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Synthesis of GaN/ZnO heterostructure thin film on
silicon substrate by pulsed laser deposition for ammonia
detection

ZENA E. SLAIBY", ASMIET RAMIZY
Physics Department, University of Anbar, College of Sciences, Anbar, Iraq

GaN/ZnO nano-heterostructure ZnO and GaN nanofilms were grown on a silicon Si(111) substrate prepared through pulse
laser deposition technique for ammonia (NH3) gas sensors. The structures of the GaN and ZnO layers were visualized
using a field emission scanning electron microscope. The surface morphology of the thin GaN and ZnO nanofilms were
characterized through atomic force microscopy. The films were extremely dense and have a smooth surface morphology.
X-ray diffraction patterns showed crystallized hexagonal structures. The elemental compositions of the thin GaN and ZnO
films were identified through energy dispersive X-ray analysis. The GaN/ZnO/Si composite exhibited excellent response as
an ammonia gas sensor. The gas sensitivity of the gas sensor device for NH; gas were measured as a function of
concentration. Device sensitivity increased from 32.0904% to 50.08441%, and gas concentration increased from 500 ppm

to 1500 ppm.
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1. Introduction

Nitride semiconductors (ITII-N) have been subject to
extensive research because of their unique properties, such
as direct band gap and high chemical, mechanical, and
thermal stability, which make them an excellent choice for
the development of electronic, optoelectronic, and
spintronic devices. Additionally, these semiconductors
have wurtzite crystal structures. GaN has a wide direct
energy band gap (3.4 eV) and is thus an ideal candidate for
many applications, such as laser diodes, light-emitting
diodes, UV detectors, and solar cells. It is a promising
material for sensors operated in harsh environments [1-4].
Currently, the use of sensors in developing environmental
and safety monitoring devices for gases has attracted
considerable interest, and the sensors that optimize
combustion reactions has become an important necessity
in emerging transportation industries and industrial and
domestic applications. The adsorption of gas molecules on
semiconductor surfaces can significantly change the
electrical resistance of materials [5]. GaN growth on Si
substrates is one of the most interesting issues because
GaN has many advantages, such as low cost, large area,
and good electrical and thermal conductivity. However,
the high-quality epitaxial growth of GaN on Si substrates
is restricted by variations in thermal expansion coefficients
and large mismatch between GaN and Si lattices [6]. The
buffer layer of ZnO may have some advantages because
ZnO shows only a 1.8% lattice mismatch with GaN and
ZnO and can grow on different substrates [7]. ZnO is
considered a promising substrate for GaN films owing to
the following reasons: it has the same wurtzite structure

[8]; it is one of most important semiconductors, which has
attracted considerable attention because of its unique
material characteristics, such as a large excitation binding
energy of 60 meV and wide band gap of 3.37 eV [5]; it is
nontoxic [9]; and it has a high photoconductivity and is
easy to fabricate, a low cost compound, and sensitive to
the UV region. This properties make ZnO a suitable
photonic material for several applications, such as UV
detectors, light-emitting diodes, gas sensors, and
transparent conducting electrodes [10]. Recently, ZnO has
been grown on GaN through magnetron sputtering, metal
organic chemical vapor deposition, molecular beam
epitaxy, and pulse laser deposition [11].

The pulse laser deposition (PLD) technique is suitable
for growing high-quality films at a low Ts [12]. PLD is
interesting because it enables the on-site processing of
multilayer structures by using multiple targets, provides
flexible doping options for complex compositions, and
enables stoichiometric transfer deposition from target to
substrate [13]. In this work, a gas sensor device was
synthesized wusing a thin film with GaN/Zno/Si
heterostructure through pulsed laser deposition, and the
sensitivity of the fabricated device for ammonia detection
was studied.

