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By employing lithium and nitrogen codoping method, p-type
zinc oxide (ZnO) films have been prepared, and the p-type
conduction can maintain for 207 days. ZnO p–n junctions have
been constructed based on the p-type ZnO. Under the drive of
continuous current, obvious emission has been observed from
the p–n junctions, and the ZnO p–n junction light-emitting
devices (LEDs) can still work after placing in air ambient for
180 days.

Room temperature electroluminescence spectra of the
p-ZnO:(Li,N)/n-ZnO structured LEDs under continuous
current recorded intermittently for 180 days.
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1 Introduction Zinc oxide (ZnO) has attracted much
attention in recent years for its unique properties such as
wide direct bandgap, large exciton binding energy, etc. The
unique properties make ZnO a promising candidate in
efficient ultraviolet light-emitting devices (LEDs) and low-
threshold lasers [1–3]. To realize high-performance ZnO
LEDs, p–n junction is almost indispensable [4]. Therefore, it
is a must to dope the intrinsic electron-dominant n-type ZnO
into hole-dominant p-type one. Although numerous
efforts have been paid to this issue [5–16], and p-type
ZnO films have been demonstrated using various dopants
such as nitrogen (N) [8], phosphorous [9], arsenic [10],
antimony [11], and lithium (Li) [12], sodium [13], etc., the
reproducibility of p-type ZnO is still low. Additionally, it has
been reported that p-type ZnO tend to convert to n-type
conduction after placing in air ambient for a short period
[17, 18], that is the stability of p-type ZnO is still poor. The

poor reproducibility and stability of p-type ZnO hinder the
realization of high-performance ZnO-based LEDs drastically.

In this paper, we show that stable p-type ZnO films can
be prepared by using a Li,N codopingmethod, and the p-type
conduction of the ZnO:(Li,N) can persist for 207 days. A
ZnO:(Li,N)/n-ZnO structure has been fabricated, and
obvious emission can be detected from the p–n junctions
under the drive of continuous current. The LEDs fabricated
from the ZnO p–n junctions can still work after placing for
over 180 days in air ambient. The above facts indicate the
good stability of the p-type ZnO-based films obtained using
the Li,N codoping method.

2 Experimental All the films investigated in this
paper were grown in a VG V80H molecular beam epitaxy
technique by employing a-plane sapphire as a substrate.
Metallic zinc and metallic lithium contained in individual
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Knudsen cells were employed as the zinc precursor and
lithium dopant for the growths. The temperature for the Zn
and Li Knudsen cell was kept at 240 and 310 8C,
respectively. Oxygen gas (6N) and nitric oxide gas (6N)
activated by an Oxford Applied Research plasma cell (Model
HD25) at a fixed radio-frequency power of 330W were
employed as the oxygen precursor and nitrogen dopant. The
NO flow was set at 0.85 sccm. Prior to the growth, the
sapphire substrate was treated by oxygen plasma at 800 8C
for 15min to produce an oxygen-terminated surface. Then a
ZnO buffer layer was deposited at 800 8C for 20min before a
2 h growth at 750 8C [19]. A thermal annealing process was
performed in oxygen ambient to further improve the quality
of the ZnO layer. Finally, Li,N codoped ZnO (ZnO:(Li,N))
layer was deposited onto the annealed ZnO layer to form
ZnO:(Li,N)/ZnO structure. In and Ni/Au metal deposited by
vacuum evaporation were used as contacts on the n-ZnO
layer and the ZnO:(Li,N) layer, respectively. The electrical
properties of the layers and the I–V curve of the ZnO:(Li,N)/
ZnO structure were measured in a Hall measurement system
(Lakeshore 7707). The capacitance–voltage (C–V) charac-
teristics of the structure were recorded in a semiconductor
parameter analyzer (Agilent B1500A). Photoluminescence
(PL) measurement was performed in a JY-630 micro-Raman
spectrometer employing the 325 nm line of a He-Cd laser as
the excitation source. Electroluminescence (EL) measure-
ment of the structures was carried out in a Hitachi F4500
spectrometer under the drive of a continuous current source.

