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Abstract. The structural, morphological, elemental and electrical properties of MgZnO thin films, grown on p-Si
(001) substrates by dual-ion beam sputtering deposition (DIBSD) system at different substrate temperatures were
thoroughly investigated. X-ray diffraction (XRD) pattern of MgZnO film exhibited crystalline hexagonal wurtzite
structure with the preferred (002) crystal orientation. The full-width at half-maximum of the (002) plane was the
narrowest with a value of 0.226° from MgZnO film grown at 400°C. X-ray photoelectron spectroscopy analysis
confirmed the substitution of Zn?>* by Mg?* in MgZnO thin films and the absence of MgO phase. Correlation
between calculated crystallite size, as evaluated from XRD measurements, and room-temperature carrier mobility,
as obtained from Hall measurements, was established. Current—voltage characteristics of MgZnO thin films were
carried out under the influence of dark and light illumination conditions and corresponding values of photosensi-
tivity were calculated. MgZnO film grown at 100°C exhibited the highest photosensitivity of 1.62. Compared with
one of the best-reported values of photosensitivity factor from ZnO-material-based films available in the literature,

briefly, ~3.085-fold improved photosensitivity factor at the same bias voltage (2 V) was obtained.
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1. Introduction

Ultraviolet (UV) photodectection have become subject of
intense research because of various new requirements in
technological fields, such as flame detection, engine moni-
toring, missile plume detection, chemical sensing and inter-
satellite communications [1,2]. ZnO-based material systems
have been promising for advanced electronic and opto-
electronic devices because of the availability of wide direct
band gap of 3.37 eV and large free exciton binding energy
of 60 meV [3-9] at room temperature. MgZnO is an impor-
tant semiconductor alloy for application to deep-UV photo-
detectors (PDs) and optoelectronic devices such as solar
UV radiation monitors, ultrahigh temperature flame detec-
tors, air-borne missile warning systems, space communica-
tion systems and ozone layer monitors [10,11]. Alloying ZnO
films with MgO facilitates suitable band-gap engineering for
device design. It has been reported that band gap energy
increases considerably from 3.37 to 7.8 eV on varying the x-
composition for ternary compound Mg,Zn;_,O from 0 to 1
[11,12]. The ionic radius of Mg?* (0.57 A) is similar to that
of Zn?** (0.6 A), so replacement of Zn>* by Mg+ should not
cause a significant change in lattice constants [13]. In order
to improve internal quantum efficiency of light emitters, the
application of MgZnO layers as electron and hole blocking
layers is quite essential [14].

* Author for correspondence (saurabh.rjit@gmail.com)

DIBSD; growth temperature; Hall measurements; MgZnO thin films; XRD; XPS.

A number of deposition techniques have been deployed
to grow MgZnO films such as pulsed-laser deposition [15],
molecular beam epitaxy [16], metal-organic chemical vapour
deposition [17,18] and radio frequency (RF) sputtering [19].
Among these deposition techniques, dual-ion beam sputter-
ing deposition (DIBSD) technique is quite popular since
it gives rise to high-quality and uniform film growth on
larger substrate area at relatively lower substrate tempera-
ture [20,21]. Detailed descriptive analysis on the influence
of growth temperature on the photoconducting properties of
DIBSD-grown MgZnO has not been reported yet. There-
fore, it will be extremely interesting to study the depen-
dence of photoconduction of such MgZnO films in view of
realizing high-performance optoelectronic and photovoltaic
devices.

In this study, the effect of substrate temperature on the
growth of ternary MgZnO films by DIBSD system has been
discussed and characterizations of such films were performed
to determine and correlate structural, elemental, morpholog-
ical and electrical properties of thin MgZnO films. Current—
voltage (/-V') characteristics of the MgZnO thin films were
carried out in dark and under U V-illumination under different
bias conditions.

2. Experimental
DIBSD system [22,23] was used to deposit MgZnO thin films
of thickness ~600 nm in the base pressure of 3 x 10~* mbar

on p-Si (001) substrates. During the growth process, a
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secondary direct-current assist ion source with the primary
RF ion source was deployed to increase the film adhesion
to the substrate and to eventually realize more uniform film
surface. Before inserting into DIBSD growth chamber, Si
substrates were rinsed thoroughly with trichloro-ethylene,
acetone, iso-propanol and de-ionized (DI) water and then
purged by high-purity (99.999%) N, gas. Film growth was
accomplished by sputtering a water-cooled, 4-in-diameter
Mgo.1Zng 9O target (99.99%) at various substrate temper-
atures, ranging from 100 to 600°C. During the reactive
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sputtering process, the flow rate ratio of oxygen (99.999%)
and argon gases (99.999%) was maintained at 4 : 2 where
primary ion beam power was kept constant at 65 W.