2. Experimental part

Zno films were grown on an unheated n-type Si(111)
substrate through a simple technique (PLD), as shown in
Fig. 2 [14]. The deposition of the film was carried out
inside a vacuum chamber, which was evacuated to a
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pressure of 1x107! mbar. An Nd:YAG laser (Huafei
Tongda Technology-Diamond-288 pattern EPLS) with a
wavelength 1064 nm (500 pulses, repetition of 6 Hz and
energy of 100 Mj) was focused on the ZnO target. The
sample was annealed at 400 °C for 30 min. The GaN film
was deposited on Si and ZnO/Si substrates under a
nitrogen atmosphere, and the film was deposited through
the same technique at 1x10~! mbar, 300 pulses, repetition
of 6 Hz, and energy of 300 Mj. The sample was annealed
in a furnace, and N, was introduced to the tube After the
furnace reached a temperature of 700 °C, NH3 was
introduced. After the furnace reached a temperature of 900
°C for 2 h, the sample was taken out to cool down for
subsequent characterization. The targets used for PLD
were prepared by pressing corresponding compounds in
their powder forms. ZnO and GaN in powder form were
obtained from the Sigma-Aldrich Company. For the
fabrication of the gas sensor, a silver (Ag) metal contact
was deposited on the GaN/ZnO/Si surface with a vacuum
evaporation system, as shown in Fig. 3 [15].
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3. Results and discussion

3.1. X-ray diffraction analysis

The typical X-ray diffraction (XRD) patterns of the
ZnO and GaN films and GaN/ZnO deposited on Si (111)
through PLD are shown in Fig. 4 (a), (b), and (c),
respectively. The spectrum revealed a number of peaks for
ZnO on Si, a strong peak at 28.447 for Si (111), and
diffraction peaks corresponding to the (002), (012), (110),
(013), (020), (112), and (022) planes of the ZnO structure
located at 33.504°, 47.544°, 56.519°, 62.859°, 66.396°,
67.961°, and 76.977°, respectively, which was found to
well matched with wurtzite structure of ZnO that having
hexagonal phase and good agreement with relevant XRD
database standard JCPDS (card No. 98-004-1488). The
strong intensities and narrow widths of the ZnO diffraction
peaks indicated that the products have good crystalline
structures [16]. Fig. 4 (b) shows the the peaks for GaN on
the Si substrate. The strong peak at 28.6273° was from the
silicon substrate Si(111), and the peak at 32.639° was from
GaN (100). The peak at 64.2711° corresponded to GaN
(013). GaN showed a hexagonal phase according to the
PDF (00-050-0792) card. Fig. 4 (c) shows that peaks for
GaN/ZnO deposited on the Si substrate. The peak
corresponded to the (400) plane of Si at 25.6968°, and the
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strong peak at 28.5109° was attributed to Si (111). The
peak with a low intensity appeared at a diffraction angle (2
theta) of 35.8009° and may be attributed to
Ga;04Zn5(150), which have an orthorhombic phase
according to JCPDS (card No. 98-026-0746). However,

this compound may have formed because of the high
preparation energy of the materials. Another peak at
58.8984° corresponded to the GaN(013) plane. GaN
showed a hexagonal phase, and this structure showed good
agreement with JCPDS (card No. 98-004-2000).
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Fig. 4. X-ray diffraction of (a) ZnO/Si, (b)GaN /Si, and (c) GaN/ZnO/Si (color online)

3.2. AFM analysis

The surface morphology and surface roughness of the
films were studied using the AFM technique. Fig. 5 (a)
shows the 3-D and 2-D AFM images of the thin ZnO
nanofilm. The nanofilm was extremely dense and showed
a smooth surface morphology. The average roughness and
root-mean square for the sample was determined. The
roughness analysis results obtained through AFM showed
that the average surface roughness (Sa) was 5.86 nm and
root mean square was 6.77 nm, which are in a good

agreement with the results of previous reports [17-19]. Fig.
5 (b) shows the 3-D and 2-D AFM images of the GaN film
with an average roughness of 7.4 nm and root mean square
of 8.55 nm. Fig. 5 (c) shows the 3-D and 2-D AFM images
of the GaN/ZnO film with an average roughness of 24.948
nm, root mean square of 32.219 nm, and a high-quality
crystal structure, showing that the crystalline quality of the
GaN film was high in the ZnO buffer layers. GaN film
deposited on the crystalline ZnO buffer layer had a smooth
surface, as shown in Fig. 5 (¢) [20].
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Fig. 5. (a) AFM images of ZnO/Si film, (b) AFM images of GaN /Si film, and
(c) AFM images of the GaN/ZnO/Si film (color online)

