value for as-grown
ZnO was calculated as 5.40 x 10'© cm=2 and de-
creased to 3.49 x 10'Y em~2 after nitrogen doping.
As expected, both types of annealing result in lower-
ing of the FWHM of the XRD reflections and, conse-
quently led to the further decrease of the §,yg value
to the values 1.40 x 10'% cm~2 and 2.88x10'° cm 2,
for O5 and Ny RTP annealing, respectively.

4. Scanning electron microscopy
and low-temperature
cathodoluminescence (LT CL)

The post-RTP films showed intensive low-
temperature cathodoluminescence (LT CL) in
the excitonic region, i.e., in the photon energy
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Fig. 2. Low temperature CL spectra of ZnO,

ZnO:N annealed in Os at 800°C for 3 min and
7ZnO:N annealed in No at 400°C for 4 min.

Fig. 3. Cross-sectional SEM image and LT CL
map of films annealed in Oz at 800°C for 3 min
(ZnO (a, b) and ZnO:N (c, d)).

of 3.2-3.4 ¢V (Fig. 2), while defect-related lumines-
cence was not observed. Two CL bands were ob-
served, one at 3.31 eV and the second at 3.355 €V.

Based on the temperature-dependent photolumi-
nescence investigations, the former line has been as-
signed to the free-to bound transition (FA) with the
acceptor binding energy of ~ 120 meV, and the sec-
ond to donor-bound exciton recombination (D°X)
center [21].

In CL spectra measured from the macroscopic
surface area of the films, acceptor-related lumines-
cence dominates in the ZnO:N film annealed with
oxygen while donor-related luminescence is more in-
tensive in the case of undoped ZnO films, as shown
in Fig. 2. Nitrogen annealing of ZnO:N enhances
the acceptor-related emission as compared to ZnO,
but not so much as for oxygen annealing, while the
donor-related emission remains unchanged. SEM
images taken on the films cross-sections confirm the
polycrystalline structure of the layers as shown in
Fig. 3a, 4a and b5a.
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Fig. 4. Cross-sectional SEM image and LT CL
map of films annealed in Ny at 400°C for 4 min
(ZnO (a, b) and ZnO:N (c, d)).

Fig. 5. Cross-sectional SEM image and LT CL
map of films annealed in Oz at 800°C for 3 min
(a, b) and 6 min (c, d) for ZnO:N films.

Cross-sectional SEM images (gray) have been
compared to the LT CL images taken at 5.3 K
and recorded from exactly the same region where
the donor-related emission is shown in green, while
the acceptor-related luminescence is shown in red
(Figs. 3, 4, 5).

A comparison of SEM and LT CL images of ZnO
and ZnO:N films reveals that acceptor and donor-
related emissions derive from micro-regions of the
samples related to crystallites. In the ZnO films,
annealed in Og, acceptor and donor-related regions
are randomly distributed over cross-section of the
film (Figs. 3b and 4b), but in the case of annealed
ZnO:N, the regions of acceptor emission seem to be
oriented along the columns of the growth (Figs. 3d
and 4d). As can be seen in all LT CL images, the
area of acceptor-related CL is comparable to the
area of donor-related CL, so the acceptor lumines-
cence does not originate from grain boundaries.
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Fig. 6. Low temperature CL spectra of ZnO:N an-

nealed in O3 at 800°C for 3 min and 6 min.

This conclusion is confirmed by the XRD studies,
which show an increase of crystallite size and a de-
crease of the average dislocation density after nitro-
gen doping and post-growth annealing. The results
of the present study are different than that reported
by Schirra et al. [15] where the acceptor-related CL
measured on cross-section of the epitaxial ZnO was
found to originate from staking faults. The stacking
faults problem focused a lot of scientific attention
in the past few years [15, 22, 23] where spatially
resolved CL studies revealed that in epitaxial ZnO
films the 3.31 €V emission line ascribed to acceptors
is related to the lines of structural imperfections
that question the possibility of obtaining acceptor
conductivity with carriers mobility high enough for
electronic applications. The differences between the
present results and those reported before can be un-
derstood in terms of different growth conditions. For
the experiment reported here, ZnO and ZnO:N films
were deposited under oxygen-rich conditions, which
facilitate the formation of zinc vacancies that, ac-
cording to present understanding, are necessary for
the creations of Vz,Ng and Vz,NoH complexes re-
sponsible for macroscopically observed hole conduc-
tivity of ZnO:N.

Additionally, the performed studies show that
acceptor-related CL is more intensive in the case of
annealing in oxygen at 800°C than in nitrogen (com-
pare Fig. 4b and d). Moreover, prolonged RTP an-
nealing in oxygen (6 min) may further enhance the
area of the acceptor-related CL (compare Fig. 5b
and c), while the shape of CL spectra is almost
similar (Fig. 6). One important fact to be men-
tioned here is that samples shown in Figs. 3d and 5b
are grown in similar conditions but different ALD
processes. It should also be remembered that LT
CL images are slightly different for these samples
because CL measurements need a freshly cleaved
cross-sectional area for an experiment and every
cleavage is a bit different even for the same sam-
ple. Also, the contrast of the CL maps might be
slightly different.
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5. Conclusions

We deposited 2 pm thick polycrystalline ZnO
and ZnO:N films by ALD under O-rich conditions
(at 100°C). Post-growth annealing was done at dif-
ferent ambience and temperature to achieve inten-
sive LT CL. Comparison of SEM and LT CL im-
ages of ZnO and ZnO:N films reveal that the ac-
ceptor and donor-related emissions are clearly sepa-
rated and originate from different micro-crystallites
present on the film cross-section. In the case of
ZnO:N annealed in oxygen, the acceptor-related
emission regions are gathered along the columns of
growth, while they were randomly distributed over
the cross-section of the film for undoped samples. In
the CL spectra taken at the macroscopic surface re-
gion, the results of which can be compared with the
PL spectra, the acceptor-related luminescence dom-
inates in the ZnO:N film annealed in oxygen, while
the donor-related luminescence is more intensive for
undoped ZnO films. XRD confirms that grain size
increases and dislocation density decreases after ni-
trogen doping and RTP annealing, so we are able to
report that the enhancement of the acceptor-related
emission is not due to grain boundaries or staking
faults. Annealing in oxygen at 800°C (3 min) results
in more intensive acceptor-related CL than anneal-
ing in nitrogen ambience, and prolonged annealing
in oxygen at 800°C (6 min) additionally increases it.
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