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An investigation into the physical properties of the wide band gap oxide semiconductor material zinc
oxide for sensors has been conducted. The investigation presented in this paper is divided into two sec-
tions. The first section focuses on the development of the deposition technology, investigation of physical
properties (such as surface topography, crystalline structure, spectral transmission in the ultraviolet—
visible—near infrared range, and the chemical composition) of the ZnO, ZnO/Pt, or ZnO/Pd layer. The
other section focuses on the sensor’s properties (changes in spectral transmission) of ZnO layers as a
function of temperature or a selected gas environment (hydrogen). These investigations were carried
out on the following structures: pure ZnO layer with a relatively low roughness surface, pure and porous
ZnO layer, and porous ZnO layer doped with palladium or platinum. The results are a basis for the
development of optoelectronic sensors, which serve the purpose of detecting hydrogen or temperature
measurements.
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1. Introduction

The development of modern civilization is di-
rectly related to the development of industries such
as the electronics industry, automotive industry,
and chemical industry, as well as to the develop-
ment of diagnosis methods in healthcare. In indus-
try, temperature and gas environment control plays
an important role. One of the most important gases
used in industry is hydrogen. Hydrogen is necessary
for a proper course of technological processes, for ex-
ample, hydrotreating of petroleum products, chem-
ical synthesis, and production of electrical energy
by hydrogen cells [1-7]. It should be noted that hy-
drogen is dangerous and explosive in concentrations
above the lower explosion limit of 4 mol% [8]. From
that point of view, monitoring the hydrogen level
is a key safety issue. Accordingly, it is important
to develop semiconductor sensors, which can then
be used to detect hydrogen concentration in the
gaseous environment and temperature monitoring.

The core advantage of optoelectronic gas sensors,
which operate based on changes in optical prop-
erties (spectral transmission) of the active layer
(Zn0), is the high safety of gas detection. The mea-
surement of optical properties of the active layer in
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a sensor eliminates the risk of explosion initialized
by an electrical spark compared to electronic sensors
based on resistance measurement. The most impor-
tant issue concerning the development of gas or tem-
perature sensors is the choice of a proper measure-
ment method and a suitable material, which acts as
the sensitive part of the sensor structure. An inter-
esting group of materials that can be applied as an
active layer in gas or temperature sensors are wide
band gap oxide semiconductors. In this group, spe-
cial attention is focused on zinc oxide semiconduc-
tors and their application in gas sensor structures,
because they are sensitive and selective to gaseous
environments, among others, hydrogen Hy [7, 9-
13]. The ZnO is a semiconductor material with a
wide energy gap of E, ~ 3.2 eV and a light ab-
sorption edge of a; ~ 380 nm and above, more-
over, it is transparent to light [7, 10-15]. Additional
advantages of ZnO semiconductors are their non-
toxic properties and biocompatibility with human
tissues [16-18].

The key issue in the application of the ZnO
semiconductor in sensor structures is knowledge
about its physical properties as a function of depo-
sition technology and doping elements. The physi-
cal properties of ZnO semiconductor materials de-
pend on the manufacturing technology and doping
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with materials such as Pt or Pd. In addition, dop-
ing ZnO with Pt or Pd significantly improves the
properties of gas sensors dedicated to selected gas
environments [17, 18].

Another issue is knowledge about the change of
physical properties (ZnQ) as a function of external
conditions, such as gaseous environments and tem-
perature.

This manuscript describes an investigation into
the physical properties of ZnO nanostructures ob-
tained by means of reactive magnetron sputter-
ing in the form of a layer characterized by its
low surface roughness (smooth layers) and porous
structure, and additionally doped by either plat-
inum (ZnO/Pt) or palladium (ZnO/Pd). The pre-
sented research focuses on the surface topography
of the layers and their morphological structure,
crystalline structure, chemical composition, spec-
tral transmission in the ultraviolet—visible-near in-
frared (UV-VIS-NIR) regions, and the sensitivity of
their optical properties as a function of the temper-
ature or selected gaseous environment consisting of
H; in a synthetic air mixture.

