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Stable p-type ZnO thin films on sapphire (0001) and n-type
4H-SiC (0001) substrates were achieved in low-ionized
oxygen pressure using radical-source laser molecular beam
epitaxy system. The p conduction type of ZnO films originates
from not only zinc vacancy, but also interstitial oxygen
acceptor defects, which was investigated by X-ray diffraction,
atomic force microscopy, X-ray photoelectron spectroscopy,
and photoluminescence measurements. The electrical proper-
ties were tested 180 days after deposition by Hall measure-
ment. For the ZnO thin film grown on sapphire, a stable
mobility of 17.0cm?V~'s™!, a resistivity of 1.08 Qcm, and
a hole concentration of 3.4 x 10" cm™ were achieved. The

1 Introduction Due to attractive electrical and
optical properties, such as direct wide band gap (3.37eV
at RT) and high-exciton binding energy (60 meV at RT) [1],
ZnO has gained much attention in various applications.
Light-emitting diodes [2], photodetectors [3], and thin film
transistors (TFT) [4] have been fabricated based on ZnO.
One of the obstacles on the fabrication of high-performance
device is the observation of the high-quality p-type ZnO
thin films with significant hole carrier concentration. The
compensation effect of native donor defects, such as oxygen
vacancies and zinc interstitials is the main difficulty in
achieving p-type conductivity [5, 6]. Recently, a number of
groups have tried to address this issue by doping Group V
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selection of 4H-SiC substrates improved the crystalline quality
of ZnO films confirmed by the X-ray diffraction patterns. An
intrinsic p-type ZnO film on n-type 4H-SiC, with a stable
mobility of 44.6 cm? Vflsfl, a resistivity of 1.02 Qcm, and a
hole concentration of 1.4 x 10"”ecm™ were achieved. The
current-voltage curve of the p—n ZnO homojunction shows
typical diode characteristics, which also confirmed the
achievement of the p-type ZnO. The current—voltage curve
of the p-ZnO/n-4H-SiC heterojunction also shows p—n junction
rectifier features. These results suggest the possibility of
ultraviolet photodetectors and light-emitting devices.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

elements (N [7, 8], As [9], P [10], and Sb [11]), group I
elements (Li [12] and Na [13]), and co-doping [14].
However, due to low solubility, high-activation energy, and
poor crystal quality, the realization of p-type conductivity
ZnO thin films for application is still an open question. More
attention needs to be paid to improving the crystallinity of
ZnO films and decreasing the background carrier concen-
tration. There are a few reports on the growth of undoped
p-type ZnO thin films in oxygen rich environment [15-18],
and these reports lay the groundwork for the further study.
The ZnO films were grown on sapphire or Si, and the lattice
mismatches between ZnO thin films and these substrates
were large, which may affect the crystallinity of ZnO films
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to some extent. 4H-SiC, with the same wurtzite crystalline
structure, is a good candidate for the growth of ZnO film.
Moreover, 4H-SiC has only a 5% lattice mismatch to ZnO
and the growth of ZnO thin film on it has no rotation of
single cell [19]. There are a few reports on p-ZnO/n-6H-
SiC [20, 21]; however, the studies on p-ZnO/n-4H-SiC were
rarely reported.

In this work, we reported successful epitaxial growth of
p- and n-type ZnO thin films on sapphire (0001) and 4H-SiC
(0001) substrates by radical-source laser molecular beam
epitaxy (RS-LMBE) system. We examined the effect of
oxygen pressure on the conduction type of the ZnO films by
comparing their crystallinity, optical properties, and carriers
transport characteristics. The possible mechanism respon-
sible for these results was analyzed. The current—voltage
curves of the p—n ZnO homojunction and p-ZnO/n-4H-SiC
heterojunction were displayed.

