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a b s t r a c t

Stable p-type boronenitrogen codoped ZnO thin films were prepared by plasma-assisted molecular
beam epitaxy. The incorporations of boron and nitrogen into ZnO, identified by X-ray diffraction and X-
ray photoelectron spectroscopy, led to improvement in p-type conductivity of ZnO with respect to ni-
trogen monodoped ZnO. It was ascribed to the marked enhancement of nitrogen doping efficiency due to
the existence of two types of chemical states of nitrogen atoms: the nitrogen substituting at oxygen site
with nearest neighbor of Zinc atom (NOeZn bonding), and the nitrogen locating at the nearest neighbor
of boron atom (NOeB bonding). The strong interaction between the boron and nitrogen makes the
complex of BZn-nNO (n ¼ 3 or 4) be a shallow acceptor, which is responsible for the observed p-type
behavior.

© 2016 Published by Elsevier B.V.
1. Introduction

The IIeVI compound semiconductor, ZnO, is particularly inter-
esting because of wide direct band gap of 3.37 eV at room tem-
perature and large exciton binding energy of 60 meV. However, its
potential for applications in blue and UV solid-state lighting devices
and photodetectors has been impeded by the difficulty of achieving
p-type ZnO for many years [1e3]. Nitrogen (N), as a promising p
type dopant in ZnO, has been investigated deeply during the last
decade, because its electronic structure and its ionic radius are
closer to that of oxygen. Although a theoretical report predicted
that nitrogen on an oxygen site (NO) is a deep acceptor [4e6], many
p-type results were achieved by N doping. And a subsequent
theoretical report demonstrated p-type N-doped ZnO can be real-
ized by forming a shallow acceptor of NOeVZn [11,12]. However, due
to theweaker chemical stability of nitrogen in ZnO than somemetal
impurity in semiconductors (eg. Mg in GaN), N doped ZnO is
suffering from relatively low hole concentration, low hole mobility,
yao@jlu.edu.cn (B. Yao).
andmost of all low reproducibility [7e10]. Codoping method, using
acceptor (e.g. N) and donor (e.g. boron, aluminum, gallium or in-
dium) simultaneously, has been also proposed to enhance the
incorporation of acceptors and lower its ionization energy through
the strong attractive interactions between acceptor and donor
[13e15]. Researches of N codoping with aluminum (Al), gallium
(Ga) and indium (In) have been reported with varied degrees of
success [16e18]. So far boronenitrogen (BeN) codoping method by
using molecular beam epitaxy (MBE) has rarely been reported due
to the absence of high purity B source [19]. Sui et al. found that BeN
co-doping can obtain p-type ZnO (ZnO:(B, N)) by magnetron
sputtering and annealing [20]. But, boron atom state in ZnO and the
doping mechanism are still not clear.

In this work, p-type ZnO thin films prepared using N mono-
doping and BeN codoping method by plasma-assisted molecular
beam epitaxy (P-MBE) technique were investigated comparatively.
Compared to ZnO:N, the ZnO:(B, N) showed higher hole concen-
tration and lower resistivity with better stability. The effect of
incorporation of B atom on the N doping efficiency in ZnO was
discussed.
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2. Experimental details

The ZnO thin films studied in this paper were grown by VG
V80H P-MBE. It has been demonstrated that a-plane sapphire (a-
Al2O3) is helpful in reducing the residual electron concentration of
the ZnO films in our previous paper [21]. Thus, a-plane sapphire has
been employed as substrate for the growth. The substrate was
cleaned in an ultrasonic bath in acetone for 10 min and ethanol for
5 min, followed by de-ionized water rinsing for 5 min. Then the
substrate was etched in a mixed solution of H2SO4:H3PO4 ¼ 3:1 at
160 �C for 15min. Finally the substratewas washedwith de-ionized
water and blown dried using nitrogen gas. After chemical cleaning
and etching, the substrate was heated at about 600 �C for 30 min in
a preparation chamber to remove possible adsorbed surface
contamination. Then it was sent into the growth chamber. 6N-pu-
rity zinc (Zn) held in a Knudsen effusion cell was used as Zn source.
Highly purity hexagonal boron nitride (h-BN) ceramic lining was
activated by 5N-purity nitric oxide (NO) in an Oxford Applied
Research Model HD 25 radio-frequency (13.56 MHz) plasma source
to generate O precursor, N and B dopants simultaneously for the
codoping of ZnO. By changing the NO flux in a range of 1.2 to 0.6
SCCM (Standard Cubic Centimeters per Minute), a series of samples
were fabricated and defined as a, a1, a2, and a3, respectively, as
shown in Table 1. The RF power was adjusted to control the
numbers of species of N and B in the plasma. By replacing the h-BN
ceramic lining with a quartz sleeve, the ZnO:N thin film can also be
fabricated under the same condition. Before growth, the substrate
was treated again by O plasma at 500 �C for 15 min to remove the
contaminant carbon adsorbed on the surface of the substrate, then
the substrate temperature was decreased and kept at 450 �C.
During the growth process, the order of magnitude for the pressure
in the growth chamber was maintained at about 10�5 mbar and a
growth rate of about 200 nm/h was used for the epilayer growth. A
ZnO:N thin film (defined as sample b) and a nominally undoped
ZnO thin film (defined as sample c), were also grown under the
same growth temperature and pressure for comparison.

