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We report on the fabrication of p-type ZnO:N layers using radical-source molecular beam epitaxy
and post-growth annealing of the samples. Plasma-activated oxygen and nitrogen fluxes are supplied
via a single plasma cell. The combination of low growth temperature (350 − 400 ◦ C), slightly O-rich
conditions, and post-growth annealing in the range of 650 − 800 ◦ C results in efficient nitrogen pdoping with Hall hole concentration 3 × 1017 cm−3 . The details of the structural and the electrical
characterizations of the films are discussed.
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I. INTRODUCTION
Recently, the interest in ZnO has been renewed due
to the intensive search for excitonic media suitable for
fabrication of high-temperature devices operating in the
ultraviolet spectral range. One of the obstacles to realizing MBE-grown ZnO-based devices is the problem of
p-doping, inherent for wide-gap materials. It is generally recognized that the fabrication of p-doped epitaxial
ZnO is a challenge due to compensation by native defects and (N2 )O donors [1]. The aim of this work was to
overcome this problem by varying the growth parameters
of the radical-source molecular beam epitaxy (RS MBE)
process and the regimes of the post-growth annealing of
the ZnO:N films. We report on the fabrication of p-type
ZnO:N layers with the net hole concentration p = 3 ×
1017 cm−3 and the details of their structural and electrical properties. Finally, we discuss the growth regimes
which facilitate in the effective nitrogen doping.
II. EXPERIMENT
Wurtzite ZnO:N epilayers with a thickness of about
400 nm were grown by RS MBE, which employs an
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RF-plasma-activated oxygen-nitrogen flux mixture, on
c-sapphire substrates using Varian Gen II MBE system
equipped with the Addon RF plasma cell and doublezone Zn effusion cell. Oxygen and nitrogen fluxes were
activated in the single plasma cell at the RF-power
of 400 W. The buffer layer sequence comprising hightemperature thin MgO layer and undoped n-ZnO layers
with total thickness of 500 nm [2] ensures reproducibly
the 2D growth mode of bulk ZnO:N epilayers at the 350
− 480 ◦ C substrate temperature (TS ) range. The O/Zn
flux ratio determined using a procedure described earlier
[3] was varied from 0.11 to 1.25 whereas the N flow rate
was in the 0.5 − 1.2 sccm range. The growth regimes
for all samples under consideration are listed in Table
1. The as-grown samples were compared with those exposed to the post-growth annealing during 30 minutes in
a quartz reactor in air within the 650 − 800 ◦ C temperature range.
The morphology of the ZnO:N layers and the defect distribution was controlled by scanning electron
microscopy (SEM) and X-ray diffraction (XRD) analysis. The nitrogen concentration in the layers was
measured by secondary-ion mass-spectroscopy (SIMS)
using CAMECA SIMS IMS 7f facility. Quantitative
SIMS analysis was done employing N-implanted reference samples. The layer conductivity was studied using
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Table 1. Growth regimes and type of conductivity for the as-grown and the annealed ZnO:N films.
Sample

TS
C
480
450
400
400
400
375
350

O/Zn

◦

MB255
MB269
MB162
MBN32
MBN33
MBN34
MBN36

0.41
0.25
1.19
1.22
0.89
1.25
1.08

d
nm
410
320
860
340
370
390
250

N flux
sccm
0.8
1.2
0.48
1.2
1.2
1.2
1.2

CV measurements (300 K): type of the conductivity
As-grown
650 ◦ C, 30 min
700 ◦ C, 30 min
800 ◦ C, 30 min
compensated
n-type
compensated
compensated
n-type
compensated
n-type
compensated
compensated
compensated
p-type
p-type
compensated
p-type
p-type
compensated
p-type
p-type

Fig. 2. SEM images of the sample MBN36: (a) before and
(b) after 800◦ C annealing.

Fig. 1. SEM images of the non-annealed ZnO:N layers
grown in Zn-rich (left column) and O-rich (right column) conditions.

capacitance-voltage (CV) and Hall measurements.