2 Experimental The ZnO films were grown on
sapphire (0001) and n-type 4H-SiC (0001) by RS-LMBE
system (Shenyang Scientific Instrument Co., Ltd., Chinese
Academy of Sciences (SKY)). RS-LMBE uses a radio-
frequency (RF) plasma source (Oxford Applied Research,
HD-25) to ionize oxygen, and the oxygen plasma can not
only suppress the background electron concentration but
also reduce the formation energy of some acceptor defects,
such as zinc vacancy [5, 22]. The 5N purity of ZnO target
was vaporized by KrF excimer laser (Lambda Physik,
Compex 102, 248 nm, 5 Hz, 100 mJ). The ground vacuum of
the chamber was 10~ ®Pa. Before deposition, the sapphire
and 4H-SiC substrates were cleaned with acetone and
ethanol. Then, the sapphire substrates were treated in 3:1
solution of hot H,SO,4:H5PO, (100 °C) for 10 min, while the
4H-SiC substrates were treated in 5% HF for 3 min. Finally
the substrates were ultrasonic cleaned by de-ionized water
for 5min and dried by high purity N,. After being loaded
into the vacuum chamber, the substrates were treated at
800 °C for half an hour. For the ZnO thin films grown on
sapphire, a 10nm low-temperature ZnO layer (LT-ZnO)
was deposited at 300 °C, and then a 300 nm ZnO layer was
deposited at 650 °C in the oxygen plasma. The oxygen (6N)
pressure was from 5 x 10~ to 5 x 10 > Pa. The oxygen
plasma was ionized by RF plasma source at 300 W. For the
ZnO thin film grown on 4H-SiC, a 300 nm ZnO layer was
directly deposited on the substrate without a LT-ZnO layer.
The growth was under the same condition with the ZnO thin
films grown on sapphire.

The photoluminescence (PL) spectra were carried out
using a He-Cd laser with wavelength of 325nm. The
crystalline quality of the films was estimated by X-ray
diffraction (XRD) (Philips X’Pert PW3040 high-resolution
XRD system using CuK,, A=0.15406nm). The XRD
measurement steps in this paper is 0.001°. The electrical
properties were examined by Lake Shore 7707A Hall
mobility system in a van der Pauw configuration with a
magnetic field of 0.5T. X-ray photoelectron spectroscopy
(XPS) (PE, PHI-5400) was also used to analyze the origin of
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the defects in the ZnO films. The samples have been etched
by Ar" ion for 10 mins with a rate of 0.5nmmin~'. The
surface morphography was studied by atomic force micro-
scopy (AFM) (Veeco, Nano-Scope III).

3 Results and discussion Figure 1 shows the XRD
26— patterns of the ZnO thin films grown on sapphire (0001)
and 4H-SiC (0001) substrates under various oxygen pressures.
All the ZnO thin films show c-axis preferential growth.
For ZnO thin films on Al,O5 (0001) shown in Fig. 1(a), only
strong ZnO (0002) and Al,O5 (0006) peaks were observed
at oxygen pressure lower than 2 x 10~ Pa, which indicated
good crystalline quality with hexagonal wurtzite structure.
As the oxygen pressure increased up to 5x 10> Pa, a
weak extra peak at 33.027° appeared, which indicated
a degradation of crystalline quality. The position of the
(0002) diffraction peak (26) and the full width at half
maximum (FWHM) (w-rocking curves) and the average
grain size (D) of the ZnO thin films were shown in Fig. 2.
The average grain size (D) was estimated by the Scherrer
equation [23]. As the oxygen pressure increased, the
FWHM of the (0002) peaks decreased at 1 x 103 Pa and
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Figure 1 XRD 26-w patterns of the ZnO thin films on sapphire
(0001) (a) and 4H-SiC (0001) substrates (b) under various oxygen
pressures.
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Figure 2 The XRD position of the (0002) diffraction angle (26),
the FWHM (w-rocking) and the average grain size (D) of the ZnO
thin films on sapphire (solid squares) and 4H-SiC substrates (solid
circles) under various oxygen pressures.

increased after that, while the average grain size (D)
increased at 1 x 107> Pa, and decreased later. The oxygen
pressure was also found to have quite an effect on the
surface morphology as the AFM images shown in Fig. 3.
The rms roughness of ZnO films grown on Al,O3 was 3.37,
4.46, 2.59, and 1.37nm, respectively. The grain size
increased at 1 x 1073 Pa, and then decreased after that,
which was consistent with the calculated D. These results
implied that moderate oxygen improved the crystalline
quality, while excess oxygen might induce defects and
resulted in the degradation of the crystalline quality. These
results were similar to Ma’s report [17].