Electrical properties of the films were measured in a Hall mea-
surement system (Lakeshore 7707) under Van der Pauw configu-
ration. Crystal structures of the films were studied with Bruker D8
GADDS X-ray diffraction using Cu Ka (l ¼ 0.15406 nm) as the
excitation source. X-ray photoelectron spectra (XPS) (Thermo
ESCALAB 250, Al Ka radiation source hn ¼ 1486.6 eV) were
measured to study the chemical states of the doped elements. The
absorption spectra of the thin films were recorded in a Shimadzu
UV-3101PC scanning spectrophotometer. Low-temperature photo-
luminescence (PL) measurements were performed by using the
JobineYvon UV Lab Ram Infinity Spectrophotometer with HeeCd
laser line of 325 nm as an excitation source.
3. Results and discussion

3.1. Electrical measurements

The typical thickness of this group of samples is about 600 nm.
Table 1
Electrical properties of thin films deposited under different growth regimes (Td ¼ 450 �C

Sample Doping Source NO Flux (SCCM) O2 Flux (SCCM) RF Power (W) Resistivity

a B, N 0.6 280 2.9
a1 B, N 1.2 250 5.5
a2 B, N 0.9 250 2.2
a3 B, N 0.6 250 2.0
b N 0.6 280 186
c undoped 0.6 280 14.4
Their electrical properties were obtained at room temperature by
the four-probe van der Pauw method using HMS7707 Hall-effect
measurement system. Before measurements, four In spot elec-
trodes were made at the four corners of a square sample
(5 � 5 mm2) and the ohmic contact between electrodes and films
was confirmed. Results of Hall probe analysis on the films are
shown in Table 1. To confirm further the conduction type, the
measurements were performed on various magnetic fields from 3
to 15 KGauss with a step of 3 KGauss. Every set of data at a certain
magnetic field were obtained from averaging outputs under four
contact configurations (electrodes 1,2 injection and 4,3 measure,
similarly 2,3/1,4, 3,4/2,1 and 4,1/3,2) and positiveenegative current
injections. The nominally undoped ZnO showed n-type with an
electron concentration in the order of magnitude of 1017 cm�3.
Many literature found the window of the deposition parameters for
achieving p-type ZnO through N doping was very narrow [8,16,22],
and Hall effect measurement usually revealed an inferior p-type
conductionwith relatively low hole concentration (~1017 cm�3) and
lowholemobility (~10�1 cm2 V�1 S�1). This means not all of those N
atoms acted efficient acceptors at room temperature. Whereas in
this experiment, p-type behaviors could observed for almost all the
ZnO:(B, N) thin films deposited at temperatures in the range of
350e550 �C, with a higher hole concentration of 1017e1018 cm�3, a
lower resistivity of 1e10 U cm and a relatively higher carrier
mobility of 1e6.3 cm2 V�1 S�1, as shown in Table 1, which could be
comparable to the dual-acceptor doping results [23]. Moreover, the
p-type conduction shows no marked degradation during the stor-
age period of more than two years. During the preservation period
of time, the carrier density drops a little in the first several days and
then fluctuates slightly. The time-dependent electrical property is
much the same as the tendency shown in the Ref. [19]. These results
demonstrated that the BeN codoping method is an effective
approach to achieve stable p-type ZnO.
3.2. X-ray photoelectron spectra