2. Sample fabrication

The investigated ZnO layers were divided into
three groups: smooth surface (root mean square
roughness R, of a few nm), porous ZnO layer, and
porous ZnQO layer doped with either palladium or
platinum. The selected ZnO/Pd and ZnO/Pt lay-
ers were also additionally annealed in order to dif-
fuse the Pd or Pt layer deep into ZnO. The pure
ZnO layers were deposited by a reactive magnetron
sputtering on quartz substrates. The ZnO layers
with a relatively small roughness (~ a few nm)
were deposited with the use of radio-frequency (RF)
mode from a 99.99% purity ZnO ceramic target in
an atmosphere that was a mixture of oxygen O
(70%) and argon Ar (30%), at a total pressure of
Paryo = 7.8 mTorr and a partial oxygen pres-
sure of Po = 2.5 mTorr for a cathode current
equal to I, = 0.14 A. The porous ZnO, ZnO/Pt,
and ZnO/Pd layers (thickness 400 nm) were pre-
pared as follows: first, a 75 mm diameter, 4N-pure
Zn target was sputtered in a Surrey NanoSystems
~-1000C reactor under 80 W DC power in a mixed
argon—oxygen atmosphere. The argon flow was set
to 10 sccm, the oxygen flow to 1 sccm, and the to-
tal pressure was kept at 3 mTorr. The gases used
were 6N-pure. After deposition, the Zn underwent
oxidation in a Mattson SHS 100 rapid thermal pro-
cessing (RTP) furnace. The process took place in
an oxygen flow at 600°C for 20 min, in accordance
with our previous studies [19]. Pt or Pd were intro-
duced in the form of 5 nm thin films either before
the oxidation (porous ZnO /Ptppo, ZnO/Pdppo) in
a part of the samples or after oxidation (porous
ZnO/Ptpao, ZnO/Pdpap) in another part of the
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Fig. 1. Types of investigated ZnO thin films.

samples. The metals were deposited in a Leybold
7400 system using 4N-pure, 75 mm diameter targets
under 50 W DC power. The working atmosphere
was pure argon, kept under the pressure of 6 mTorr.
The schematic view of the types of the investigated
ZnO layers is presented in Fig. 1.

Palladium or platinum as dopant materials for
ZnO layers were chosen due to their catalytic prop-
erties, which are especially desirable for the detec-
tion of hydrogen. The Pd and Pt catalytic materi-
als allow us to dissociate molecular hydrogen into
atomic hydrogen, which is highly reactive in contact
with the semiconductor surface.

3. Experimental setup and methods

The initial research stage focused on the investi-
gation of the surface topography, crystalline grain
size, and surface roughness of the presented ZnO
layers. The research of the crystalline grain size, as
well as surface topography, over a relatively large
surface area of ~ 6 x 6 um?, was carried out by
scanning electron microscopy (SEM; FEI Inspect
S50, USA) with a magnification of x50000. The
precise information about surface roughness (R,
— root mean square roughness) as a function of
the deposition technology for the presented ZnO
layer was obtained by an atomic force microscope
(AFM; NTEGRA Prima, NT-MDT company, Rus-
sia). The ZnO surface was scanned in the semi-
contact mode by a high-accuracy, high-resonance
frequency (HA-HR) AFM probe (NT-MDT com-
pany, Russia), working with a resonance frequency
equal to f, = 237.675 kHz and scanning frequency
of fs = 0.25 Hz over a surface area of 5x5 um?. The
next stage of the research was focused on the deter-
mination of the crystalline structure of the ZnO,
ZnO/Pt, and ZnO/Pd layers. The investigation of
the crystalline structure was carried out by means of
Raman spectroscopy (NTEGRA Spectra, NT-MDT
company, Russia). During these experiments, the
ZnO layers were illuminated by a laser (LCM-S-111,
Laser-export Co. Ltd., Russia) with a wavelength
of A\ = 532 nm. The chemical composition of
the investigated ZnO layer was determined using
the energy dispersive X-ray spectroscopy method
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(EDS; QUANTAX XFlash, Bruker, USA), which
was coupled with the SEM microscopy men-
tioned above. The structures of ZnO, ZnO/Pt,
and ZnO/Pd were studied by the X-ray diffraction
method (XRD), using the PANalytical Empyrean
X-ray diffractometer, equipped with a Cu K, ra-
diation source and Johansson monochromator. Fi-
nally, the research focused on the investigation of
sensing properties (changing of optical properties
— spectral transmission) of ZnO, ZnO/Pt, and
ZnO/Pd layers as a function of the structure’s tem-
perature over a range of Ts = 25-200°C or under
the influence of a selected gaseous environment —
hydrogen (carrier gas — synthetic air).

