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ABSTRACT: Mixed-phase ZnMgO (m-ZMO) thin films with a
single absorption edge tuning from ~3.9 to ~4.8 eV were
realized on a-face sapphire (a-Al,O;) by plasma-assisted
molecular beam epitaxy. The small lattice mismatch of both
ZnO and MgO with a-Al,O; should be responsible for the single
and controllable absorption edge. Metal—semiconductor—metal
(MSM) photodetectors were fabricated based on these m-ZMO
films, and the devices have the single cutoff wavelength, which
can be tuned from 335 to 275 nm. These devices possess low
dark current (78 pA for m-Z;;M, 130, 11 pA for m-Z,sM, 4, O,
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and 4 pA for m-Z3;M; 4,0 at 40 V) and high responsivity (434 A/W for m-Z;;M; 30, 89.8 A/W for m-Z xM; 4,0, and 3.7 A/
W for m-Z33M; ;O at 40 V). Further response study reveals that the 90—10% decay time of m-Z ;M 330, m-Z oM, 4;O, and
m-Z,30Mg 6,0 is around 37, 30, and 0.7 ms, respectively. Large amounts of heterojunction interfaces between wurtzite ZMO and
cubic rock-salt ZMO could be responsible for the low dark current and high responsivity of our mixed-phase devices. The
excellent comprehensive performance of m-ZMO UV photodetectors on 4-Al,O; suggests that m-ZMO UV photodetectors

should have great applied potential.
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Bl INTRODUCTION

ZnO has caught the world’s attention in the field of ultraviolet
(UV) optoelectronic devices including UV photodetectors and
UV light-emitters because of its excellent material properties:
large exitonic binding energy (60 meV), high exciton density,
large electron saturation velocity, low defect density, easy
fabrication, high radiation hardness, and environmental
friendly.' > ZnMgO (ZMO), which is formed by alloying
MgO with ZnO, shows the same material advantages as pure
ZnO, and its band gap can be tuned continually from 3.37 eV
(ZnO) to 7.8 eV (MgO), which covers UVA (320—400 nm),
UVB (280—320 nm), and UVC (200—280 nm) regions.”” "'
Thus, it opens the possibility of developing the wavelength-
tunable UV (200—400 nm) optoelectronic devices based on
ZMO alloys. In particular, owing to their low operating voltage,
intrinsic visible blind, and all solid state, ZMO-based photo-
detectors are recognized as one of the most potential alternative
to the conventional photomultiplier tubes and Si-based UV
photodetectors, which have huge applications in ozone-layer
monitoring, ultrahigh temperature flame detection, convert
space-to-space communication and missile warning systems,
etc.'”™? Till now, photodetectors based on cubic rock-salt
ZMO (c-ZMO), wurtzite ZMO (w-ZMO), and mixed-phase

-4 ACS Publications  © 2015 American Chemical Society

ZMO (m-ZMO) have been widely studied. According to the
previous reports, w-ZMO photodetectors usually have a large
responsivity, but their dark current is also relatively
high.”~"**"** In contrast, c-ZMO photodetectors possess low
dark current and low responsivity."'~'***** Obviously, the
photodetectors based on w-ZMO and ¢-ZMO cannot meet the
performance standards for an ideal photodetector: both low
dark current and high responsivity. In addition, without buffer
layers and/or a slow growth rate, it is difficult to grow pure w-
and ¢-ZMO with the band gap between 280 and 300 nm due to
the phase segregation.” "> As for m-ZMO, it has long been
regarded as a byproduct of the growth of high quality single
phase ZMO and rarely been investigated, but recent results
indicated that the photodetectors based on m-ZMO usually
have large responsivity.”'*"'® Unfortunately, two clear and
uncontrollable response bands (one is in UVC region, and the
other is in UVA or UVB region) and relatively large dark
current in reported mixed-phase devices limit their applica-
tions.”' >~ By analyzing the previous results, it can be found
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that the above-mentioned problems in m-ZMO should be
strongly associated with their growth substrates.”’*~"” More
recently, using a-face sapphire (a-AL,O;) as a substrate, our
group has successfully demonstrated high-performance m-
ZMO UV photodetector with a single cutoft wavelength in
UVC region.'® Interestingly, this m-ZMO photodetector
exhibited a high responsivity and a low dark current. Thus,
the m-ZMO fabricated on a-Al,O; seems more suitable for
high-performance UV photodetection, compared to pure w-
and ¢-ZMO. However, the growth mechanism of m-ZMO with
single absorption edge and the origin of excellent performance
of their UV photodetectors are still not very clear. In addition,
the composition extension of m-ZMO with single absorption
edge is urgently needed from a practical point of view.

