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Abstract
We report on the infrared laser-induced photovoltaic effect of a
heterostructure comprising a n-ZnO film with an electron concentration of
1.6 × 1021 cm−3 and a MgB2 film with a high carrier concentration of
1.8 × 1023 cm−3 at room temperature. Current–voltage characteristics of the
structures have good rectifying diode-like behaviour. An open-circuit
photovoltage of 10 ns rise time and 20 ns full width at half-maximum was
observed under the illumination of a 1.064 µm pulsed laser for a duration of
25 ps. When the junction was irradiated by a 10.6 µm CO2 laser pulse for
60 ns, a transient photovoltaic signal of ∼27 mV occurred with a rise time of
∼60 ns. A possible mechanism of the observed phenomena is discussed
based on the laser-induced hot carrier photovoltaic effect.

1. Introduction

Zinc oxide (ZnO), a II–VI semiconductor with a wide
band gap of 3.37 eV and a large exciton binding energy of
60 meV [1, 2], has been widely studied due to its intrinsic
properties suitable for optoelectronic applications. Undoped
ZnO usually shows n-type conduction due to the presence
of zinc interstitials and oxygen vacancies; therefore, the
acceptor carriers get compensated for easily. One of the big
challenges for good ZnO-based optoelectronic devices is the
difficulty of fabricating high quality p-ZnO films. Although
many reports claimed realizations of p-type ZnO [3–10],
highly reproductive p-ZnO films with excellent electronic
properties are still absent. So, considerable studies on ZnO-
based optoelectronic devices were carried out by fabricating
heterojunctions employing n-type ZnO with other p-type
materials [11–13].

Magnesium diboride (MgB2) has generated a great deal
of interest because of its simple structure and its relatively
high critical temperature (TC), which represents a new
challenge for fundamental physics, material science and
electrical engineering [14–18]. MgB2 exhibits a metallic
characteristic at room temperature with p-type carrier density
as high as (1.7–2.8) × 1023 holes cm−3, and the lattice
parameters are a = 3.089 Å and c = 3.524 Å [19]. For
wurtzite ZnO, the lattice constants at room temperature
determined by various experimental measurements and
theoretical calculations mostly range from 3.2475 to 3.2501 Å
for the a parameter and from 5.2042 to 5.2075 Å for the c

parameter [10]. Thus the lattice mismatch between MgB2 and
ZnO is ∼5% for the (0 0 1) plane. Therefore, MgB2 can be
grown on the ZnO substrate [20] and is also suitable as a buffer-
layer for the deposition of the ZnO film. For the ZnO-based
Schottky diode, most of them are formed by depositing a metal
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Figure 1. The XRD pattern for a ZnO (∼600 nm)/MgB2 (∼600 nm)
heterostructure grown on the MgO (1 1 1) substrate.

layer on the ZnO thin film or the substrate, and more attention
is paid to the ultra-violet characteristics. In this paper, we
focus on the infrared (IR) photovoltaic effect of the functional
heterojunctions consisting of metallic p-type MgB2 and n-
type ZnO.

2. Experimental details

A precursory MgB2 film was first prepared on MgO (1 1 1)
substrates by the chemical vapour deposition technique using
a two-step method [21]. The n-ZnO layer was fabricated
on the as-formed MgB2 thin film by pulse laser deposition.
A KrF excimer laser (wavelength: 248 nm, pulse width: 30 ns,
energy density: 1 J cm−2), operating at a repetition rate of 4 Hz,
was used to ablate a high pure (99.99%) ZnO target. In our
experiment process, the ambient O2 pressure is 1×10−4 Pa and
the substrate temperature is 450 ◦C. The crystalline phase and
orientation of the samples were determined by x-ray diffraction
(XRD) using Cu Kα radiation. For the measurements of
transport and photovoltage properties, indium (In) electrodes
were placed on the surfaces of ZnO and MgB2, respectively.
The IR laser pulse irradiated, respectively, to the junction
from both the ZnO and the substrate sides vertically at room
temperature, and the pulse response was monitored by a
500 MHz digital oscilloscope terminated at 50 �.

3. Results and discussion

Figure 1 shows the XRD result of a typical n-ZnO
(∼600 nm)/MgB2 (∼600 nm) heterostructure grown on the
MgO (1 1 1) substrate. The (0 0 l) peaks of MgB2 and ZnO
indicate that the film deposited on MgO is aligned with the
c axis. The current–voltage (I–V ) characteristic of the n-
ZnO/MgB2 junction is shown in figure 2, measured by a pulse-
modulated current source at room temperature. The leakage
current in the reverse bias region is about 7 mA at −2 V and the
ratio of forward and reverse currents reaches 10 in the applied
voltage region from −2 to 2 V. The bottom insets of figure 2
show the temperature dependences of resistances for n-ZnO
and MgB2 single-layer films grown on MgO (1 1 1) substrates,
respectively.