The experimental setup used for the aforemen-
tioned studies was composed of a measurement
chamber with quartz windows and electric con-
nections, a UV-VIS-NIR light source (Ocean Op-
tics DT-Mini-2-GS), a spectrometer (Ocean Op-
tics HR2000+), a temperature controller (Shimaden
FP93), a temperature sensor (PT100), a ceramic
heater, a PC computer, and a gas dispensing sys-
tem. The investigated sample was placed into a
measurement chamber, fixed by a holder, and con-
nected to the ceramic heater. The temperature of
the structure was measured by the PT100 sensor,
which was in direct contact with the ZnO sensor
layer. The gas dispensing system enables the prepa-
ration of gas mixtures delivered to the measure-
ment chamber over a wide range of concentrations,
namely from a few ppb (parts per billion) to sev-
eral percent, depending on the used gas. Moreover,
the system allows control of the gas mixture flow
rate delivered to the measurement chamber from 5
to 500 cm?/min. The scheme of the measurement
setup and the gas dosing system are presented in
Fig. 2a and 2b, respectively. The experimental re-
sults in a gaseous atmosphere were obtained for a
1-3% concentration of hydrogen (purity 99.999%,
Linde Group), and in a carrier gas of synthetic air
containing 20% O, and 80% N3 (purity 99.999%,
ALPHAGAZ™), the gas flow through the cham-
ber was equal to f;, = 500 cm?®/min. The experi-
ment was carried out in 30 min. cycles of poison-
ing and detoxification each, and the temperature
of the tested ZnO layers stabilized at the level of
T, =100°C.

4. Results

4.1. Surface topography of the ZnO layer

The ZnO surface topography, grain size, and sur-
face roughness were initially investigated. The first
investigated structure was a 550 nm-thick pure
ZnO layer with relatively low roughness (continu-
ous layer). The resulting SEM image is presented
in Fig. 3a and shows that the surface of ZnO consists
of small grains with a size of < 0.1 um, and the layer
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Fig. 2. Measurement setup; (a) scheme, (b) gas
dispensing system.

is continuous with no observable cracks. In the case
of porous ZnQ, the layer consists of grains with free
spaces between them (porous structure). The single
grains size ranges are: porous ZnO — 0.06-0.4 pym
(Fig. 3b), ZnO/Ptpao — 0.06-0.3 pm (Fig. 3c),
ZnO/Ptppo — 0.07-0.4 pm (Fig. 3d), ZnO/Pdpao
— 0.09-0.3 pm (Fig. 3e), and ZnO/Pdpgo —
0.09-0.4 pum (Fig. 3f).

The detailed analysis of the surface structure, the
investigation of the surface topography and surface
roughness (root mean square roughness, R,) as well
as the 3D visualization of the ZnO layers were car-
ried out using AFM. In the case of the pure ZnO
layer, the R, parameter is at the level of single
nanometers (the AFM image of this layer is pre-
sented in Fig. 4a). In the case of the porous ZnO
layer (Fig. 4b), the porous ZnO/Ptparo (Fig. 4c),
and the ZnO/Pdpao (Fig. 4e) layer, the root mean
square roughness is R, ~ 45 nm. In the case of the
porous ZnO/Ptppo (Fig. 4d) and the ZnO/Pdppo
(Fig. 4e) layer, the root mean square roughness is
R, ~ 60 nm (Fig. 4f). It should be noted that
the lower surface roughness, when compared to the
ZnO/Ptppo or ZnO/Pdppo layer (where the Pt or
Pd metallic layer was deposited before the oxidation
process), occurs in the ZnO/Ptpao or ZnO/Ptpao
structure (where the Pt or Pd layer was deposited
after oxidation of the structure) and is R, ~ 45 nm.
This could be caused by the metallic layer, which
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Surface topography obtained by SEM

Fig. 3.
method: (a) pure ZnO layer with low roughness; (b)
porous ZnO layer; (¢) porous ZnO/Ptpao layer; (d)
porous ZnO/Ptpgo layer; (e) porous ZnO/Pdpao
layer; and (f) porous ZnO/Pdpgo layer.

