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Abstract: We have previously developed ultra-high vacuum RF magnetron sputtering systems. They can produce
high-quality single-crystalline compound semiconductor layers without grain boundaries on sapphire substrates.
We aim to utilize these semiconductor layers in high-sensitivity sensor devices used for detecting leakage
hydrogen gas (H,) from storage facilities and for early finding UV irradiation from accidental hydrogen flames.
This study demonstrates the sensitivity of our single-crystalline zinc oxide (ZnO) layers to detect H, and UV
irradiation. In the result, the H, sensor showed sufficient sensitivity to detect up to 5 ppm of H,. Moreover, the
UV sensor could detect UV irradiation of 0.01 uW/cm? at wavelength of 360 nm. Although as-grown single-
crystalline ZnO layers is used without employing any sensitivity-enhancement techniques, these sensors could
achieve the sensitivity equal to that of commercial devices. Thus, we considered that our single-crystalline ZnO

layers using sensitivity-enhancement techniques could yield ultra-high sensitivity devises.
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1. Introduction

Sputtering is a common inexpencive method for
depositting various materials as thin films; however,
these films do not have high crystallinity. We have
previously developed ultra-high vacuum RF
magnetron sputtering systems that could achieve
ultimate pressures of 10" Pa and ultra-high substrate
temperatures up to 1200 °C [1]. These systems can
produce high-quality single-crystalline compound
semiconductor layers, such as gallium nitride (GaN)
and zinc oxide (ZnO) on sapphire substrates [2-3].
High crystalline orientation of these layers was
revealed via X-ray diffraction (XRD) measurement
and any grain boundaries and cracks on the layers were
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not found as far as observation by scanning electron
microscopy (SEM). Our next purpose is utilize these
high-quality semiconductor layers in high-sensitive
sensors. To this end, we have discussed the utility of
using our single-crystalline ZnO layers for
hydrogen gas (H,) and UV sensors at international
conferences [4].

Detection of leakage H» from its storage facilities
and early finding accidental hydrogen flames are
becoming important along with developing the
hydrogen energy system [5-8]. Therefore, high-
sensitivity of H, and flame sensors are further required
in the future. Metal oxide (MOX) semiconductor
materials, such as ZnO and tin oxide (SnO;), are
highly sensitive to various gases and they are often
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used in gas sensors [9-10]. Hydrogen flame is
invisible, but it radiates UV light. UV light detection
is suitable for early finding hydrogen flames, because
UV light detection has advantages for immediacy and
small disturbance over heat source detection [7-8].
Several MOX semiconductor materials have bandgaps
greater than 3 eV; therefore, they can be used for high-
sensitivity UV sensors without requiring visible light-
blocking filters unlike silicon semiconductor-based
UV sensors [11].

Most resistive MOX semiconductor gas and UV
sensors employ nanostructure layers in the form of
nanorods, nanowires, or grain layers. Several studies
have applied thin-film and crystalline layers to gas and
UV sensors [12-13]; however, these layers exhibit a
poly-crystalline structure. Although single-crystalline
MOX semiconductors possess ideal electrical
properties to be used in sensors, their high production
cost and difficult fabrication has limited their use in H
and UV sensors.

This study demonstrates the sensitivity of our
single-crystalline ZnO layers to detect H, and UV
irradiation. Additionally, our aim is not only
developing high-sensitivity —sensors but also
suggesting a hybrid sensor device for both H, and UV
detection which is manufactured on one ZnO layer for
detecting hydrogen accidents effectively.

2. Materials and Methods

2.1. Growth Process of ZnO Layers

Single-crystalline ZnO layers were grown on
sapphire [a-Al,O3(0001)] substrates using our
developed ultra-high vacuum RF  magnetron
sputtering system, as shown in Fig. 1.
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Fig. 1. Schematic diagram of the sputtering system.

A 5-N grade ZnO sintered compact was used as a
sputtering target. Prior to deposition, the main
chamber was evacuated to less than 1.5 x 10 Pa. 6-N
grade argon gas (Ar) purified by a liquid N, trap was
used as the sputtering gas. Ar flow rate was regulated
5sccm, and Ar pressure was set to 2 Pa. The
13.56 MHz RF power input was regulated 100 W.
When ZnO layers were deposited on the substrate for

application in UV sensors, 4 % of 6-N grade nitrogen
gas (N2) was mixed with the sputtering gas to
compensate by acceptors for any electron carriers
present in ZnO layer defects. Substrate temperature
while depositing was set to 550 °C when the layer was
used as a H» sensor and to 780 °C when the layer was
used as a UV sensor. Deposition time was 30 min, and
resulting layer thickness was 860 nm (H» sensor) and
570 nm (UV sensor).