In this article, m-ZMO films on a-Al,O; with tunable single
optical absorption edge were successfully achieved by plasma-
assisted molecular beam epitaxy (P-MBE), and the interactions
among ¢-ZMO, w-ZMO, and the substrate for the m-ZMO
have been analyzed. The small lattice mismatch of both c-ZMO
(111)/a-AL, O, and w-ZMO (0002)/a-Al, O, should be the key
reason for the single optical absorption edge in our m-ZMO.
Moreover, by controlling the source temperature of Zn and Mg,
the optical absorption edge of m-ZMO can be easily controlled
and tuned. On the basis of these m-ZMO films, the
interdigitated metal—semiconductor—metal (MSM) photo-
detectors were demonstrated with different —3 dB cutoff
wavelengths from 335 to 275 nm. In particular, for the devices
with the cutoff wavelength at 330 nm (m-Z, 5,M,3;0), 320 nm
(m-Zy oMy 4,0), and 280 nm (m-Zg3,My60), their dark
current is around 78, 11, and 4 pA at 40 V, respectively.
Meanwhile, the peak responsivity is 434 A/W (m-Z, ¢;M,3;0),
89.8 A/W (m-ZyMy4,0), and 3.7 A/W (m-Zy3M,,0). As
indicated in resonant Raman spectra, the grain boundaries
between ¢-ZMO and w-ZMO should be mainly responsible for
the high performance of m-ZMO photodetectors. Our findings
in this work show a promising prospect of m-ZMO
photodetectors to be applied in UV photodetection.

B EXPERIMENTAL SECTION

m-ZMO epitaxial films were fabricated on a-Al,O; substrates by P-
MBE deposition system employing solid Zn (6N) and Mg (SN)
sources and atomic oxygen from O, (SN) activated in a radio
frequency plasma cell. During deposition, the chamber pressure was
maintained at 107 Pa and the substrate temperature was 450 °C. The
radio frequency power was fixed at 300 W with O, flow rate of 1.1
sccm. To fabricate m-ZMO thin films with different single absorption
edges, we kept the Zn source temperature at 210 °C and tuned the Mg
source temperature from 302 to 320 °C. All the samples were
characterized using scanning electron microscope (SEM) (HITACHI
S-4800), energy dispersive X-ray spectrometer (EDS) (GENESIS
2000 XMS60S), Bruker DSGADDS X-ray diffractometer (XRD) using
Cu Ka radiation (4 = 0.154 nm) with an area detector, resonant
Raman scattering spectra using He—Cd laser line of 325 nm as an
excitation source, and UV-3101PC scanning spectrophotometer. Au
interdigital electrodes (S0 nm thick) were prepared on all samples
through photolithography and a wet etching procedure to form MSM
photodetectors. The current—voltage (I—V) properties (in dark and
under illumination) and spectral responses of the photodetectors were
measured by using a semiconductor device analyzer (Agilent B1S00A)
and a 200 W UV-enhanced Xe lamp with a monochromator,
respectively. The transient response spectra of photodetectors were
recorded by using an oscilloscope (Tektronix DPO 5104 digital
oscilloscope) and a Nd:YAG laser (266 nm).
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Bl RESULTS AND DISCUSSION

The m-ZMO films with different compositions were fabricated
by controlling the temperature of Mg and Zn sources, and all
the samples were characterized by XRD, EDS, SEM, and so on.
Figure la shows the typical cross-sectional SEM image of m-
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Figure 1. (a) Typical cross-sectional SEM image of m-ZMO. (b) XRD
of m-Z,;Mo 330, m-Zg56Mo 410, and m-Z 30My 6, O.