Due to a high carrier concentration of about 1.8 ×
1023 cm−3 of MgB2 by the Hall measurement and its metallic

Figure 2. The I–V characteristic of a ZnO/MgB2 junction at 300 K.
The voltage polarity is defined at the electrode on the MgB2 side.
The top inset shows the schematic circuit of the measurement. The
bottom insets are the resistance versus temperature curves of ZnO
and MgB2 films.

Figure 3. Schematic band structure for the ZnO/MgB2 junction.

characteristic at room temperature, we treat this junction as the
Schottky junction composed of metallic MgB2 and n-type ZnO
(the carrier concentration of the ZnO film is −1.6×1021 cm−3).
The schematic band diagram of the n-ZnO/MgB2 junction in
the equilibrium state is presented in figure 3, neglecting the
effects of dipoles and interface states. The work functions
of MgB2 and ZnO are regarded as ∼5.95 eV and ∼5.0 eV,
respectively [22, 23]. Moreover, it has been reported that the
affinity of ZnO is about 4.2 eV [24]. Therefore, the barrier
height of the metal side, which is determined by the difference
between the work function of metal side and the affinity of n-
side, is considered as ∼1.75 eV. In addition, the barrier height
located on the n-side is determined by the difference between
two work functions, being ∼0.95 eV in our system. And this
can be comparable to the threshold voltage which is about 1.0 V
under the forward bias voltage, as shown in figure 2.

A typical voltage transient of an unbiased n-ZnO/MgB2

junction under pulsed 1.064 µm laser irradiation of 25 ps
duration is presented in figure 4(a). The energy density
is 1 mJ cm−2 and the irradiated area is 5 × 5 mm2. The
photovoltaic signal had a 10–90% rise time of 10 ns and a full
width at half-maximum (FWHM) of 20 ns. Figure 4(b) plots
the peak photovoltage VP as a function of the energy density
of the 1.064 µm laser, which exhibits a linear behaviour.
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Figure 4. (a) Typical photovoltage response of the ZnO/MgB2

junction to 1.064 µm pulsed laser irradiation. The inset shows the
schematic circuit of the sample measurement. (b) The peak
photovoltage VP as a function of the energy density of a 1.064 µm
laser.

Figure 5. The photovoltage signal of the ZnO/MgB2 junction
irradiated by a 10.6 µm laser pulse of 60 ns duration.

Figure 5 shows the temporal response of the n-ZnO/MgB2

junction to a 10.6 µm CO2 laser pulse (energy density
10 mJ cm−2, pulse width 60 ns) under the same experimental
procedure as displayed in figure 4(a). The peak photovoltage
reaches ∼27 mV. The FWHM and 10–90% rise times are
∼60 ns and ∼50 ns, respectively, which are limited by the
excitation laser. The decay portion and slight oscillation of
the pulse response resulted from an impedance mismatching
in the circuit.

It is known that the temperature gradient at the position
of the laser spot in the transverse direction (perpendicular to

the junction surface) can cause a photovoltage in this direction,
which is called the thermoelectric effect or the Seebeck effect
[25]. For the present junction, the MgO substrate and the
MgB2 thin film are transparent for the IR laser according to
our absorption measurement. Furthermore, the transient peak
voltage induced when the junction is irradiated through the
MgO substrate is the same as that at the air/ZnO interface, and
the signal polarity was not reversed. So the thermoelectric
effect should be ruled out in the measured photovoltage of
this work.

From the above results, we can obtain the origin causing
the IR laser-induced voltage in this system. Our used light
sources are the Nd : YAG and the CO2 lasers with 1.064 µm
(1.24 eV photon energy) and 10.6 µm emission (0.124 eV
photon energy), respectively. Hence, the obtained photovoltaic
phenomenon is different from the ordinary photovoltaic effect
induced by the absorption of light quantum of energy hν � Eg

to generate the electron–hole pair. However, it is possible to
produce a photoinduced potential in semiconductor junctions
with much lower energy photons hν � Eg [26]. We
attribute this electrical response, having the same polarity as
the ordinary photovoltaic effect, to the hot carrier generation
effect [26]. Under irradiation by IR laser pulses with very
high intensities (40 MW cm−2 for the Nd : YAG laser and
0.17 MW cm−2 for the CO2 laser), the intraband free carrier
absorption in the ZnO side generates a thermalized hot carrier
plasma. Due to sufficiently high laser intensities, the carrier
temperature can reach the levels for which an appreciable
generation of electron–hole pairs occurs, originating from
impact ionization processes in the hot plasma. The drift
of minority carriers across the junction is the source of this
observed effect. Eventually, the photovoltage occurs in the
system with higher potential in MgB2 and lower potential on
the ZnO side.

