ROYAL SOCIETY

Journal of

Materials Chemistry C

OF CHEMISTRY

View Article Online

View Journal | View Issue

Performance improvement of a ZnMgO ultraviolet
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Herein, ZnMgO thin film ultraviolet (UV) photodetectors based on metal-semiconductor—metal structure
were fabricated on a-plane sapphire substrates by plasma-assisted molecular beam epitaxy. The effect
of H,O, solution treatment on the properties of the ZnMgO thin film and its UV photodetectors was
investigated. After immersing the ZnMgO UV photodetector in a H,O, solution at 100 °C for 3 min, the
dark current of the device was reduced by more than one order of magnitude under 1 V bias, whereas
the responsivity was slightly decreased. More interestingly, the response speed became much quicker
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can be attributed to the reduction in the oxygen vacancy defects. Our findings may provide a promising
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Introduction

Ultraviolet (UV) photodetectors have received significant atten-
tion due to their widely potential applications such as in flame
detection, space-to-space communication, missile plume detec-
tion, astronomy and biological research.'™ ZnO, as a direct
wide-band-gap semiconductor (~3.37 eV), has been regarded
as one of the most promising materials for the fabrication of
UV photodetectors due to its low defect density, high radiation
hardness, low cost, and environmental friendliness. Moreover,
the alloying of ZnO with MgO to make ZnMgO can continually
increase the band gap from ~3.37 eV to ~7.8 eV, which allows
the detection of both solar blind and visible blind UV radiation.’
To date, various ZnO-based UV photodetectors have been realized
with different device structures such as p-n junction, Schottky
junction, metal-semiconductor-metal (MSM) structure, and
nanosensor.®'® According to the previous reports, the electrical
and the optoelectronic properties of these devices are signifi-
cantly dependent on the quality of ZnO-based semiconductor
materials."'* Especially, ZnO exhibits a strong chemisorption/
desorption behavior through surface processes; thus, the perfor-
mance of ZnO-based UV photodetectors is strongly affected by
the surface states of Zn0."*'* For example, the slow O, adsorp-
tion/desorption processes on the surface of ZnO could lead to the
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approach for improving the performance of photodetectors.

long rise/decay time of bare ZnO UV photodetectors.'**®> More-

over, the responsivity and the dark current of ZnO-based UV
photodetectors are usually affected by H,O/O, adsorption on the
ZnO surface.'®'” To eliminate the influence of the surface state
and improve the performance of ZnO UV detectors, various
methods have been investigated such as surface passivation by
highly intensive UV irradiation,'® annealing,'® oxygen plasma
treatment,’” surface modification by other nanomaterials,"*?°
and so on. Although there is a considerable progress regarding
how to reduce or eliminate the influence of the surface state on
the performance of ZnO-based UV photodetectors, most of the
abovementioned methods are not very effective, and the device
performance is still lower than expected.

Previous studies have shown that H,O, solution treatment
can efficiently improve the quality of the Schottky contacts
between ZnO and electrodes and can also suppress the visible
photoluminescence (PL) emission in ZnO associated with oxygen
vacancy (Vo) defects.”’>® These phenomena indicated that the
treatment by H,O, solution can remove the surface Vo and repair
the crystal defects of the ZnO film.>* It is thus expected that the
performance of ZnO-based photodetectors can be improved via
the H,0, solution treatment. However, to date, no information
can be found about this. In this study, we have investigated the
effect of H,O, solution treatment on the performance of a
ZnMgO film UV photodetector. It was found that the H,O0,
solution treatment could dramatically improve the response
speed of the ZnMgO UV photodetectors, as well as decrease the
dark current of the devices. Moreover, the X-ray diffraction
(XRD), energy dispersive spectrometry (EDS), scanning electron

This journal is © The Royal Society of Chemistry 2017
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microscopy (SEM), and room-temperature photoluminescence
(PL) and transmission spectroscopies were utilized to investi-
gate the influence of H,0O, solution treatment on the crystalline
structure, component, morphology, and optical properties of
the ZnMgO films. The mechanism of the property change has
been discussed. This result indicates that the solution surface
treatment to the device may be an effective way to improve the
overall performance of the UV detectors.