To identify the chemical states of B and N in the ZnO:(B, N) thin
films, XPS measurement was performed for sample a after Arþ

etching the surface of the film. Fig. 1(a) and (b) show typical N 1s
and B 1s XPS spectra of the ZnO:(B, N) respectively, demonstrating
incorporation of both B and N into ZnO. As shown in Fig. 1(a), two
XPS peaks are observed, one locates at the binding energy of
396 eV, it also appears in the XPS spectrum of ZnO:N and is
attributed to N in ZneN bond [24], meaning N substituting at O site
to act as a acceptor. And another peak locates at the binding energy
of 399.4 eV, which could be considered to be N in BeN bond,
because it is similar to the reported position of the N 1s spectrum
(399 eV) of BeN bond in h-BN [25,26]. Moreover, a sharp peak lo-
cates near the binding energy of 191.3 eV in the B 1s spectrum in
Fig. 1(b), which is very close to the 1s core level at 191.5 eV of B in
BN with hexagonal phase [27]. In addition, an intense and broad
peak centering at around 198.8 eV is also observed on the high
energy side of the B 1s spectrum. Both of these two peaks are
similarly to the previously reported position of the B 1s spectrum of
).

(U cm) Hall Mobility (cm2 V�1 S�1) Carrier Concentration (cm�3) Carrier Type

2.2 9.5 � 1017 p
6.3 1.8 � 1017 p
1.8 1.6 � 1018 p
1.0 3.0 � 1018 P
0.3 1.3 � 1017 weak p
1.2 3.6 � 1017 n
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Fig. 1. XPS spectrum of (a) N 1s and (b) B 1s core level of the ZnO:(B, N) produced with NO flux of 0.6 SCCM and power of 280 W, respectively.

Fig. 2. XRD qe2q patterns of the undoped ZnO and ZnO:(B, N) produced with NO flux
of 0.6 SCCM and power of 280 W.
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BN examined by XANES or EELS spectra [28e30], implying that B
atoms were incorporated in ZnO lattice. Both the B 1s and the N 1s
spectra clearly indicate the existence of configurations of BeN and
ZneN bonds in ZnO lattice. In addition, it is noted that no specific
peak is observed near the region of 193.0 eV, corresponding to the
binding energy of B 1s of BeO bond in B2O3 [29], which means that
most of the nearest neighbor sites of B atoms are occupied by N
atoms rather than O atoms. Considering that the B doping was
realized by plasma bombarding the BN lining, the dopant may be
BeN3 or BeN4 clusters. Furthermore, the high BeN bond energy
ensures the stability of BeN bond during the thin film growth. In
this case, B atom bared in O atom neighbors can be neglected,
although boron at Zn site (BZn) acting as a weak donor in ZnO ac-
cording to the literature [29]. Based on the codoping theory [12], it
would be reasonable to believe that there exists acceptor complex
of BZn-nNO (n ¼ 3 or 4) besides the deep NO acceptor. As a weak
donor in ZnO, B atom has no occupied d orbital and low p orbital
energy, so the defect ionization energy level of BZn-nNO should be
lower than that of NO due to smaller cation p and anion p coupling
[13,31]. The theoretical analysis has also revealed shallower levels
and stabler chemical state of acceptor in ZnO:(B, N) with respect to
that in ZnO:N [32]. Therefore, the BeN bond not only enhances the
incorporation of N atoms, but also decreases the NO acceptor level
depth in the band gap of ZnO. The acceptor complex BZn-nNO is
responsible for the observed high hole concentration in ZnO:(B, N)
at room temperature.

3.3. Structural properties

Fig. 2 shows two typical normalized XRD qe2q patterns of the
BeN codoped (sample a) and nominally undoped ZnO (sample c)
films. Besides the diffraction peak of Al2O3 (110), only ZnO (002)
peak is observed for the two samples and no other phases (e.g.,
B2O3, BN, or Zn3N2) are detected, indicating that the samples
crystallize in wurtzite structure with a high c-axis preferred
orientation. It is noted that the diffraction angle (2q) of the (002)
peak is 34.41� for the ZnO:(B, N) film, which is larger than that of
undoped ZnO (34.34�). Since the BeN bond length either in h-BN
(1.42 Å) or c-BN (1.57 Å) structure [33,34] is smaller than those of
ZneO (1.93 Å) or ZneN (1.88 Å) [35], and the effect of substitution
of N for O on the lattice constant of ZnO in c-axis is little [36], thus
the diffraction angle shift of (002) peak for the ZnO:(B, N) film is
mainly due to the formation of BeN bond.
3.4. Absorption spectra