It is well known that the diffraction (0002) peak position
could be affected by the point defects (vacancy and
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interstitial defects) and the residual strain induced by the
lattice mismatch between ZnO and substrate. Under the
oxygen pressure of 5 x 10~* Pa, the lack of oxygen-induced
donor defects, such as oxygen vacancies (Vo) and interstitial
zinc (Zny). If Zn; was dominant in the ZnO film, the Zn;
usually located between O~ and Zn>" layers, and resulted
in an increase of (0002) lattice spacing and a decrease of the
diffraction angle (lower than 34.42° from a bulk ZnO) [24,
25]. In fact, the diffraction angle of the film grown at low-
oxygen pressure was higher than 34.42°. It implied that
the oxygen vacancies might be the most predominant
defects in ZnO thin film at low-oxygen pressure, as Vg
can decrease the (0002) lattice spacing and increase the
diffraction angle. At the oxygen pressure of 1 x 10~ Pa,
the vacancies were compensated by moderate oxygen to
some extent, and combining with the residual strain, the
diffraction angle decreased below 34.42°. It is noted that
the oxygen plasma can enhance the oxygen chemical
potential, which can lower the formation energy of some
acceptor defects [5], such as the zinc vacancy (Vz,), the
oxygen interstitial (O;), and the oxygen antisite (Og,).
The Vg, exhibited the lowest formation energy in all the
range of the Fermi energy [6, 26]. As the oxygen pressure
increased further, the excess oxygen might induce Zn
vacancies, and the increased diffraction angle can be
explained by the existence of the Zn vacancies [26, 27].
For ZnO thin films grown on 4H-SiC (0001) substrates
shown in Fig. 1(b), only ZnO (0002) and 4H-SiC (0006)
existed, and the XRD results behaved similar to the ZnO
films on sapphire substrates as the oxygen pressure
increased. It can be seen that the FWHMs of the (0002)
peaks for ZnO thin films grown on 4H-SiC substrates were

100nm

Figure 3 The AFM images of the ZnO thin films on
sapphire under various oxygen pressures. (a) Sample
Al, (b) sample B1, (c) sample C1, and (d) sample D1.
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Table 1 The electrical properties of ZnO thin films grown on sapphire and 4H-SiC under various oxygen pressures measured by Hall

effect measurement.

substrate sample oxygen plasma resistance concentration mobility type
(10~*Pa) (Qcm) (em™) (em*V~'s™h

sapphire Al 5 0.910 1.0 x 10" 66.8 n
B1 10 - - - n/p
Cl1 20 0.153 2.0x 10" 20.3 P
DI 50 67.7 1.3 x 10" 0.690 P

4H-SiC A2 5 - - - n
B2 10 - - - n/p
2 20 0.150 8.3 x 10" 50.2 p
D2 50 7.40 9.5 % 10'¢ 8.91 P

smaller than ZnO films on sapphire as shown in Fig. 2.
Moreover, the XRD pattern of the ZnO thin films grown on
4H-SiC substrates under 5 x 107> Pa did not exhibit other
peaks besides (0002) peak (Fig. 1(b)). These facts implied
that 4H-SiC substrates were more suitable for the nucleation
of c-plane ZnO films than sapphire, owing to the small
lattice mismatch between ZnO and 4H-SiC.

The oxygen pressure had quite an effect on the main
electrical properties of ZnO thin films, which was confirmed
by Hall measurement (Table 1). When the oxygen pressure
was lower than 5 x 10~ Pa, Vo was the main donor defect,
and the ZnO thin films were characteristic of n-type
conductivity with an electron concentration of 1.0 x 10"
cm > (sample A1). The conductivity types of sample B1 and
B2 were ambiguous, which suggested that the oxygen
vacancies were compensated and there may be native
acceptors formed competing with the native donors. The
intrinsic p-type conductivity with a hole concentration
above 10'"®cm™ had been achieved at the oxygen back-
ground pressure of 2 x 107> Pa. For further increase of
oxygen pressure, the hole concentration and mobility
decreased, while the resistance increased. This might be
due to the formation of some complex defects involving
the V,, the divacancy (V2,Vo), and the O-related defects
in excess oxygen atmosphere. The complex defects either
reduced the concentration of V,, or behaved as a deep donor
to compensate the effect induced by V, [28]. It can be seen
from XRD patterns and AFM images that the samples
grown on 4H-SiC substrates show larger grain size, which
will result in less grain boundary area. As the formation
energy of vacancies inside the grain was usually higher
than that at the grain boundary, the V, concentration in
sample C2 was lower than that in sample C1 and the
hole concentration of sample C2 was lower than sample C1.
The mobility of sample C2 was higher than C1, owing to the
reduction of the scattering by lower native defects. The
stability of the p-type ZnO samples (C1 and C2) was also
investigated by Hall measurements 180 days after deposi-
tion, shown in Table 2. The conductivity type kept in p-type,
and the hole concentrations were stable at ~10'" cm .