Experimental

ZnMgO thin films were grown on a-plane sapphire substrates
by plasma-assisted molecular beam epitaxy (P-MBE). 6N-purity
zinc and 5N-purity magnesium held in thermal Knudsen cells
and 5N-purity O, activated in a radio frequency plasma source
were selected as precursors. Prior to growth, sapphire substrates
were ultrasonically cleaned with a sequence of trichloroethylene,
acetone, alcohol and de-ionized water for 10 min in each step,
followed by drying with N, gas. During the growth of ZnMgO, the
substrate temperature was kept at 450 °C for 3 hours, and the
radio frequency power was fixed at 300 W with O, flow rate of
1.0 sccm. In addition, the temperature of Zn and Mg cells were
controlled at 215 °C and 298 °C respectively. Interdigital gold
electrodes with a thickness of 30 nm were deposited on the
surface of ZnMgO film to fabricate the MSM structured devices
by standard photolithography and lift-off technique. The deposi-
tion of Au films was carried out at room temperature by
sputtering method. Both finger width and gap between fingers
were 10 um, and finger length was 500 pm. After that, the
ZnMgO UV detectors were immersed in H,O, solution at 100 °C
for 3 min. D/max-RA XRD (Rigaku) with Cu Ka as the radiation
source (A = 0.154 nm) was used to investigate the structural
properties of ZnMgO. PL (Hitachi F7000) spectra of the samples
were measured at room temperature using Xe lamp with a
monochromator (4 = 270 nm) as the excitation source. The
current-voltage (I-V) properties and spectral responses were
measured using semiconductor parameter analyzer (Keithely
2200) and 200 W UV-enhanced Xe lamp with a monochromator,
respectively.

Results and discussion

Fig. 1a shows the XRD patterns of the pristine and H,O,
solution-treated ZnMgO films on a-plane sapphire substrates.
Besides the (11—20) diffraction peak of the sapphire substrate,
only one diffraction peak located at 20 = 34.88° can be observed,
which corresponds to the (0002) orientation of wurtzite ZnMg0O.>*
After the solution treatment, it was noticed that the (0002)
diffraction peak of ZnMgO slightly shifted towards higher-angle
side, and the full width at half maximum (FWHM) decreased
from 0.20° to 0.18°. The EDS analysis shows an increase in the
Zn/Mg ratio of the ZnMgO alloy after H,O, solution treatment,
which is presumably associated with a higher hydrolysis rate of
MgO than that of Zn0.”"** The effect of H,0, solution treat-
ment on the PL property of the ZnMgO films was investigated,
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Fig. 1 The XRD pattern (a) and PL spectra (b) of the pristine and H,O,-treated
ZnMgO films.

as shown in Fig. 1b. A xenon lamp combined with a mono-
chromator was used as a light source (4 = 270 nm). The PL
spectra of both the pristine and H,0, solution-treated samples
exhibit a dominant sharp UV emission peak at 340 nm, which
originates from the excitonic recombination corresponding to
the band edge emission of ZnMg0.> In addition, an obvious
visible emission associated with Vg defects can be observed from
the pristine ZnMgO film.”” Interestingly, the H,0, solution treat-
ment could distinctly suppress the visible emission. It is prefer-
ably suggested that most of the oxygen vacancies both on the
surface and in the bulk of the ZnMgO film are filled via the
solution treatment.”*?° The transmission spectra (inset of Fig. 1b)
indicate that the H,O, solution-treated ZnMgO film has a higher
transmittance in the visible region with a sharper edge at about
350 nm in comparison with pristine ZnMgO.

Fig. 2 presents the SEM images of the pristine (Fig. 2a) and
H,0, solution-treated (Fig. 2b) ZnMgO films. In Fig. 2a, it is
obvious that the pristine ZnMgO film has a rough surface with
hexagonal pyramid-shaped nanostructures as well as some nano-
particles. After the treatment via H,O, solution, the surface of
ZnMgO was composed of a large amount of uniform nano-grains,
as shown in Fig. 2b. Additionally, H,O, solution treatment could
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Fig. 2 Top-view and side-view (inset) SEM images of pristine (a) and H,O,
treated (b) ZnMgO films.

decrease the thickness of the ZnMgO film from ~500 nm to
~470 nm (see the insets of Fig. 2a and b). Fig. 3a displays the
dark current-voltage (I-V) curves of the ZnMgO detectors with
and without H,O, solution treatment. The linear I-V relation-
ship indicates the formation of Ohmic-like contacts between
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Au electrodes and ZnMgO films for both devices. After the
treatment by H,O, solution, the dark current remarkably
decreased by more than one order of magnitude. The spectral
response of the pristine and H,0, solution-treated ZnMgO
detectors was measured under 1 V bias, as shown in Fig. 3b.
It can be seen that the response peak appeared at around 326 nm
with a —3 dB cut-off wavelength of 350 nm for both devices,
which is in good agreement with the transmission spectra shown
in Fig. 1b. After treatment with the H,O, solution, the peak
responsivity decreased from 14 AW ' to 4 AW . Moreover, the
UV/visible rejection ratio (R326 nm/R500 nm) was more than
four orders of magnitude for both devices.