TABLE I

Root mean square roughness R, of the investigated
ZnO layer.

Root mean square
Sample

roughness R, [nm]
Pure ZnO 2.25
Pure, porous ZnO 40.4
Porous ZnO/Ptpao 40.5
Porous ZnO/PtDBo 57.7
Porous ZnO/Pdpao 45
Porous ZnO/Pdpgo 66.0

DBO — Pt or Pd deposition before oxidation
DAO — Pt or Pd deposition after oxidation

was introduced and diffused into ZnO pores. The
parametrized information on the surface roughness
of the structures is presented in Table I.

4.2. Raman spectroscopy

The structural investigation of the presented ZnO
layers was carried out using Raman spectroscopy.
The ZnO semiconductor in the wurtzite-type of
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Surface topography obtained by AFM: (a)
pure ZnO layer with low roughness, (b) porous
ZnO layer, (c) porous ZnO/Ptpao layer, (d) porous
ZnO/Ptpeo layer, (e) porous ZnO/Pdpao layer,
and (f) porous ZnO/Pdpgo layer.

crystalline structure (bulk form) belongs to the
space group Cg, in Schoenflies notation. In this
case, all atoms occupy Cs, sites [20-25]. The group
theory (in the Brillouin zone center) describes op-
tical phonon modes as I'ypy = A; + 2By + E; +
2E5 [26-31]. The phonons Aj, as well as E;, are
polar and split into longitudinal-optical (LO) and
transverse-optical (TO) phonons with different fre-
quencies [20-25]. The B1 modes are inactive in Ra-
man scattering (silent modes) [24].

The peak positions on the Raman spectra de-
liver information about the structure of the inves-
tigated ZnO layers. In accordance with the liter-
ature [22, 23|, the following peaks for ZnO corre-
spond to: 329 cm™! — acoustic mode A, 380 cm ™!
— acoustic mode A; (TO) phonon, 410 cm~! —
E; transverse optical phonon, 436 cm™! — E,, and
585 cm~! — E; longitudinal optical phonon (LO).
The measured Raman spectrum for the pure ZnO
layer (low roughness) is presented in Fig. 5a and
shows that a typical signature of a ZnO layer is in
the form of the wurtzite crystalline structure. The
presented Raman peaks are consistent with the lit-
erature data mentioned above, namely the peaks at
338 cm ™!, 382 cm !, and 410 em™! are hardly vis-
ible, and the peaks at 446 cm™!, 491 cm~!, and
588 cm~! are more prominent. The small shift be-
tween the position of Raman peaks in the literature
and the results presented above could be caused by
the different crystalline size of the ZnO film [7]. The
visible Raman peak close to 490 cm™! is caused
by the substrate (quartz — fused silica). The Ra-
man spectrum for the porous (pure) ZnO layer is
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Fig. 5. The Raman spectra of ZnO layers: (a) pure ZnO layer with low roughness, (b) porous ZnO/Ptpao

layer, (c) porous ZnO/Pdpao layer, (d) porous ZnO layer, (e) porous ZnO/Ptpo, and (f) porous ZnO/Pdpgo.