III. RESULTS AND DISCUSSION
Figure 1 presents SEM images of the layers grown at
different TS under the Zn- and O-rich conditions. The
images were taken before the annealing procedure. One

can see that the surface morphology does not significantly depend on the O/Zn flux ratio at such a low oxygen excess [3], but rather is controlled by the growth
temperature. The images reveal rather flat surface of
the samples grown at values of TS exceeding 400 ◦ C.
At lower TS , the surface roughness increases. Figure 2
shows SEM images of the sample MBN36 before and after the annealing procedure. One can see that the heat
treatment flattens slightly the surface morphology of the
film, keeping 2D character of the surface, even after 800
◦
C annealing.
For the detailed characterization of the internal crystal quality of the films, XRD analysis was used. Measurements were performed with a triple-crystal diffractometer using different diffraction geometries: symmetrical Bragg, symmetrical Laue, and grazing incidence
ones. The diffraction pattern was measured in a θ − 2θ-
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Table 2. Density of dislocations (ρ) and coherent region dimensions (τ ) determined from the X-ray diffraction data.
Sample
MBN33
MBN36

ρ vert. screw
cm−2
<106
1.6 × 109

ρ vert. edge
cm−2
1.0 × 109
1.1 × 1010

Fig. 3. Θ−2Θ -scan diffraction peaks for the MBN33 layer
in symmetrical 0002 Bragg reflection (solid line) and in 10 −
10 Laue reflection (dashed line).

Fig. 4. SIMS profile of the nitrogen concentration in the
MBN36 and the MBN269 films.

scan mode (scanning along the diffraction vector H) and
ω-mode (scanning normally to H). Intensity mapping
around the reciprocal lattice point for the asymmetrical
11 − 22 Bragg reflection was obtained as well. Analysis
of the peak broadening in different geometries using the
approach [4] resulted in defining the principal parameters
of the layer microstructure: namely, the components of
the microdistortion tensor and the size of coherent regions in directions parallel and normal to the surface.
The densities of different dislocation ensembles were cal-

ρ bound
cm−2
6.2 × 108
1.3 × 1010

ρ horiz.
cm−2
1.2 × 107
9.0 × 108

τz
µm
0.6
0.35

τx
µm
>1
0.15

culated.
Figure 3 demonstrates the θ − 2θ-scan diffraction
peaks for the ZnO:N layer, grown at 400 ◦ C TS (sample
MBN33), in the symmetrical 0002 Bragg reflection (solid
line) and 10 − 10 Laue reflection (dashed line). The narrow diffraction peak in the symmetrical Bragg geometry
indicates that there are very few threading dislocations
with screw components in the film. Nevertheless, the
comparison of the θ − 2θ-peak widths measured in both
geometries evidences that the density of the threading
edge dislocations, which affect the Laue diffraction only,
is rather high. Table 2 shows the defect structure parameters (density for individual dislocation types and
dimensions of coherent regions τ x), obtained from the
analysis of the diffraction peaks of the samples grown at
TS = 400 ◦ C (MBN33) and 350 ◦ C (MBN36). It can
be seen that the τ x value obtained from the Bragg reflection analysis is in a good agreement with the scale
of the surface roughness in the SEM images of the samples. The MBN36 layer grown at a lower temperature is
characterized by a higher density of all type of dislocations and by quite small lateral dimension of the coherent regions. The high-temperature MBN33 film contains
primarily pure edge threading dislocations perpendicular to the sample surface. A part of these dislocations
is located in small-angle boundaries, causing a rotation
of crystalline blocks around the normal to the surface
(twisting).
Summarizing the results of the structural characterization, we can conclude that ZnO:N films grown at
low temperatures contain more imperfections than those
grown at higher TS . The lowest temperature films are
characterized by a rather high peak concentration of N
atoms (above 2 × 1019 cm−3 ) as compared with layers
grown at higher TS (Figure 4). Only the former layers demonstrate p-type conductivity before and/or after
annealing, as will be shown below.
For the electrical characterization of the layers, both
CV and Hall measurements were employed. The parameters of the nitrogen-doped layers were compared with
those of the undoped film. The results of the CV measurements for the ZnO:N films before and after annealing
are summarized in Table 1. One can see that as-grown
ZnO:N films are generally compensated, except for the
MBN36, but some show p-type after the annealing. Although the N concentration in the MBN36 sample drops
fast to ∼ 2 × 1017 cm−3 at the half depth of the ZnO:N
layer (the reason of the drop is still unclear), this film
demonstrates p-type conductivity before and after an-

Studies of N-Doped p-ZnO Layers Grown on c-Sapphire· · · – S. V. Ivanov et al.