3 Results and discussion The schematic illustration
of the ZnO:(Li,N)/n-ZnO structure is shown in the down-
right inset of Fig. 1. The n-ZnO layer is about 500 nm in
thickness and shows an electron concentration and Hall
mobility of 4.0� 1016 cm�3 and 17 cm2V�1 s�1, respec-
tively. The ZnO:(Li,N) layer is about 100 nm in thickness.
Since the direct Hall measurement on the ZnO:(Li,N) layer

deposited on n-ZnO layer will be interfered by the
underneath n-ZnO layer, the carrier concentration of the
ZnO:(Li,N) layer in the structure cannot be given directly by
a Hall measurement. To test the conduction type of the ZnO:
(Li,N) layer, the I–V curve of the ZnO:(Li,N)/n-ZnO
structure has been measured, as shown in Fig. 1. Although
the leakage current is relatively large, the curve shows a
perceptible rectifying behavior with a turn-on voltage of
about 3.7V. The linear I–V dependence for both Ni/Au
electrode on the ZnO:(Li,N) layer and In electrode on the n-
ZnO layer shown in the top-left inset of Fig. 1 reveals that
ohmic contacts have been obtained for both electrodes. Then
the rectifying behaviors observed should come from the
ZnO:(Li,N)/n-ZnO interface, which suggests that the ZnO:
(Li,N) layer may have p-type conduction.

In order to determine the hole concentration in the ZnO:
(Li,N) layer, C–V measurement has been carried out on the
ZnO:(Li,N)/n-ZnO structure, the results of which are shown
in Fig. 2. To rule out the interference of the diffusion
capacitance, the capacitance of the ZnO:(Li,N)/n-ZnO
structure was measured under reverse bias. As shown in
the figure, the depletion layer capacitance decreases with the
increase of the negative bias voltage. The net acceptor
concentration, NA–ND, in the ZnO:(Li,N) layer can be
determined from the C–V behavior using the following
formula [20]:

NA � ND ¼ 2

A2esq
� 1

dð1=C2Þ=dV
� �

; ð1Þ

where A is the effective area of the junction, es is the
permittivity of the semiconductor, and q is the elemental
electron charge. Figure 2 also shows a plot of 1/C2 as a
function of the bias applied on the structure. The slope is
5.7� 1020 F�2V�1, and the net acceptor concentration
calculated from Eq. (1) is about 1.7� 1015 cm�3.

To show the stability of the p-type ZnO films, ZnO:
(Li,N) films have been grown directly onto a-plane sapphire
substrates, and the hole concentration, Hall mobility, and

Figure 1 I–V curve of the ZnO:(Li,N)/n-ZnO structure. The insets
show the schematic diagram of the structure and I–V curves of the
Ni/Au contact to the ZnO:(Li,N) layer and the In contact to the ZnO
layer.

Figure 2 C–V characteristics of the ZnO:(Li,N)/n-ZnO structure
and the plot of 1/C2 versus V for the structure.
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resistivity of the films have been measured intermittently
using Hall measurement system, the results of which are
shown in Fig. 3. Note that the hole concentration and Hall
mobility vary for different samples. One can see from the
figure that although the hole concentration and Hall mobility
vary greatly in the investigated 207 days, hole-dominant p-
type conduction remains, indicating the good stability of the
p-type ZnO obtained via the Li,N codoping method.

The typical PL spectrum of the ZnO:(Li,N) films
measured at 11K is illustrated in Fig. 4, in which four peaks
at 3.362, 3.351, 3.309, and 3.234 eV can be observed.
According to their position, the peak at 3.362 eV can be
attributed to the emission from excitons bound to neutral
donors (D0X), the one at 3.351 eV from excitons bound to
neutral acceptors (A0X) [21]. The origin of the emission at
3.310 eV is controversial, some researchers demonstrated
that it is related with stacking faults [22], while others
assigned it to donor–acceptor pairs (DAP) emission in ZnO
[21, 23]. The peak at 3.234 eV comes from the phonon
replica of DAP emission (DAP-1LO) [21]. The dominant
acceptor-related emission consolidates the p-type conduc-
tion of the ZnO:(Li,N) films.