2.2. Properties of ZnO Layers

Electrical conduction properties of these layers
were n-type, and electrical properties, which were
measured by the van der Pauw method, are shown in
Table 1. Preliminary experiments showed that a lower
carrier density of ZnO layers provided better H, and
UV sensitivity; however, some deposition parameters
described above differed depending on the purpose of
use of the produced layer. The surface morphology of
layers used as H, sensors were controlled to an
ultrafine, not completely flat structure. Alternatively,
when layers were used as UV sensors, only
low electron density was considered over
other parameters.

Table 1. Electrical properties of ZnO layers.

Electron Electron Resistivit
density mobility y
He s 106em? | 5.6emVes | 25Q-em
sensor
uv 33x10%cm3 | 3.9cm?V-s 49 Q-cm
sensor

The crystalline quality of ZnO layers used for
sensors was evaluated via XRD measurements, and
the results of the layer used as the H, sensor are shown
in Fig. 2. The 26/w scan mode showed a single and
narrow peak for the ZnO (0002) face, indicating that
the ZnO layer had high c-axis orientation. Using the ®
scan mode, FWHM of the ZnO (0002) peak was
1140 arcsec; this narrow peak suggested that the layer
had high uniformity of c-axis tilt-angle. The relation
of peaks between ZnO and AlO; in ¢ scan mode
revealed that the ZnO layer had an epitaxial relation
with the sapphire substrate. In cases wherein the layer
was used as the UV sensor, 26/w scan mode showed
the same result as Fig. 2(a), FWHM of the ZnO (0002)
peak in @ scan mode was 540 arcsec, and the result of
its ¢ scan mode showed the same relation of Fig. 2(c).

Fig. 3 shows the SEM images of the ZnO layers,
which shows that they had a flat surface and fine
structures. Grain boundaries were not present in the
layers as far as we observed by SEM. Additionally,
root mean square surface roughness of the layers used
as Hy and UV sensors reached to 1.6 and 3.3 nm,
respectively. These results imply that these were
single-crystalline ZnO layers.

33



Sensors & Transducers, Vol. 229, Issue 1, January 2019, pp. 32-38

10x10° F 5X10°F 10°
E Zn0/0~AL O, @ £ ZnO/a-Al,04 5| ZnO{10-12}
E S E Zn0(0002) 10"
8E < 4F w0t
E < E 3
- £ & < - F _1r
5 E | E E 3
i % g 3 2 3F 3wt
£ FE g g F £ 10
§ 4 N £ af £ 10 F o-ALO{11-26)
= E = E < L
- - E = s
: 10° 1
1F L
£ 10°F
TR TR TR ERTTE FRTRURTETY ATRTURRERY RURTRNIT (L} *srorw srwrsrarm s W R TP Ewwwrm wwararm an
34 36 38 40 42 16 17 18 19 0 50 100 150
26 [degree] a [degree] @ [degree]
(a) 20/w scan mode (b) @ scan mode (c) ¢ scan mode
Fig. 2. XRD spectrum of the ZnO layer used as the Hz sensor.
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Fig. 3. The surface SEM images of the ZnO layers.

2.3. Sensor Device Structures and Evaluation
Systems

Both H; sensor and UV sensor demonstrated in this
paper were resistive devices. Sensor device structures
are shown in Fig 4. Gold and titanium (Au/Ti)
electrodes were deposited on the ZnO surface in
parallel. We confirmed that ohmic contact was
established between these electrodes and the ZnO
layers. In the H; sensor, nickel (Ni) wires were bonded
on each Au electrode using silver (Ag) paste. In the
UV sensor, needles of phosphor bronze were placed
on each Au electrode to have electric contact. Both
sensors had sensor area of 3x7 mm.
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Fig. 4. Schematic of the sensors.