4. Conclusions

In conclusion, the heterojunctions consisting of wide-band-
gap n-ZnO and metallic MgB2 were fabricated on MgO (1 1 1)
substrates. The structures showed a diode I–V characteristic.
Under the irradiation of IR pulsed lasers of 1.064 and 10.6 µm,
the junction showed a transient photovoltaic signal with a
response time of ∼60 ns. The possible origin of the observed
results was the laser-induced hot carrier photovoltaic effect.
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[13] Alivov Y I, Özgür U, Dogan S, Johnstone D, Avrutin V,

Onojima N, Liu C, Xie J, Fan Q and Morkoc H 2005 Appl.
Phys. Lett. 86 241108

[14] Nagamatsu J, Nakagawa N, Muranaka T, Zenitani Y and
Akimitsu J 2001 Nature 410 63

[15] Kortus J, Mazin I I, Belashchenko K D, Antropov V P and
Boyer L L 2001 Phys. Rev. Lett. 86 4656

[16] Liu A Y, Mazin I I and Kortus J 2001 Phys. Rev. Lett.
87 087005

[17] Mazin I I, Andersen O K, Jepsen O, Dolgov O V, Kortus J,
Golubov A A, Kuz’menko A B and van der Marel D 2002
Phys. Rev. Lett. 89 107002

[18] Dahm T and Schopohl N 2003 Phys. Rev. Lett. 91 017001

[19] Jones M E and Marsh R E 1954 J. Am. Chem. Soc. 76 1434
Buzea C and Yamashita T 2001 Supercond. Sci. Technol.

14 R115
[20] Hurata M et al 2007 Supercond. Sci. Technol. 20 L1

Harada Y, Takahashi T, Kuroha M, Iriuda H, Nakanishi Y,
Izumida F, Endo H and Yoshizawa M 2006 Physica C
445 884

[21] Wang S F et al 2001 Supercond. Sci. Technol. 14 885
Wang S F, Zhou Y L, Zhu Y B, Liu Z, Zhang Q, Chen Z H,

Lu H B, Dai S Y and Yang G Z 2003 Supercond. Sci.
Technol. 16 748

Wang S F, Liu Z, Zhou Y L, Zhu Y B, Chen Z H, Lu H B,
Cheng B L and Yang G Z 2004 Supercond. Sci. Technol.
17 1126

[22] Li Z Y, Yang J L, Hou J G and Zhu Q S 2002 Phys. Rev. B
65 100507

[23] Bai X, Wang E G, Gao P and Wang Z L 2003 Nano Lett.
3 1147

[24] Dimova-Malinovska D and Nikolaeva M 2002 Vacuum 69 227
[25] Zhao K, Jin K-J, Huang Y H, Zhao S Q, Lu H B, He M,

Chen Z H, Zhou Y L and Yang G Z 2006 Appl. Phys. Lett.
89 173507

Zhao K, Huang Y H, Lu H B, He M, Jin K-J, Chen Z H,
Zhou Y L and Yang G Z 2006 Eur. Phys. J. Appl. Phys.
35 173

Zhao K, Jin K-J, Huang Y H, Lu H B, He M, Chen Z H,
Zhou Y L and Yang G Z 2006 Physica B 373 72

[26] Encinas-Sanz F and Guerra J M 2003 Prog. Quantum
Electron. 27 267

4492

http://dx.doi.org/10.1063/1.1763640
http://dx.doi.org/10.1063/1.1644331
http://dx.doi.org/10.1063/1.2338527
http://dx.doi.org/10.1063/1.2215618
http://dx.doi.org/10.1063/1.2193798
http://dx.doi.org/10.1063/1.1992666
http://dx.doi.org/10.1063/1.1615308
http://dx.doi.org/10.1063/1.1616663
http://dx.doi.org/10.1063/1.1949730
http://dx.doi.org/10.1038/35065039
http://dx.doi.org/10.1103/PhysRevLett.86.4656
http://dx.doi.org/10.1103/PhysRevLett.87.087005
http://dx.doi.org/10.1103/PhysRevLett.89.107002
http://dx.doi.org/10.1103/PhysRevLett.91.017001
http://dx.doi.org/10.1021/ja01634a089
http://dx.doi.org/10.1088/0953-2048/14/11/201
http://dx.doi.org/10.1088/0953-2048/20/1/L01
http://dx.doi.org/10.1016/j.physc.2006.06.038
http://dx.doi.org/10.1088/0953-2048/14/11/301
http://dx.doi.org/10.1088/0953-2048/16/7/302
http://dx.doi.org/10.1088/0953-2048/17/10/006
http://dx.doi.org/10.1103/PhysRevB.65.100507
http://dx.doi.org/10.1021/nl034342p
http://dx.doi.org/10.1016/S0042-207X(02)00336-6
http://dx.doi.org/10.1063/1.2367658
http://dx.doi.org/10.1051/epjap:2006085
http://dx.doi.org/10.1016/j.physb.2005.10.135
http://dx.doi.org/10.1016/S0079-6727(03)00002-8

	1. Introduction
	2. Experimental details
	3. Results and discussion
	4. Conclusions
	 Acknowledgments
	 References