To study the influence of BeN codoping on the optical band gap
of ZnO, the BeN codoped (sample a), N-doped (sample b) and
nominally undoped (sample c) ZnO thin films are investigated by
using optical absorption spectra recorded at room temperature. All
the samples show the transmittance over 90% in the visible region.
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The absorption coefficient (a) is obtained from the absorption
spectra. According to the photoelectric equation,
ðahnÞ2 ¼ Cðhn� EgÞ, where a and Eg is the absorption coefficient
and optical bandgap of ZnO respectively, hn is the photon energy of
incident light, and C is a constant. The optical band gaps of these
three samples could be derived from a plot of (ahn)2 as a function of
photon energy hn [37]. That is, using extrapolation method, the
value in X axis of intersection point of the tangent line of the curve
is the energy of optical absorption edge, as shown in Fig. 3. The
absorption edge of the ZnO:N film shows a little redshift compared
to the nominally undoped ZnO film, meaning that the optical band
gap has been narrowed after N-doping mainly due to the overlap
between the acceptor defect levels and band gap tails [38], as
shown in Fig. 3. On the contrary, the optical band gap of ZnO:(B, N)
broadens about 30 meV compared to that of ZnO:N. This blueshift
should be associated with the incorporation of B into ZnO lattice.
Fig. 4. Normalized 80 K PL spectra of the ZnO:N and ZnO:(B, N) produced with NO flux
of 0.6 SCCM and power of 280 W.
3.5. Optical properties

To have a deep understanding of the influence of incorporation
of B and N atoms on the optical properties of the ZnO:(B, N), a low
temperature (80 K) PL comparison with the ZnO:N sample was
performed which is shown in Fig. 4. The spectrum of the N-doped
sample is dominated by a neutral donor-bound exciton (D�X) at
3.363 eV, which appears frequently in doped or nominally undoped
ZnO [39,40]. The donor usually is attributed to the shallow donors
of native defects (such as zinc interstitial Zni) [41] or impurities
(such as H) [42,43], which is considered as the main obstacle for p-
type doping of ZnO. Especially for the incorporation and diffusivity
of H, it is always unavoidable in the growing process of ZnO. On the
low energy side, a peak centered at 3.325 eV is often assigned to the
free electron to acceptor (FA) transition which normally appears in
ZnO:N samples [44]. In addition, a line locates at about 3.253 eV,
with two gradually weaker shoulders centered at 3.191 and
3.119 eV, respectively are assigned to the recombination of
donoreacceptor pair (DAP) [44], and DAP-LO, and DAP-2LO replica,
respectively [45]. Similarly, the peak located at 3.253 eV in the
spectrum of ZnO:(B, N) sample, can also be classified as a DAP
Fig. 3. Optical absorption spectra of the undoped ZnO, ZnO:N and ZnO:(B, N) produced
with NO flux of 0.6 SCCM and power of 280 W.
transition, as shown in Fig. 4. By comparing with the spectrum of
ZnO:N, the major features observed in the PL spectrum of ZnO:(B,
N) are a broad peak at 3.403 eV, but no other details are observed in
the D�X region. Moreover, the peak located at 3.403 eV shows an
about 30 meV blueshift with respect to the free exciton (FE) peak of
ZnO single crystal [40], which agrees well with the shift of optical
absorption edge. Therefore, this peak should still come from the FE
peak, while the blueshift of FE peak probably results from a wider
band gap of BeN codoped ZnO than that of ZnO [46e48].

Based on the above analyses, the BeN codoping method has
enhanced the N-doping efficiency markedly. Compared to ZnO:N,
there are two types of chemical states of N atoms in the ZnO:(B, N):
One is the NO with the nearest neighbor of Zn atom, corresponding
to a deep acceptor, and the other one is the NO with the nearest
neighbor of B atom, which is a shallow acceptor with a configura-
tion of BZn-nNO (n ¼ 3 or 4) and drives the high hole concentration
in the ZnO:(B, N) thin films. To check the p-type conductivity,
further works on the fabrication of homojunction light emitting
diode based on ZnO:(B, N) are ongoing.

4. Conclusion

In summary, high hole concentration and low resistivity p-type
ZnO:(B, N) thin films have been fabricated by using P-MBE tech-
nique through BeN codoping method. The introductions of B and N
atoms into ZnO lattice were both identified. In comparison to the
nitrogen monodoping method, the BeN codoping method
expanded the deposition window for achieving p-type conduction
due to the high BeN bond energy. Moreover, the incorporation of B
blueshifted the band edge of ZnO. BeN codoping may be a prom-
ising way to produce p-type ZnO.
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