Fig. 5 schematizes the evaluation systems of the H»
and UV sensors. In evaluations of both sensors, 5 V
bias voltage was applied between each electrode;
resistance changes in the sensor was observed via
sensor current, which passed through the ZnO layer,
measured using a digital multimeter (DMM).
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Fig. 5. Schematic of the evaluation systems.
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Heating is required to adsorb gas onto the sensor
surface for operating resistive MOX semiconductor
gas sensors [14-15]. Therefore, H, sensor was heated
to 400 °C in a tubular electric furnace. The sensor was
placed in a fused glass tube; both ends were capped
using silicon rubber caps containing a gas inlet and
outlet tube. A standard gas mixture of 6-N grade 20 %
0O, and 80 % N, was used, which is hereafter referred
to as “air”. For obtaining sensor response to H,, 6-N
grade H, was mixed with O, and N,; H, was
predetermined concentration, O, was constant 20 %,
and N, was used as balance gas. This mixed gas was
described as “H» gas” and distinguish it by denoting
its H, concentration. These mixed gas pressures were
atmospheric pressure, and flow rates were regulated to
50 sccm in total.

For evaluating the UV sensor, a xenon (Xe) lamp
was used as a light source for irradiating and exciting
the ZnO layer. Irradiation power was reduced by
neutral density (ND) filters, and desired wavelength
was selected using bandpass filters and a
monochromator. This experiment was performed in a
dark room at room temperature.

3. Results

3.1. Response of the H; Sensor

When the H, sensor is heated in air condition,
resistance of the sensor is increased by binding of
electrons caused by the adsorption of O, onto the
sensor surface. Conversely, when H» gas flows into the
sensor, the resistance is decreased by released and
supplied electrons, resulting from the adsorption of H,
onto the sensor surface. These behaviors are affected
by the work temperature of the sensor, and a higher
resistance ratio between air and H, gas conditions
imparts higher sensitivity to H.

Therefore, we investigated the dependence of
sensor resistance on work temperature in air and 1 %
H, gas condition. We evaluated these sensor current
after varying the work temperature and waiting until
the current reached a steady state. In air condition, the
current significantly decreased at 300 °C work
temperature or more, as shown in Fig. 6. In 1 % H» gas
condition, the current decreased at 450 °C work
temperature or more due to thermal desorption of Ho.
We observed similar work-temperature dependency in
other ZnO layers; therefore, 400 °C was considered as
the suitable work temperature for our ZnO H, sensors.

Prior to investigating H» sensitivity, the sensor was
heated at 400 °C in air condition until the sensor
current reached a steady state. We defined this steady-
state current value as base current ;.. In this case, L
was 7.1 nA. When H; gas flowed into the sensor, the
sensor current increased, as shown in Fig. 7. H; gas
conditions was kept for 10 min, and current at the end
of the period was evaluated as H, gas response /i12. The
responsivity ratio R, was calculated as the ratio
between I,;r and /i using Equation (1).

Ry = (Inz — Lair)/Lair (1
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Fig. 6. Dependence of sensor resistance on work
temperature in each gas condition.
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Fig. 7. Response of the Hz sensor to change
in gas condition.

The sensor showed significant response to low H»
gas conditions less than 10 ppm, as shown in Fig. 8. R;
was calculated as 0.3 at 10 ppm H» gas condition, as
shown in Fig. 9. R, at 7 ppm was approximately equal
to that at 6 ppm or less. Responsivity R was defined
using H» gas concentration Cy, using Equation (2).

R= (IHZ - Iair)/CHZ (2)

R of this sensor was around 0.25 nA/ppm under
low H; gas conditions. Therefore, we considered that
the limit of detection of this sensor was 5 ppm H,, but
the limit of resolution was 10 ppm Ho.

Large surface areas for adsorbing gases and
formation of depletion layers at bottleneck structure of
grain boundaries are effective for enabling dynamic
resistance changes of MOX semiconductor gas
sensors [14-15]. Although our ZnO layer did not have
bottleneck structures, the H; sensor could detect up to
5 ppm H>. We considered that the ultrafine structures
of the ZnO layer surface provided sufficient surface
areas for gas-molecule adsorption, and a depletion
layer was present from the ZnO surface to thickness
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direction [16-17]. Moreover, due to the ZnO layer
having higher crystallinity than that in conventional
sensors, it has lower electron density and higher
electron mobility. Therefore, it was suggested that
these characteristics led to less parasitic resistance,
thereby increasing the response to gas [18].
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Fig. 8. Response of the Hz sensor in low H2 gas condition.
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Fig. 9. Responsivity ratio (Rr) of the Hz sensor
to Ha concentration.