presented in Fig. 5d, with clearly visible Raman
shift peaks at 443 cm™' and hardly visible peaks
at 334 cm™ !, 386 cm™!, and 587 cm~!. The pre-
sented Raman spectra suggest that the pure ZnO
layer is characterized by the wurtzite structure.
The Raman spectra for the porous ZnO layer cov-
ered by a 5-nm-thick Pt layer or 5-nm-thick Pd
layer (deposited after oxidation) are presented in
Fig. 5b and 5c, respectively. In these Raman spec-
tra, there are barely visible characteristic peaks for
ZnO, which could be caused by a 5nm-thick metal-
lic layer that blocks the Raman signal from the
sample or the structure of the ZnO film could be
partially amorphous. The Raman spectra for the
Zn0O layer covered by a 5-nm-thick Pt layer or
5-nm-thick Pd layer, deposited before the anneal-
ing and oxidizing process, are presented in Fig. be
and 5f, respectively. The peaks in Raman spec-
tra for the ZnO/Ptppo layer are hardly visible for
333 cm™!, 382 em ™!, 444 em !, and 584 em™!. For
the ZnO/Pdppo layer, the resulting Raman spec-
tra peaks at 380 cm~!, 442 cm™!, and 586 cm™!
are hardly visible.

4.3. Energy-dispersive X-ray spectroscopy (EDS)

The chemical composition of the presented ZnQO
layers was measured by energy-dispersive X-ray
spectroscopy (EDS using a QUANTAX, XFlash 6,
Bruker). The obtained EDS spectra of the investi-
gated pure and porous ZnO layers confirmed that
the layers consist of zinc and oxygen, as clearly visi-
ble peaks from the respective elements are presented
in Fig. 6a and 6d (the silicon is attributed to the
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TABLE II

Analysis of the chemical composition of the investi-
gated ZnO layer.

Element [at.%)]

Zn O Pt Pd
Pure ZnO 48.95 | 51.05 0 0
Pure, porous ZnO 43.84 | 56.19 0 0
Porous ZnO/Ptpao | 45.72 | 52.24 | 2.06 0
Porous ZnO/Ptpso | 45.69 | 52.17 | 2.15 0
Porous ZnO/Pdpao | 47.59 | 50.15 0 2.26
Porous ZnO/Pdppo | 46.89 | 50.67 0 2.44

quartz substrate). For the Pt-doped ZnO layer, the
EDS shows peaks from Zn and O, as well as the ex-
pected Pt peak (see Fig. 6b and 6e). Likewise, for
the Pd-doped ZnO layer, besides the peaks from Zn
and O elements, the Pd peak is clearly visible in the
EDS spectra presented in Fig. 6¢ and 6f.

Detailed information on the chemical composi-
tion of each investigated ZnO layer is presented
in Table II. It should be noted that the EDS
method confirms that the tested ZnO, ZnO/Pt, and
ZnO/Pd layers have a high chemical purity and do
not contain any impurities from other elements.

4.4. X-ray diffraction

XRD 26/6 scans collected for the samples are
shown in Fig. 7. All the samples exhibit strong
lines related to diffraction from the (10.0), (00.2),
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Chemical composition of ZnO layer measured by EDS methods: (a) pure ZnO layer with low roughness,
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X-ray diffraction patterns of ZnO layers: (a) pure ZnO layer with low roughness, (b) porous

ZnO/Ptpao layer, (c) porous ZnO/Pdpao layer, (d) porous ZnO layer, (e) porous ZnO/Ptpgo, and (f) porous

ZnO/Pdpgo.

and (10.1) planes in the range of 30-37°. For the
non-porous ZnO, these lines dominate the whole
patterns, whereas for the porous samples, their in-
tensity is lower, and additional ZnO lines are visi-
ble from the ZnO planes (10.2), (11.0), (10.3), and
(11.2). The samples with platinum and palladium
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differ by the presence of the peaks originating from
diffraction from Pt (111) and Pd (111) around 40°
for both metals, due to their similar unit cell. In
the case of Pt, also the (200) line is visible around
47° for the Ptpgo sample, which is related to the
higher intensity of the (111) line for that sample,
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which can be interpreted as the result of the for-
mation of larger Pt grains than in the case of
Ptpao. For palladium, no such difference could be
observed, and Pdpao and Pdpgo show almost iden-
tical patterns. The mean crystallite sizes in a di-
rection perpendicular to the surface were calcu-
lated from the Scherrer equation for selected peaks.
The crystallite sizes extracted from the ZnO (10.0)
XRD line for porous ZnO (35.08 nm) are almost
the same as those obtained for Pt-doped porous
ZnO (34.05 nm) and larger than the ones seen for
Pd-doped porous ZnO (25.86 nm), showing that
the addition of Pd influences the transformation
of Zn to ZnO yielding smaller mean crystallite
sizes.