ZMO, indicating the thickness of the deposited films is around
500 nm. The composition of m-ZMO was evaluated by EDS,
which can be found in the Supporting Information (see Figure
S1). In order to analyze the structural properties, the 26—0
XRD measurement was carried out for three typical samples:
m-Z,;Mg330, m-Zg50My 4,0, and m-Z35M,0, as shown in
Figure 1b. Besides the substrate diffraction peak, two peaks
associated with m-ZMO can be clearly found in three samples.
The peaks located at around 35° and 36.6° correspond to the
diffraction of w-ZMO (0002) and ¢-ZMO (111), respectively.
Obviously, with Mg content increasing, both (0002) and (111)
peaks shift toward the big angle side because of the substitution
of Zn atoms by Mg atoms as well as lattice stress effects.'®
Figure 2a presents the resonant Raman scattering spectra of m-
Z.6:Mg 330, m-Zy36M, 6,0, ZnO, and c-Zy M, ,0. ZnO and c-
Zy3My,0 are used as control samples, and their detailed
properties can be found in Supporting Information (see Figures
§2—S5). For each control sample, only one Raman peak can be
observed (~570 cm™ for ZnO and ~643 cm™! for c-
Z03M,-0), which corresponds to the first and second order
longitude optical (LO) phonon modes, respectively.”** In
contrast, a broad band between 570 and 643 cm™' can be
clearly obtained for both m-Z)sM,3;0 and m-Z;30M,4, 0
instead of two distinct LO phonon modes of w-ZMO and c-
ZMO. As is well-known, the broadening of LO phonon modes
is usually induced by the effect of alloy fluctuation, defects, and
grain boundaries.”’ >’ Compared with the pure c- and w-ZMO,
m-ZMO shows much more grain boundaries between w- and c-
ZMO. Thus, these grain boundaries should be the main reason
for the broad Raman band of m-ZMO as shown in Figure 2a. In
addition, the alloy fluctuation and intrinsic defects in m-ZMO
also cannot be excluded.

Figure 2b shows the transmission spectra of m-Z;4,M, 330,
m-ZysoMg 4,0, and m-Zy30M;6 0. The average transmittance
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Figure 2. (a) Resonant Raman scattering and (b) transmission spectra
of m-Z, ;M 330, m-Zy oM 4,0, and m-Z;30M,,0 at room temper-
ature. Resonant Raman scattering spectra of ZnO and ¢-Zy3M,;0 are
also displayed in (a) as references.

of all three samples in the visible region was more than 85%.
Although w-ZMO and ¢ZMO coexist, the single optical
transmission edge at ~3.9, ~4.1, and ~4.8 eV can be clearly
observed for m-Z; ;;M, 330, m-Z, oM, 4,0, and m-Z, 30M 4,0,
respectively. This result is much different from that obtained in
m-ZMO on other substrates (such as Si, quartz, c-Al,O;, and
MgO), which usually possess two uncontrollable optical
absorption edges (see Figure S6 in Supporting Informa-
tion).'®”3°73% Notablely, differing from that of the pure
cubic or hexagonal ZMO, the single absorption/transmission
edge of m-ZMO just means that the band gap of the cubic and
hexagonal phases in m-ZMO is similar but not exactly the same.
And this can be confirmed by the relatively smooth
transmission edge, especially for m-Z3,M,O. The depend-
ence of m-ZMO optical transmission property on substrates is
associated with the difference in the nucleation and growth
process of m-ZMO induced by the effect of lattice mismatch
between c-/w-ZMO and substrate. In the previous reports,
most m-ZMO films were fabricated on Si, quartz, c-Al,0;, and
MgO. These substrates have relatively low lattice mismatch
with either c-ZMO only or w-ZMO only (or have large lattice
mismatch with both ¢-:ZMO and w-ZMO)."**~*® Thus, during
the deposition of m-ZMO, single-phase ZMO (either w-ZMO
or ¢:ZMO) is usually deposited on the substrate at the initial
growth stage. Subsequently, w-ZMO (c-ZMO) would precip-
itate from oversatuated c-ZMO (w-ZMO) with the large
composition difference between them, and this process is
difficult to be controlled.>**” Thus, the traditional m-ZMO

fabricated on Si, quartz, ¢-Al,O;, and MgO usually have two
obviously distinguished and uncontrollable optical absorption
edges.