3.2. Response of the UV Sensor

Fig. 10 shows the transmittance of the ZnO layer
used as the UV sensor. Visible light and infrared
irradiation passed through it and UV irradiation less
than wavelength of 360 nm was absorbed completely.
This cutoff wavelength matched well 3.37 eV bandgap
energy of ZnO. Additionally, these sharp cutoff
characteristics demonstrated that this ZnO layer had
high crystallinity and few defects.

The resistance of the UV sensor decreases at
irradiating light due to the photoexcited carrier and
increases after obstructing the light. Prior to evaluating
photo-response, we placed the sensor in dark until the
sensor current reached steady state. We denoted this
steady-state current value as the dark current. We then
irradiated light to the sensor for 10 min and measured
the current value at the end of the period, defining this
value as the photocurrent.
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Fig. 10. Transmittance of the ZnO layer
used as the UV sensor.

Fig. 11 shows wavelength dependence of the
photocurrent of the UV sensor. Its radiant emittance
was unified to 42 pW/cm?. When irradiated by visible
or infrared light, the sensor current was only slightly
greater than the dark current. In contrast, the sensor
current significantly increased by UV irradiation of
wavelength less than 380 nm. This result correlated
with the transmittance characteristics shown in
Fig. 10. The maximum sensor response was to
wavelength of 360 nm.
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Fig. 11. Wavelength dependence of the photocurrent
of the UV sensor.

Fig. 12 shows the photo response to wavelength of
360 nm and to radiant emittance of 0.013 to
42 uyW/cm?. The sensor current increased at
commencement of UV irradiation. From this response,
the responsivity ratio R, was calculated using dark
current Zgark, photo current onoto via Equation (3).

R, = (Iphoto — lgark) /ldark 3

R: was 0.043 at radiant emittance of 0.013 uW/cm?,
as shown in Fig. 13, where /g was 10.67 pA. In
addition, responsivity of this sensor R and normalized
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responsivity R, were defined using power of radiant
emittance P and sensor area A, as Equation (4) and
Equation (5).

Rg = (Iphoto — lgark) /P, 4
R, = ([photo — lgark) /PA Q)

Rsand R, were 35 pA/uW -cm? and 170 pA/uW at
radiant emittance of 0.013 pW/cm?, respectively.
From this result, we considered that the UV sensor had
limits of detection and resolution of 0.01 puW/cm? UV
irradiation at 360 nm.

UV irradiation [uW/cm?] 42

40

3 30-
=
W
E
Q 20 _.
10 - ) Dark current |
I I I I I
0 2000 4000 6000 8000
Time [sec]

Fig. 12. Response of the UV sensor to wavelength
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Fig. 13. Responsivity ratio (Rr) of the ZnO layer
to UV irradiation.

Finally, we determined the R; of various ZnO
layers having different electron densities; these
relations are depicted in Fig. 14. A lower electron
density in the ZnO layer led to a greater R.. R, also
correlated with electron mobility in ZnO layers ranged
from 3.0 to 51 cm?/Vs; however, R, was more closely
dependent on electron density. We conclude that the
high-crystallinity ZnO layers have the advantage of
low electron density due to being minimal defects, and
minimal defects may also prevent the trapping of

photoexcited carriers. Therefore, the ZnO layer
containing low electron density significantly led to
low dark current and an enhanced current ratio
between dark and photoexcited conditions.
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Fig. 14. Dependence of responsivity ratio (Rr)
on electron density of ZnO layers.

4. Conclusions

This study demonstrated the high sensitivity of H,
and UV sensors utilized highly c-axis oriented single-
crystalline ZnO layers grown by using our developed
sputtering system. These ZnO layers had ultrafine
structures on the flat surface without grain boundaries.
Their electrical properties were superior to those of
conventional resistive MOX semiconductor gas and
UV sensors. Furthermore, the sensitivity of our
sensors was equal or superior to that of reported
devices: the H; sensor could detect Hy up to 5 ppm,
and the UV sensor could detect UV irradiation up
to 0.01 pW/cm?.

Our ZnO sensors showed several advantages due
to high crystallinity. Although we used as-grown
single-crystalline ZnO layers without employing
sensitivity-enhancement techniques, the sensitivity of
our sensors was comparable with that of commercial
devices. Thus, our ZnO sensors developed using
sensitivity-enhancement techniques should achieve
even greater sensitivities.

Additionally, our ZnO layers did not show
mutually exclusive requirements for their respective
detection capabilities of H, and UV. Therefore, we
intend to develop a hybrid sensor device manufactured
on one ZnO layer which is capable of detecting both
leakage H, gas and accidental hydrogen flames.
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