4.5. Optical properties of ZnO layers — sensor
applications

The optical properties of the ZnO wide band
gap oxide semiconductor depend on the fabrica-
tion technology and deposition parameters, doping
materials, and the wavelength of the light utilized
during experimentation. Among the optical proper-
ties of the semiconductor materials, the significant
parameters are the spectral transmission and ab-
sorption edge, which are dependent on the energy
band gap. The absorption edge for the presented
ZnO layer is at A, ~ 370 nm; above the absorp-
tion edge, the ZnO layer is transparent to light. The
highest optical transmission is at T~ 90% for the
pure ZnO layer (low roughness) (see Fig. 8a). The
porous ZnO layer without doping is characterized
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by spectral transmission at the level of T' ~ 70-90%
in the VIS-NIR spectrum (see Fig. 8d). The dop-
ing of the ZnO layer with palladium or platinum
causes a decrease in the spectral transmission of
light through the layer. The spectral transmission
for the porous ZnO layer doped with Pt or Pd is at
alevel of T' ~ 25-30% in the VIS region, as shown in
Fig. 8b and 8c, respectively. The oxidation and an-
nealing process increases the spectral transmission
in the ZnO /Pt layer up to 35% in the VIS range (see
Fig. 8e). A significant increase in the spectral trans-
mission of light from T' ~ 27% to T ~ 75% in the
VIS range is observed for the ZnO/Pd layer after
the oxidation and annealing process (see Fig. 8f).
The higher spectral transmission of ZnO/PdDBO
in comparison to other ZnO/Pt or ZnO/Pd layer of
could be caused by better oxidation of ZnO layer
and partial oxidation of Pt and Pd during thermal
technological process.

4.5.1. Structure of ZnO temperature sensors

The principle of operation of a semiconductor
temperature sensor is based on changing the energy
band gap as a function of temperature. The energy
band gap as a function of temperature could be de-
scribed by the Varshni relation [32]

2
r 1

—t 1
@+ ) g
where T; is temperature, E,(T), E4(0) — the en-
ergy band gap for temperature T =0 K, r and 8 —
the fitting parameter characteristics for the semi-
conductor material.

Eqy (Ty) = E4(0) +
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The energy band gap for a direct band semicon-
ductor can be calculated based on a spectral trans-
mission of light and the analysis of the absorption
coefficient « [26, 33, 34]

I=Ipe ™, (2)
_ _In(T)
X= = d (3)

(e hv)® = C (hv — Ey),
where T = I/Ij is the transmittance of light, d —
layer thickness, C' — a constant depending on the
electron—hole mobility, h — the Planck constant, v
— the frequency of light.

In the range close to the absorption edge, the
(x hv)? versus photon energy (hv) is a nearly lin-
ear function. The energy band gap could be deter-
mined by extrapolation of the linear region of the
function (4). It should be noted that the pure ZnO
layers are solid and homogeneous with thickness d.
In a presented analysis for the ZnO porous layers,
the approximation was made that the thickness of
the porous layer corresponds to the geometric thick-
ness d.

The determination of the spectral transmission
changes as a function of an external condition,
namely the temperature (Ts = 25-200°C) of the
ZnO structure, was completed next. The increase
in temperature induces changes in the transmission
corresponding to a shift of the absorption edge (ini-
tially around 380 nm) to longer wavelengths in most
of the presented pure and porous ZnO, ZnO/Pt,
and ZnO/Pd layers. Such narrowing of the energy
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gap with increasing temperature was reported in
the literature for ZnO and other metal oxides [35]
and is caused by thermal expansion of the crystal
lattice. However, for the ZnO/Pd layer, where the
Pd was deposited before the oxidation and anneal-
ing process, the maximum temperature sensitivity
shifted from the UV range (~ 390 nm) to VIS range
(~ 540 nm) (Fig. 8f). The shift of the maximum
temperature sensitivity from the UV to VIS range
could be due to doping of ZnO with Pd, as well as
the oxidation and annealing process, and creation
of ZnO-Pd conglomerates in the layer. The ZnO-
Pt conglomerates could cause changes in the energy
band gap or changes in the Fermi level in the semi-
conductor. The modulation of the Fermi level of the
ZnO semiconductor doped with the catalytic mate-
rial has also been reported by Drmosh [28]. This
suggests that in the presented structure, the pho-
ton with a lower energy of ~ 2.2 €V (in comparison
to 3.2 €V for other ZnO structures) could also be
absorbed.