As for the growth of m-ZMO on a-Al, Oy, its process is much
different from that on other substrates because of the small
lattice mismatch of both ¢ZMO/a-Al,O; and w-ZMO/a-
ALO;."*® Figure 3 is the schematic diagram of the atom
arrangement and the relative orientation of ZnO (0002), MgO
(111), and a-Al,O5 (1120) surfaces. For ZnO grown on a-
Al O3, the orientation relationship along the direction normal
to the surface is ZnO (0001)||a-ALO5 (1120) and the in-plane
orientational relationships are ZnO [1120]||a-AL,O; [0001]
and ZnO [1100][|a-ALO; [1100]. In case of MgO grown on a-
Al,O;, the orientation relationship along the direction normal
to the surface is MgO (111)]]a-Al,O5 (1120) and the in-plane
orientational relationships are MgO [112]||a-AL,O; [0001] and
MgO [110]||a-Al,05 [1100]. Thus, the lattice mismatch of
ZnO with a-Al,05 is —0.03% along the [0001] direction and is
—2.4% along the [1100] direction, while the lattice mismatch of
MgO with a-AL,O; is 0.7% along the [0001] direction and is
—1.2% along the [1100] direction. The detailed calculation
process can be found in the Supporting Information. As is well-
known, lattice-matched substrate or buffer layers can greatly
improve the solubility limit and extend the composition and
band gap of ZMO, and the controllable growth of w-ZMO or c-
ZMO with widely tunable band gap can be realized.”"'"** On
the basis of the above calculation, it can be found that a-Al, O,
has a small mismatch with both ZnO and MgO, and thus, the
growth of both w-ZnO and ¢-:ZMO can be controlled. The
detailed possible growth mechanism of m-ZMO with single
absorption edge was proposed as the following: at the fixed
temperature of Zn and Mg source, w-ZMO and ¢-ZMO with
close bandgap randomly nucleate on substrate at the initial
period of growth, instead of preferred growth of ZMO with the
special kind of crystal structure, and gradually grow up until the
end of growth. With increasing of the temperature of Mg
source, the Mg/Zn ratio and the bandgap of w-ZMO and c-
ZMO increase, and the single absorption edge of thin films is
thus adjusted.

Accordingly, m-ZMO UV photodetectors with tunable cutoff
wavelengths can be easily realized based on the above m-ZMO
thin films on a-Al,O;. Figure 4a is the schematic diagram of the
MSM photodetector (not to scale). Twelve pairs of Au
interdigital fingers (S ym width, S gm gap, and S00 pm length)
on m-ZMO were achieved through photolithography and a wet
etching procedure. As shown in Figure 4b, the I-V character-
istics of the m-Zgs;My330, m-Zg oMo 41O, and m-Zy3M 6,0
photodetectors were measured in a dark condition and under
UV illumination. At 40 V, m-Z, M, 330, m-Z; oM, 4,0, and
m-Z30M 4,0 devices exhibit the extremely low dark current of

MgO[112] ¢

ZnO[1T00]

ZnO[0001) MgO[111]

(b) s

MgO[T110]

@—> AL,0,[T100]

ALOs[1120]

Figure 3. (a) ZnO (0002), (b) MgO (111), and (c) a-ALO; (1120) surfaces atom arrangements and relative orientations.
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Figure 4. (a) Schematic diagram of MSM photodetector (not to scale). (b) I-V characteristics of the m-Z,sM;330, m-Z oM 4,0, and m-
Z3sM61O photodetectors in a dark condition and under UV illumination. (c) Schematic diagram of experimental setup for the measurement of
response time. Transient response of m-ZMO photodetector was analyzed by using a pulsed Nd:YAG laser with a wavelength of 266 nm (the laser
pulse width was 10 ns, and the frequency was 10 Hz) and a digital oscilloscope. (d), (e), and (f) are the transient response of m-Z,¢;M,3;0, m-
Z4.5oMo410, and m-Z, 3,M; ;O photodetectors at 40 V, respectively. The right of (f) is the response of m-Z,3,M;¢,;0 photodetector in a single cycle.