Fig. 5. Carrier concentration (left column) and mobility
(right column) for the MBN36 film before and after annealing.
Electrons are marked with filled symbols and holes - with
empty ones.

nealing. It is seen from the data that the lower TS , the
higher N-flow rate and the slightly O-rich conditions are
favorable for achieving p-type conductivity in RS MBE
using O-N gas mixture in a single plasma cell. One
should mention that in the majority of the layers, the
frequency-dependent behavior of the p-type conductivity was observed. Undoped samples usually demonstrate
n-type conductivity with the net carrier density around
1 × 1018 cm−3 . To verify the obtained results, we have
performed Hall measurements. The standard Van der
Pauw geometry was used. Undoped sample showed ntype conductivity with the net electron density of 3 ×
1018 cm−3 and mobility µ of 40 cm2 /Vs (300 K). ZnO:N
layers demonstrated principally different behavior. All of
them were grown atop an undoped buffer layer. To define properly the contribution of the buffer layer to the
measured electrical characteristics of the ZnO:N films,
we assumed that the ZnO buffer layer and the ZnO:N
film are connected in parallel. Figure 5 presents the resulting dependences of the carrier concentration and the
mobility on the sample temperature (T ) for the MBN36
film before and after annealing. The as-grown film shows
p-type conductivity, although only at value of T above
200 K, while the n-type conductivity is observed at lower
T , that can be related to conduction through the n-type
buffer layer. The annealed samples exhibited clear ptype conductivity over a wide temperature range. At T
= 300 K, the following parameters were demonstrated for
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the MBN36 sample annealed at the temperatures of 700
◦
C and 800 ◦ C: p = 1 × 1017 cm−3 , µ = 55 cm2 /Vs and
p = 3 × 1017 cm−3 , µ = 25 cm2 /Vs, respectively. The
former hole mobility value could be slightly overstated
due to the influence on measurements of the buffer layer
via vertical dislocations shunting a p-n junction, that
cannot be taken into account in the simplest model used
here.
The obtained results can be explained in the frame of
the compensating defect formation models in ZnO, developed in the number of papers and based on the firstprinciple calculations [1,5]. In these works it was shown
that donor-type defects (such as Zni , VO , (N2 )O ) have
rather low formation energy and that net p-type doping
requires a delicate balance between the necessity of high
dopant solubility and low concentration of compensating donor defects. We suggest that in our experiments,
the main compensation mechanism via the point defects
Zni and VO is overcome by the slightly O-rich conditions
which still does not significantly suppress proper N incorporation in O vacancies, while the low TS and as high as
possible N flux facilitate N incorporation. The formation
of (N2 )O donors expected under RF-plasma conditions is
assumed to be partly eliminated by the annealing. The
rough surface morphology appears to be a positive factor also, as it provides a much larger density of surface
dangling bonds for N incorporation as compared to the
flat one. However, the worse structural quality obviously
prevents obtaining good LED devices due to the shortage of the p-n junction by the vertical edge dislocations.
The I-V characteristics of the p-n ZnO structures made
of the MBN36 sample demonstrated diode behavior, but
no electroluminescence was observed due to the nearly
zero offset voltage.

IV. CONCLUSIONS
In conclusion, we have fabricated p-type ZnO:N layers
with a net hole concentration of 3 × 1017 cm−3 using
RS MBE with the excitation of O and N gas mixture in
a single plasma cell, followed by the sample annealing
procedure. The combination of low growth temperature,
slightly O-rich conditions, and post-growth annealing is
shown to be an effective way to obtain p-doping. Further
efforts are necessary to improve the structural quality of
the low-temperature p-type ZnO:N films.
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