XPS measurement was carried out to analyze the native
defects of the n- and p-type ZnO films grown on sapphire
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Table 2 The electrical properties of the p-type ZnO samples (C1
and C2) measured by Hall effect measurement 180 days after
deposition.

sample resistance concentration mobility type
(Qcm) (cm™3) (ecm?Vvls™h

Cl1 1.08 3.4 %107 17.0 P

C2 1.02 1.4 x 10" 44.6 p

(sample Al and C1), shown in Fig. 4. On the original surface
of n-type ZnO film (sample Al, Fig. 4(a)), the individual
Ols peak had been resolved into two components,
positioned at around 530.3 and 531.5eV, respectively.
The component at the lower binding energy can be
attributed to O®~ ions on wurtzite structure of hexagonal
Zn*" ion array (Oy); the higher binding energy component
was due to O atoms in the oxygen deficient regions [29, 30],
which indicated that the Vo was attributed to the n-type
conductivity and these results were in accordance with
the XRD results. For the p-type ZnO film (sample CI,
Fig. 4(b)), the Ols peak can only be resolved into two
components, with the peak position at around 530.2 and
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Figure 4 XPS patterns of the n- and p-type ZnO films grown on
sapphire (sample Al and C1).
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Figure 5 The room temperature (RT) PL spectra of the ZnO films
grown on sapphire under various oxygen pressures.

532.5eV, respectively. The weak component appearing at
the higher binding energy position corresponded to the
interstitial O atoms (O;) or surface oxygen in forms of —-OH
groups [31]. As oxygen pressure increased, the Vg
decreased and finally the Vo-related peak could not be
seen in the O1s pattern, while an O; appear due to the excess
oxygen. This result was somewhat different from the XRD
analysis about V. The only explanation was that both V,
and O; were existed in the p-type ZnO thin film. As the O;
peak was very weak, the V, was dominant and both of them
contributed to the p-type conductivity.

The room temperature (RT) PL spectra of the ZnO films
grown on sapphire are shown in Fig. 5. The near-band-edge
(NBE) ultraviolet (UV) emission was at around 3.22eV
(385nm), which was attributed to the combination of
free exciton recombination [32]. As the oxygen pressure
increased, the intensity of NBE increased. The green and
yellow luminescence is shown in Fig. 5. The intensities of
the green/yellow luminescence peaks decreased as the
oxygen pressure increased, and the peak position shifted
from ~2.37 to ~2.25eV. The green luminescence (GL)
at ~2.37eV is ascribed to single-ionized Vg [33, 34].
The yellow luminescence (YL) at ~2.25eV attributed to
interstitial oxygen [35]. The results indicated that the
concentration of Vg became lower and lower with more and
more oxygen, which made the GL weaker and weaker. At
the same time, the weak YL presented, which agreed with
the XPS patterns. For the ZnO films grown on 4H-SiC, the
variation trend of the RT PL spectra under various oxygen
pressures was similar to Fig. 5, and their RT PL spectra are
not shown in the present paper.

The low temperature (LT) (20K) PL spectra of the n-
(sample Al and A2) and p-type (sample C1 and C2) ZnO
thin films are shown in Fig. 6. For the n-type ZnO films
(Fig. 6(a)), the prominent emission peak centered at 3.359
(sample Al) and 3.361eV (sample A2) can be attributed
to the recombination of excitons bound to neutral donors
(D°X) [36-38]. The emission peak at around 3.25eV was
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Figure 6 The low temperature (20 K) PL spectra of the n-type
(sample Al and A2) (a) and p-type (sample C1 and C2) (b) ZnO
thin films.

assigned to the recombination of donor—acceptor pair
(DAP) [39]. The 3.287 eV of sample Al was the first LO
photon replica of D’X. The 3.316 eV both existed in the two
samples were unclear, and may relate to some DAP or two-
electron satellites of donor-bound excitons (TES-D°X).
Figure 6(b) shows the LT-PL (20K) spectra of p-type
ZnO thin film (sample C1 and C2). The PL spectra was
dominated by the neutral acceptor bound excition (A°X)
located at 3.339 and 3.336eV. The 3.379 and 3.306eV
peaks were associated with free exciton (FX) and the
first LO photon replica of the free exciton (FX-1LO). To
determine the nature of defect-induced peak, the temper-
ature dependence of PL peak was generally used. The
temperature dependence of transition related to bound
exciton follows the band gap energy variation according
to Ref. [40]