only 78, 11, and 4 pA, respectively. Under UV illumination, the
current of the m-Zy4;M3;0 device (A = 320 nm, power
density =1 mW/cm™2), m-Zy5sMy4,O device (4 = 306 nm,
power density =0.8 mW/cm ™), and m-Z3,M 4,0 device (4 =
255 nm, power density =0.6 mW/cm™?) is 456, 145, and 2.66
UA, respectively. The photo-to-dark current ratio is more than §
orders of magnitude. For the application of photodetector in
the optical switching devices or optical communication systems,
response speed is an important figure of merit. Figure 4c is the
schematic diagram of the experimental setup for the measure-
ment of response time. The transient response of m-ZMO
photodetector was analyzed by using a pulsed Nd:YAG laser
with a wavelength of 266 nm (the laser pulse width was 10 ns,
and the frequency was 10 Hz) and a digital oscilloscope. As
shown in Figure 4d—f, the photoresponse of m-ZMO was very
fast, highly stable, and reproducible. The 90—10% decay time
can be estimated to be ~37, ~ 30, and ~0.7 ms for m-
Z6:My 330, m-Z; oM, 4,0, and m-Z30M, ¢, O, respectively.
Figure Sa is the photoresponse spectra of m-ZMO
photodetectors at 10 V bias in logarithmic scale (200 W UV-
enhanced Xe lamp with a monochromator as light source). The
peak responsivity is ~32 A/W (320 nm), ~1.9 A/W (306 nm),
and ~0.2 A/W (255 nm) for m-Z ;M 3,0, m-Zy oM, 4, O, and
m-Z30Mg 4,0, respectively. The —3 dB cutoff edge is around
330 nm (m-Z,;Mg330), 320 nm (m-Z sM,4,0), and 280 nm
(m-Zy30My6,0), which is in good accordance with the optical
transmission edges in Figure 2b. As shown in Figure Sa, the
UV—visual rejection ratio, defined as the ratio between the peak
responsivity and resonsivity at 400 nm, can reach as large as 10°
for m-Z;M;330 and m-Z oM, 4,0 devices. Notablely, there
is a very weak shoulder around 320 nm in spectral response of
the m-Z;3,My6 O photodetector. This result is in good
agreement with the transmission spectrum of m-Zy30M;4,0
in Figure 2b, in which a weak absorption around 320 nm can be
clearly observed because of the little difference of the band gap
between c- and w-ZMO. Figure 5b shows the peak responsivity
as a function of bias voltage. A liner relationship can be
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Figure S. (a) Spectral response of the m-Z ;M 330, m-Z; oM, 4,0,
and m-Z3yM,¢ O photodetectors at 10 V bias in logarithmic scale.
(b) Peak responsivity, (c) gain, and (d) detectivity of the m-
Zy,6:M330, m-Zy M40, and m-Z;;0My,0O photodetectors as a
function of bias voltage.

observed between 10 and 40 V for all devices, indicating no
carrier mobility saturation or sweep-out effect up to 40 V.”* At
40 V, the peak responsivity of m-Z;M,330, m-Zy5oM4,0,
and m-Z3yMy6 O photodetectors can reach as high as 434,
89.8, and 3.7 A/W, respectively. According to the previous
reports, the responsivity (R) of photodetectors can be
expressed as the following function:*®

G

R= MY
he (1)
where g is the elementary charge, 4 is the wavelength, # is the

quantum efficiency, G is internal gain, & is Planck’s constant,
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and ¢ is the light velocity. Thus, assuming the quantum
efficiency is 100%, the internal gain of the devices can be
calculated from eq 1 with different applied voltages as shown in
Figure Sc. At 40 V, the internal gain of m-Z;4M;3;0, m-
Zy5oM.4,0, and m-Zy30M, O photodetectors is about 1684,
356, and 18, respectively. In addition to responsivity, detectivity
is another important figure of merit reflecting the photo-
detector sensitivity to incident light. Considering the major
sources of noise should be the thermal noise and the shot noise
from dark current in our devices, the detectivity (D*) can be