To investigate the effect of H,0, solution treatment on the
response speed of the ZnMgO photodetectors, time-dependent
photoresponse measurement was carried out both in vacuum
and oxygen atmosphere by periodically turning on and off the
330 nm light under 1 V bias, as shown in Fig. 4. In vacuum, the
current of the pristine ZnMgO photodetector decays very slowly
and does not recover to the initial value (Fig. 4a). In contrast, the
speed of this device would be obviously increased on exposure to
oxygen (Fig. 4b). The slow photocurrent decay and its obvious
dependence on atmosphere indicate that the oxygen chemi-
sorption process plays an important role in this pristine ZnMgO
photodetector. According to the previous reports, after turning
off the light, the photogenerated electrons can still contribute
to the device current until they are captured by the surface
states of ZnMgO." The oxygen molecules would adsorb on
oxygen deficiencies on the ZnMgO surface, which would capture
the photogenerated electrons, and the response speed of pristine
ZnMgO photodetector in oxygen atmosphere is thus much
quicker than that in vaccum.'®'® Interestingly, after treatment
with the H,0, solution, the device has the similar rise/decay
time both in vacuum and an oxygen atmosphere. This result
indicates that H,O, solution treatment can remove the Vg
defects on the ZnMgO surface, which is in good agreement
with the PL result as shown in Fig. 1b. Thus, the response speed
of the solution-treated device is insensitive to the atmosphere.
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Fig. 3 (a) The dark current—voltage (/-V) curves of the ZnMgO detectors with and without H,O, treatment. (b) The spectral response of the ZnMgO

detectors under 1V applied bias.
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Fig. 4 Temporal response of the detectors measured by shutting on/off the 330 nm light under a 1 V applied bias in vacuum (a) and oxygen (b).

Moreover, compared to the pristine ZnMgO photodetector,
H,0, solution-treated device exhibits better on/off switching
performance with higher stability and reproducibility. The
recovery time (decay time) was extracted from the time taken
to reach 10% of the photocurrent after switching off the light.
For the pristine ZnMgO photodetector, the recovery time is

more than 10 hours and ~4 s in vacuum and in an oxygen
atmosphere, respectively. After treatment with the H,O, solution,
the recovery time is decreased to less than 1 s both in vacuum and
in an oxygen atmosphere.

ZnMgO photodetector treated with H,O, solution shows a
lower dark current and a faster response speed as compared to
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Fig. 5 Schematic of the photoresponse process of pristine (a) and H,O,-treated (b) ZnMgO detectors.
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the pristine device. To obtain good understanding of the
mechanisms of the performance enhancement via solution
treatment, a model based on the surface effect was proposed,
as shown in Fig. 5. For the pristine ZnMgO, there are a large
number of Vy defects on its surface. In the dark, oxygen
molecules will be adsorbed on these defect states and capture
free electrons.'” After treatment with the H,0, solution, the gas
molecules cannot be adsorbed on the surface of the ZnMgO
film due to the removal of the surface V, defects; this would
partly increase the dark current. However, the filling of the Vo
defects, which usually act as electron donors, in the bulk of
ZnMgO could strongly decrease the conductivity of ZnMgO.
Additionally, the solution treatment can cause the ZnMgO film
thinning, and the corresponding schematic device structure is
shown in Fig. 5b. The formation of the ZnMgO neck between
Au electrodes and ZnMgO film should also decrease the dark
current. Therefore, the dark current of the solution-treated
device is much smaller than that of pristine device. Under UV
light, photogenerated carriers promote the desorption process
of adsorbed oxygen molecules for the pristine ZnMgO photo-
detectors. During the desorption process, the trapped electrons
are free to conduct. After turning off the light, the readsorption
of the gas will reduce the concentration of the photogenerated
carriers; thus, the oxygen gas concentration in the environment
will affect the lifetime of the photogenerated carriers, as pre-
viously mentioned.">"*>'® After treatment with the H,0, solution,
due to the effective removal of the V defects, the gas adsorption
effect should be very weak, and thus, the response speed of the
device is found to be insensitive to the gas atmospheres.

Conclusions

In summary, ZnMgO thin film UV photodetectors were pre-
pared on a-plane sapphire substrates by plasma-assisted MBE
technique, and their performance was investigated before and
after treatment with the H,O, solution. After immersing the
detector in H,O, solution at 100 °C for 3 min, the dark current
of the UV detector is reduced by more than one order of magni-
tude, and the recovery time can be decreased from more than
10 hours to less than 1 s in vacuum. Additionally, the response
speed of the solution-treated device is found to be insensitive to
the gas atmosphere. This phenomenon could be explained by
the removal of V4 defects due to the H,O, solution treatment,
which was confirmed by the PL results. Our findings in this
study indicate that the solution surface treatment of the device
may be an effective way to improve the overall performance of
the UV detectors.
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