To test the applicability of the ZnO:(Li,N)/ZnO p–n
junction in LEDs, the EL spectra of the structure are

measured at room temperature under the injection of
continuous current, as shown in Fig. 5. When the injection
current is 7mA, obvious emission can be detected, and the
spectrum can be well fitted using two Gaussian lineshapes at
around 415 and 500 nm, as shown in the inset of Fig. 5. We
note that the emission at around 500 nm comes from the
deep-level emission of ZnO. As for the emission at 415 nm, it
has been frequently observed in ZnO p–n junctions, and can
be attributed to the emission from DAP in ZnO [5, 24]. It is
noteworthy that after being placed in air ambient for over
180 days, emission can still be detected from the LEDs, and
the spectra of which under the same injection current are
shown in Fig. 5. One can see that the spectra of the device
after 180 days degrade little compared with that of the as-
grown one besides that its intensity decreases slightly. The
above facts confirm the good stability of the p-type ZnO
films obtained using the Li,N codoping method.

Note that although obvious emission has been realized
reproducibly from ZnO p–n junctions, the emission is
dominated by DAP emission, which means that the most
noteworthy character of ZnO, the large exciton binding
energy, has not been fulfilled yet. To realize excitonic
emission of ZnO, p-Mg0.25Zn0.75O:(Li,N)/n-ZnO hetero-
structures have been fabricated experimentally by using the
above-mentioned Li,N codoping method. In these structures,
electrons will be confined into the n-ZnO layer by the
conduction band offset at the Mg0.25Zn0.75O/ZnO interface,
while holes can enter from the p-Mg0.25Zn0.75O into the
n-ZnO easily, then electrons and holes will recombine
radiatively in the n-ZnO layer, and near-band-edge emission
from ZnO has been realized. The p-Mg0.25Zn0.75O:(Li,N)/
n-ZnO heterostructured LED can work continuously for
6.8 h under the injection of 20mA continuous current, which
has been published in our previous publication [20]. This is
the first report on ZnO-based p–n junction LEDs that can
work continuously to the best of our knowledge. The
above facts confirm again the good stability of the p-type
ZnO-based films obtained via the Li,N codoping method.

Figure 3 The hole concentration, Hall mobility, and resistivity of
the ZnO:(Li,N) films as a function of time placed in air ambient.

Figure 4 PL spectrum of the ZnO:(Li,N) film at 11K.

Figure 5 Room temperature EL spectra of the p-ZnO:(Li,N)/n-ZnO
structured LEDs under an injection current of 7mA recorded
intermittently for 180 days, and the inset shows the spectrum of the as-
grown structure, which can be well fitted using two Gaussian curves.
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The reason for the stable p-type ZnO via Li,N codoping
method is not clear yet. It is anticipated that when Li is
incorporated into ZnO films, both interstitial Li (Lii) and Li
substituted Zn (LiZn) will be formed, and Lii is a donor, while
LiZn is an acceptor in ZnO [25–27]. While in Li,N codoped
ZnO films, the Lii may be passivated by N, thus LiZn act as
effective acceptors in the films [14, 28], and the activation
energy for the LiZn acceptors is about 90meV [14, 29].
Furthermore, it has been reported that Li can be easily
bonded with N [30], and the Li–N bond in ZnO:(Li,N) films
has been confirmed by X-ray photoelectron spectroscopy
[14, 28]. The bonding will decrease the movement of the
dopants in ZnO, thus may help to improve the stability of the
p-type ZnO films. Nevertheless, obviously the actual
mechanism needs further investigations.

4 Conclusions In summary, p-type ZnO films have
been prepared by using Li,N codoping method, and the
p-type conduction can maintain for 207 days. ZnO-based
p–n junction LEDs have been fabricated based on the p-type
films. Obvious emission can be observed from the ZnO p–n
junction structured LEDs under the injection of continuous
current. The LEDs can still work after placing in air ambient
for over 180 days, confirming the good stability of the p-type
ZnO films obtained via the Li,N codoping method. The
results reported in this paper provide a route for stable p-type
ZnO films, thus may lay a ground for a variety of ZnO-based
optoelectronic devices. We note that although p-type ZnO
films have been realized, the hole concentration and Hall
mobility of the films are still low, and the performance of the
LEDs is still far below expectation. Thus, there is still a long
way to go for efficient p-type ZnO and high-performance
ZnO-based LEDs.
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