3.3. Field emission scanning electron microscopy
analysis

The field emission scanning electron microscopy
(FESEM) images of the thin ZnO, GaN, and GaN/ZnO
films deposited on Si substrates are shown in Fig. 3. Fig. 6
(a) shows that the ZnO nanoparticles had a compact and
uniform arrangement and nearly irregular shapes. The
particles varied in size in the prepared sample. The large
particles in the sample were composed of small crystallites
[21]. Fig. 6 (b) and (c) show the presence of many GaN
grains with uniform sizes on the film surface. The reason

was that energy was sufficient to move adsorbed atoms on
the surface of GaN film to the lowest energy point at a
high temperature. This condition led the uniform grain size
and dense structure of the film at the macro level. Fig. 6
(c) shows that Si-based GaN films prepared with ZnO as a
buffer layer have a fine crystallization quality at an
annealing temperature of 900 °C [22]. The smooth surface
morphology was achieved by introducing a GaN layer
onto the ZnO buffered substrate. This finding supports the
important role of ZnO as a buffer layer [23].
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Fig. 6(a). Grains observed by use FESEM analysis for ZnO /Si, (b).Grains observed by use FESEM analysis for GaN /Si
and (c). Grains observed by use FESEM analysis for GaN/ ZnO /Si

3.4. Energy dispersive X-ray analysis

The chemical composition of the ZnO, GaN, and
GaN/ZnO films were confirmed through energy dispersive
X-ray (EDX) analysis, as shown in Fig. 7. Fig. 7 (a) shows
that Zn, O, and Si elements constituted the ZnO thin film.
The compositional analysis of the EDX spectrum refers to
the atomic ratio for O that is larger than Zn in the ZnO
film. Specifically, the ZnO film had an excessive amount
of oxygen may be from oxygen ions on the surface. This
finding is in agreement with the findings in [18]. Fig. 7 (b)

shows that Si, N, and Ga from the substrate and GaN layer
contained oxygen impurities, as indicated by the EDX
analysis results, which may have been introduced by air
leakage [24]. The EDX spectrum in Fig. 7 (c) shows the
existence of O and Zn peaks representing the ZnO
nanostructure determined through elementary
characterization. The purity of the fabricated films was
excellent, which had no residues (except Si, Ga, and N
derived from the substrate and GaN layer). This result is in
good agreement with the results in [11].
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Fig. 7. EDX analyses of films prepared by pulse laser deposition (a) ZnO/Si, (b)GaN /Si, (c) GaN/ZnO/Si (color online)

3.5. Gas sensor measurement

The semiconductor nanostructures of nitride and oxide
materials are ideal for chemical sensing. The material
properties, including high thermal, chemical stability, and
high surface-to-volume ratio, afford nanostructured

sensors high sensitivity and detection capabilities at low
gas concentration [25]. The gases sensitivity S is defined

as

S = (Ro - Rgs)/Ro

(1
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where Ro is the resistance of sensors before gas passage
and R, is the resistance after gas passage [26]. The
interactions of the gas/semiconductor surface based on the
gas-sensing mechanism of semiconductor gas sensor
occurred at the grain boundaries of the films. These
interactions included the reduction/oxidation processes of
the semiconductor and the adsorption of chemical species
directly on the semiconductor. The effect of these surface
phenomena changed with electrical resistance. Variations
in resistance were easily observed and used in detecting
chemical species under ambient conditions [27]. Fig. 8
shows the schematic diagram of the gas sensor setup [15].

Gas sensing under a constant temperature but varying gas
concentrations was studied for thin GaN/ZnO films. Fig. 9
shows that resistance changed over time with
concentration. Additionally, sensitivity increased with gas
concentration, and the sensitivity of the gas sensor device
to NH; gas was measured as a function of concentration,
as shown in Fig. 10. The sensitivity of the device increased
from 32.0904% to 50.08441%, and gas concentration
increased from 500 ppm to 1500 ppm, respectively. Given
that gas concentration may change rapidly, the sensors
were expected to show a fast dynamic response with small
changes in concentration [28].
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Fig. 8. Schematic diagram of the gas sensor setup (color online)
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4. Conclusion

High-quality ZnO, GaN, and GaN/ZnO films were
fabricated through simple technique (PLD) on a Si
substrate. The structures of the GaN and ZnO layers were
visualized using FESEM and AFM. The film were
extremely dense and showed a smooth surface
morphology. The XRD patterns showed crystallized
hexagonal structures. GaN/ZnO/Si exhibited excellent
response as an ammonia gas sensor. The gas sensitivity of
the gas sensor device for NH; gas was measured as a
function of concentration. Device sensitivity increased
from 32.0904% to 50.08441%, and gas concentration
increased from 500 ppm to 1500 ppm.
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