The observed phenomenon can be utilized in
ZnO/Pd layer temperature sensors, which can op-
erate in the visible range of light. The temperature
sensitivity in the visible region of light is an impor-
tant advantage of the presented ZnO/Pdppo struc-
ture in comparison to other works [26, 33, 34], where
the authors presented changes in optical parameters
(spectral transmission) of ZnO as a function of tem-
perature, which occurred only in the UV range.

Operation of the temperature sensor in the visible
range of light is a desirable feature from the point
of view of the component cost (sources and light
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The energy band gap and temperature sensitivity of the ZnO layer. TABLE I1II
Parameter Pure ZnO Pure, Porous Porous Porous Porous
porous ZnO|ZnO/Ptpao|ZnO/Ptpeo|ZnO/Pdpaoc| ZnO/Pdpso
Temperature T [°C]| Energy band gap E, [eV]
25 3.32 3.27 3.26 3.24 3.26 3.24
200 3.27 3.22 3.18 3.16 3.18 3.16
Optical properties
Wavelength A [nm] 380 390 390 390 390 390/540
Temperature sensitivitymax [%/°C]| —0.088 —0.037 —0.031 —0.026 —0.030 |—0.020/-0.027

detectors on the VIS range) and the final cost of the
application-ready sensor structure. The parameter-
ization of this changing transmission of light over
a selected wavelength as a function of temperature
is presented in the form of a graph (see Fig. 8a—e
and Fig. 9a). The temperature sensitivity of the in-
vestigated ZnO layers is presented in Table III. The
highest temperature sensitivity occurs for the pure
ZmO layer. For the porous ZnO layer, the highest
temperature sensitivity is for the pure layer. Doping
the ZnQO layer with Pt or Pd decreases the tempera-
ture sensitivity, especially in the case where the Pd
and Pt layers were deposited before any oxidation
and annealing processes.

The presented experimental results showed that
the deposition technology (described in detail in
Sect. 2), structure, and chemical composition of
Zn0, ZnO/Pt, and ZnO/Pd layers have an impact
on the width of the energy band gap. The highest
energy band gap is observed for the smooth ZnO
layer, namely E; = 3.32 eV (deposition: target ZnO,
O2/Ar atmosphere). The porous ZnO layer (deposi-
tion: target Zn, Oz /Ar atmosphere, oxidation, and
annealing process) is characterized by a lower en-
ergy band gap, namely £, = 3.27 eV (Fig. 9b). The
deposition of a Pt or Pd (5 nm) layer on porous ZnO
after an oxidation and annealing process does not
affect the energy band gap (E, = 3.26 €V). How-
ever, if Pt or Pd layers were deposited on porous
Zn0O before the oxidation and annealing process,
the energy band gap was decreased to E; = 3.24 eV
(Fig. 9c and d). It could be due to the impediment of
the oxidation process through the thin metal layer
of ZnO. The energy band gap of ZnO layers for the
temperature of 25°C as well as of 200°C is presented
in Table III.

4.5.2. Structure of ZnO gas sensors

The ZnO layer also has possible applications as
an active part of gas sensor structures for the detec-
tion of selected gas environments. Below, the pre-
liminary experimental results are presented, focused
on the research of sensing properties — changes in
spectral transmission of light as a function of the
selected gas environment, i.e., hydrogen Hs. The
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research was carried out for a porous ZnO layer
doped by platinum or palladium deposited before
or after the annealing and oxidation process.