quantified by the following equation:**~*
1/2
* _ AR
(4k0T/Rdark + 2’quark)l/2 (2)

where A is the active area, R is the responsivity, k, is the
Boltzmann constant, T is the temperature, Ry, is the
equivalent resistance obtained from the slope of the dark
current -V curve at the bias point, g is the elementary charge,
and I4,, is the dark current at the bias point. The detectivity as
a function of bias voltage is indicated in Figure Sd. The
maximum detectivity of m-Z¢,M330, m-Z oM 4,0, and m-
Z43sMg 610 photodetectors is 7.9 X 10", 3.5 X 10", and 2.26 X
10" Jones, respectively. The large detectivity is associated with
low dark current and high responsivity, the origin of which will
be discussed in the following part.

Considering the mixed-phase nature of our ZMO films, the
operation mechanism of the MSM structured photodetector is
proposed and schematically presented in Figure 6. As shown in
Figure 6a, c- and w-ZMO are uniformly and dispersedly grown
on the surface of a-Al,O; substrate at the same time. The c-
ZMO usually has high inherent resistance, which can be mainly

AT

a-AlO,
w-ZMO ¢c-ZMO w-ZMO E
N AN K
N S NG

Interface states

Olrss

w-£ZMO c-ZMO w-ZMO

In dark

(€ 7~ ¢-ZMO | w-ZMO

Figure 6. Energy band diagram and carrier transport process of m-
ZMO photodetector at different conditions: (a) at thermal
equilibrium, (b) under bias in dark, and (c) under bias with UV
illumination.

responsible for the low dark current of our m-ZMO
photodetectors.u_B’24 Apart from that, the low dark current
can be also caused by large amounts of heterojunctions
between w-ZMO and ¢-ZMO. According to the previous
reports, the electrons could be trapped at interfaces between c-
ZMO and w-ZMO, inducing the gotential barriers as shown in
the bottom of Figure 6a.”*'~" When the bias voltage is
applied on the m-ZMO photodetector, these potential barriers
impede the flow of electrons in m-ZMO in dark (see Figure
6b), which is partly responsible for the small dark current of the
devices. As for the m-ZMO thin films fabricated on the other
substrates, the growth process of one phase precipitating from
another oversatuated phase determines that the distribution of
c- and w-ZMO is very uneven.’””” Thus, the carriers can easily
flow through the low-resistance w-ZMO, resulting in a relatively
large dark current (see Figure S7). When we turn on the UV
light (see Figure 6¢), the electron—hole pairs are excited and
the photogenerated holes are driven by electric field and
trapped at the c-/w-ZMO interfaces, prolonging their lifetime.
As is well-known, the internal photoductive gain G can be
expressed as the following equation: G = 7/t (where 7 is the
lifetime of photogenerated holes and ¢ is the transit time of
electrons); thus, the large photoresponsivity (internal gain) in
our m-ZMO devices should be associated with the prolonged
lifetime of photogenerated holes."" Besides the interface defect
between c- and w-ZMO, deep defects (such as zinc vacancies or
oxygen interstitials located above valence band) in ZMO
should also partly contribute to the long lifetime of holes and
the photoconductive gain."'*!"*1#4=4

Table 1 summarizes the representative reported w-ZMO, c-
ZMO, and m-ZMO photodetectors, whose cutoff wavelengths
are similar to our devices. Compared with the single-phase
ZMO devices, although the decay speed is a little slow, m-
Z,6:My.330, m-Z oM 4,0, and m-Z;33M, 4,0 devices possess
low dark current, high responsivity, and large rejection ratio at
the same time. As for the relatively slow decay of m-ZMO
devices, the interface defects at heterojunction boundaries
should be the main reason because they can act as the traps of
holes, prolonging the lifetime of minor carriers. In contrast,
owing to the absence of these heterojunction traps, the decay
speed of single-phase ZMO devices is much quicker than that
of m-ZMO ones. In comparison to the most m-ZMO devices
fabricated on other substrates, our devices not only have the
single cutoff wavelength but also show lower dark current,
faster decay time, higher rejection ratio, and comparable
responsivity. Notablely, m-Z¢M,3,0 photodetector reported
by W. Yang et al. possessed higher responsivity and faster decay
time."* In fact, from their XRD results, the ultraweak diffraction
peak of ¢-ZMO indicated that the content of ¢-:ZMO is very
little, and thus, it contributes little to the overall characteristics
of m-Z; 4¢M, 3,0. In other words, the m-Z ;M 3,0 in ref 14 is
more like the pure w-ZMO with high responsivity and large
dark current. Additionally, our m-ZMO devices possess large
detectivity, which is a requisite to achieve a high signal-to-noise
ratio for photodetectors in weak signal detection, especially. In
a word, our devices possess good comprehensive performance
than the other ZMO photodetectors, such as low dark current,
high responsivity, relatively fast response speed, high rejection
ratio, and large detectivity.