E(T) = Eo(T) — Epx — E, (1)

where E(T) is the energy of the bound exciton, Ey(7) is the
band gap energy [41], Egx is the binding energy of FX, and
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Figure 7 Temperature-depended PL peak positions of the p-ZnO
on sapphire.

the E, is the localization energy of the exciton on the defect.
As shown in Fig. 7, the temperature dependence of FX,
A’X and FX-1LO emission implied the exciton nature. The
localization energy of A°X observed from the PL data was
40meV (Ey=E, — Epx — 3.339). The binding energy of
the defect is about 133 meV using Haynes rule E} = 0.3E4¢
[42, 43]. This result was consistent with the reported value
(123 meV), which was related to the V) in ZnO [44].

There are several reports on V,-related emission, such
as 3.028eV at 20K [17], 3.1eV at 80K [45], and 3.09 eV at
6 K [46]. The emission peaks at 3.076 and 3.084 eV were
considered as the transition of electron from conduction
band to V,,. The intensity of this V,-related peak of sample
C2 was lower than that of sample C1, which indicated that
the lower V,, concentration existed in the ZnO thin film on
SiC substrates. The RT and LT PL spectra confirmed both
Vz, and O; existed in the p-type ZnO thin film, and V, was
the main acceptor defect. The native defects behaved similar
to the report of Lee et al. [47].

Figure 8 shows [-V characteristics of the n-ZnO/p-ZnO
structure at room temperature. The n-type ZnO was

[

Current (mA)
o =
L (=

0.0

-10 0
Voltage (V)

Figure 8 [-V characteristics of the n-ZnO/p-ZnO structure. The
inset shows the schematic diagram of the n-ZnO/p-ZnO/sapphire.
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Figure 9 -V characteristics of the p-ZnO/n-4H-SiC hetero-
junction. The inset (left) shows the ohmic contacts on p-ZnO,
n-ZnO and n-4H-SiC. The inset (right) shows the schematic
diagram of the p-ZnO/n-4H-SiC.

deposited on the p-ZnO film without using the RF plasma
source. The I-V curve shows the obvious p-n junction
rectifier features. The turn-on voltage was about 3 V. The
successfully produced p-ZnO/n-ZnO diode indicated the
p-type conduction of ZnO was indeed achieved by
controlling the oxygen pressure.

Figure 9 shows an I-V characteristic for p-ZnO/n-4H-
SiC heterojunction. The turn-on voltage was larger than 5V,
which may be due to the formation of some very thin oxide
such as Zn,Si0,4 [48] or some other reasons. Au was used
as both p-ZnO and n-4H-SiC electrodes. Al was used as
electrode on n-ZnO. The I-V curves of ohmic contacts on
ZnO films are displayed in the inset of Fig. 9.

4 Conclusions Insummary, the p-type ZnO thin films
were realized by controlling the low ionized-oxygen
pressure using RS-LMBE on sapphire (0001) and n-type
4H-SiC (0001). The ZnO film fabricated under the oxygen
pressures larger than 2 x 107> Pa demonstrated p-type
conductivity. The origin of the conversion of conduction
type for ZnO films was confirmed by XRD, AFM, XPS, and
PL measurements. The Vo donor defects were dominant
for the n-type film. The dominant V2, and secondary O;
acceptor defects were attributed to the p-type films. For the
ZnO thin film grown on sapphire, an intrinsic p-type ZnO
film with the high hole concentration of 2.0 x 10'®cm™?
was observed 3 days after deposition by Hall effect
measurement, and then a stable mobility of 17.0cm? V~'s ™!,
a resistivity of 1.08(dcm, and a hole concentration of
3.4 x 10" cm > were achieved 180 days after deposition.
The XRD patterns indicated the ZnO film on 4H-SiC
had better crystalline quality. An intrinsic p-type ZnO film
on n-type 4H-SiC, with a stable mobility of 44.6 cm* V~'s !,
a resistivity of 1.02{Qcm, and a hole concentration of
1.4 x 10" cm ™ was also achieved. The p-n ZnO homo-
junction shows typical diode characteristics. The turn-on
voltage was about 3 V. The p-ZnO/n-4H-SiC heterojunction

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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also shows p-n junction rectifier features. However, the
turn-on voltage was larger than 5V, the further study on
p-ZnO/n-4H-SiC heterojunction will be done in the future.
This study lays the groundwork for further study of
optoelectronic devices.
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