The sensing mechanism of reducing gas — hydro-
gen — by an n-type semiconductor (ZnO) is based
on the adsorption, desorption, and chemisorption
of atoms on the semiconductor surface. The molec-
ular hydrogen is dissociated into atomic hydrogen
(which is highly reactive in contact with the semi-
conductor surface) by a catalytic material, i.e., pal-
ladium or platinum [28-31]. The oxygen from the
environment is adsorbed on the semiconductor sur-
face, and the created oxygen ions cause the electrons
to be extracted from the conductivity band and in-
crease the resistance of the structure (and hence de-
crease conductivity). The poisoning of the semicon-
ductor structure by hydrogen causes the reaction of
adsorbed hydrogen ions with oxygen ions. As a re-
sult of the reaction, the electrons are returned to
the conduction band, and hence, the resistance of
the semiconductor structure is decreased (conduc-
tivity increases) [28-31]. It should be noted that
the electrical properties of semiconductor materials
are directly connected with optical properties, such
as transmission and absorption edge. The changes
in electrical properties of the semiconductor (ZnO)
cause simultaneous changes in optical properties,
which could be used as a basis for the operation of
optoelectronic gas sensors. It should be noted that
the structure of the ZnO layer (surface roughness)
and the crystalline grain size have an impact on
the sensitivity properties of the ZnO layer. Accord-
ing to our previous study, presented by Struk et
al. in [10], the ZnO layer with a smooth surface is
not sensitive to the external gaseous environment
of hydrogen. Whereas the pure porous ZnO struc-
ture, which is characterized by a highly developed
structure (in the form of nanograins), is sensitive
to changes in the gas environment, including hy-
drogen. In the presented ZnO/Pt layers, changes
in optical properties under the influence of 1-3%
hydrogen (a lower explosion limit for hydrogen is
4 mol%) in the atmosphere of synthetic air were
at a low level. Only for the ZnO/Ptpao structure,
where the Pt layer was deposited after the anneal-
ing and oxidation process, there are visible small
changes in spectral transmission, but only for the
first three cycles of poisoning and detoxification;
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for the remaining cycles the presented layer was
probably saturated and insensitive to changes of the
gas (see Fig. 10a). In the case of the nO/Ptppo
structure, where the Pt layer was deposited before
the annealing and oxidation process, the changes in
spectral transmission under the influence of 1-3%
hydrogen in the atmosphere of synthetic air are
practically invisible, which means that the struc-
ture was insensitive to hydrogen (see Fig. 10b). It
could be caused by a too high level of Pt doping.

For the ZnO/Pd layers, the changes in the
transmission of light under the influence of
a 1-3% hydrogen atmosphere are clearly visible
in Fig. 10c and 10d. Particularly in the case
of the ZnO/PdDBO sample, where the Pd layer
was deposited before the annealing and oxida-
tion processes, the sensitivity under the influence
of hydrogen atmosphere is greater than that for
ZnO/Pdpao, where the Pd layer was deposited af-
ter the annealing and oxidation processes. The an-
nealing process could cause the palladium, which is
a catalytic layer, to penetrate deeper into the porous
ZnO and hence increase the active surface, which is
in contact with the hydrogen gas and thus increases
the transmission changes under the influence of hy-
drogen.

5. Conclusions

The physical properties of the ZnO layer are di-
rectly related to the deposition technology and the
type of doping elements of the layers. The ZnO
layer deposited by reactive magnetron sputtering
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can form a continuous layer (smooth layer with a
surface roughness of R, = 2.3 nm), or the layer can
have a porous structure with a highly developed sur-
face (R4 ~ 40-66 nm). It should also be noted that
the presented ZnO layers have high purity without
any contamination, which is confirmed by EDS. The
presented experimental results show that the ZnO
semiconductor material can be applied as an active
sensor part for the detection of a hydrogen gaseous
environment (ZnO/Pd) and as a temperature sen-
sor. As for the temperature sensor, it functions in
the UV range (pure, porous, ZnO/Pt, ZnO/Pd) and
in the visible light region (ZnO/Pdppo structure).
In summary, the results are a basis for the devel-
opment of optoelectronic sensors, which serve the
purpose of detecting hydrogen or temperature mea-
surement.
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