B CONCLUSIONS

m-ZMO thin films with single and tunable optical absorption
edges were successfully grown on a-Al,O; by P-MBE, which is
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Table 1. Dark Current, Peak Responsivity, Cutoff Wavelength, Rejection Ratio, and Decay Time of Photodetectors Based on w-
ZMO, ¢-ZMO, and m-ZMO

substrate dark current (pA) peak responsivity (A/W)
w-Zy Mo 340 Si 7.67 X 10° (5 V) 34.02 (SV)
w-ZysMy40 quartz 42 x 10* (3V) 1(3V)
w-Zy54Mg 460 c-ALO; 2.7 X 10° (5 V) 201 (SV)
W-Z54Mp 460 quartz 34 (10V)
Z,51Mg 400 a-AL O, 3(10V) 5.188 (10 V)
c-Z.46Mo.540 c-AL O, 045 (10 V) 0.396 (10 V)
c-Zo4sMo5,0 MgO 16 (15 V) 0.129 (15 V)
m-Zy¢6My 340 c-ALO, 4% 10" (5V) 1200 (5 V)
m-ZMO MgO 462 (1V)
m-ZMO MgO 3(1V)
m-ZMO MgO 60 (1V)
m-ZMO Si 1 X 10® (=15 V) 0.032 (-1.5V)
m-Zy3sM 6,0 a-AL O, 2 (10 V) 1.664 (10 V)
m-Zy M 33,0 a-AL O, 4 (10V) 32 (10V)
m-Zy oMy 4,0 a-ALO; 6 (10 V) 19 (10 V)
m-Z35Mpg, O a-Al, O, 2 (10V) 0.2 (10V)

cutoff wavelength (nm)  rejection ratio  decay time (90—10%) (ms) ref

~330 ~5 120 7

~330 ~10 39x10°° 8

~280 140 9

~280 10° 0.462 10

~320 103 0.024 11

265 10 12

253 10* 1% 1073 13

317 10* 14 x 1073 14

~275, ~370 2.5 x 10* 9

~280, ~350 3 x 10* 15

~275, ~350 2 x 10* 16

~280, ~400 17

275 10° ~1x 10° 18

330 10° 37 this work
320 10° 30 this work
280 103 0.7 this work

associated with the small lattice mismatch of both ZnO and
MgO with a-Al,O;. On the basis of these films, m-ZMO MSM
photodetectors were realized with the single cutoff wavelength
tuning from 335 to 275 nm. At 40 V, the dark current of m-
Zy6:My330, m-Zy oM 4,0, and m-Z30M ;O devices is only
78, 11, and 4 pA, respectively. Meanwhile, the responsivity can
reach as large as 434 A/W (m-Z;M,3;0), 89.8 A/W (m-
ZossMy410), and 3.7 A/W (m-Z;3;0My,0). The excellent
photoelectric characteristics of m-ZMO MSM photodetectors
are associated with the heterojunction interfaces between w-
ZMO and c¢-ZMO. What is more, the response speed of m-
Z.6:My.330, m-Z; oM, 4,0, and m-Z 30M, 4, O is around 37, 30,
and 0.7 ms, respectively. Compared with other ZMO
photodetectors with similar cutoff wavelengths, our devices
have more excellent comprehensive performance, including low
dark current, high responsivity, relatively fast response speed,
and large detectivity. Owing to the easy fabrication process and
excellent performance, the m-ZMO-based UV photodetectors
should have huge potential applications in many fields.
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