The structural properties of MgZnO films were examined
by X-ray diffraction (XRD) using a Bruker D8 Advance
X-ray diffractometer with a Cu-K, radiation (A = 0.154 nm).
X-rays, produced inside a sealed tube, were detected after
getting diffracted from the sample surface using a fast count-
ing detector based on the silicon strip technology (Bruker
Lynx Eye detector). Surface morphology and roughness of
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Figure 1. (a) XRD patterns of MgZnO (002) peaks, (b) FWHM and the c-axis length of MgZnO (002) peaks and (c¢)

crystallite size and stress generation on MgZnO thin films for different growth temperatures.

Table 1.

Influence of growth temperature on stress and crystallite size of MgZnO thin films grown on p-Si (001) substrate.

Growth temp. (002) peak FWHM Lattice constant, Crystallite size Stress (x 1010
(°C) value (deg) c(A) (nm) dyne cm~2)
100 34.313 0.149 5.220 55.707 —2.049
200 34.450 0.160 5.201 52.011 —0.306
300 34.968 0.200 5.126 41.669 +6.159
400 34.597 0.163 5.179 51.180 +1.554
500 34.769 0.147 5.154 56.790 +3.707
600 34.786 0.144 5.152 57971 +3.879
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deposited films were measured by using advance integrated
scanning tools for nano-technology (AIST-NT), atomic force
microscope (AFM) and ZEISS Supra55 field-emission scan-
ning electron microscope (FE-SEM). /—V characteristics of
the MgZnO thin films were measured by using 325 nm
He—Cd (10 mW) laser and Keithley 2612A source meter.

X-ray photoelectron spectroscopy (XPS) measurement
was performed on MgZnO film grown at 300°C to validate
the presence of elemental Mg in MgZnO using a PHOI-
BOS 100 analyzer with an Al-K,, radiation (1486.6 eV) as an
excitation source. The sample surface was pre-etched using
1 keV Ar ion beam before performing XPS measurement to
remove air contaminated top layer. Various chemical species
were identified from their corresponding binding energies.
The binding energies were determined by fitting the XPS
spectral line shapes with Lorentzian—-Gaussian functions.
The room-temperature sheet-resistivity, carrier concentra-
tion and mobility of MgZnO thin films were measured by
four-probe Hall-effect measurements in the van der Pauw
configuration using 2612A Keithley source meter and a mag-
netic field of ~0.5 T.

3. Results and discussion

Figure la depicts the XRD pattern of MgZnO thin films
grown on the p-Si (001) substrate as a function of substrate
temperature. The [w — 26] XRD pattern clearly reveals that
MgZnO thin films grown is highly c-axis oriented hexagonal
wurtzite structures with preferred (002) crystal orientation
as reported in existing literatures. It was observed from
table 1 that the position of the (002) diffraction peak
shifted from 34.313° at 100°C to 34.968° at 300°C and
then became irregular and finally reached to 34.786° for
the film deposited at 600°C. It is well known that the
angular peak position of Mgy 1Zng9O powder is located at
34.473° [24].

The shift in the corresponding diffraction peak position
for different growth temperatures was mainly due to strain
produced within the films during growth process. The angu-
lar peak position of film grown at 100°C, as observed in
figure 1a, is less than the angular value of Mg 1Zn 9O pow-
der peak; indicating that the lattice constant (c) of the MgZnO
films was elongated as compared with the MgZnO single
crystal and the unit cells are under compressive stress. It
was also observed that with an increase in growth tempera-
ture, the c-axis plane peak position shifted towards the angu-
lar value of Mgy 1ZngoO powder peak. The peak position
becomes 34.450° at a substrate temperature of 200°C. How-
ever, for even higher growth temperatures such as 300, 400,
500 and 600°C, the (002) peak positions were again obser-
ved to deviate from the angular value of powder peak
but in the opposite direction, indicating change in the
direction of stress as compared with unstressed MgZnO
films [24].
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The lattice constant for MgZnO films was evaluated from
Vegard’s law [25] and was used to calculate stress on MgZnO
films grown on Si substrates [26].

¢ = 52042 — 0.072x, 1)

a = 3.2491 + 0.047x, ?)

o =—45x 10" (ﬂ> . 3)
co

The crystallite size (D) was calculated from the well-known
Scherrer’s formula [27]:

09
T Acosf’

“

where A is the X-ray wavelength, A the full-width at half-
maximum (FWHM) of the (002) diffraction peak and 6 the
Bragg diffraction angle of the (002) peak.

Numerical results demonstrated that MgZnO crystallite
size was minimum with a value 41.6 nm at 300°C growth

Figure 2. AFM images (5 pm x 5 pum scale) of MgZnO films
deposited at the growth temperatures: (a) 100°C (b) 200°C (c)
300°C (d) 400°C (e) 500°C and (f) 600°C.
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temperature and maximum with a value of 57.9 nm at
600°C growth temperature. Stress on films increased from
—2.0486 x 10'" to 3.879 x 10'° dyne cm~2 as growth tem-
perature increased from 100 to 600°C. The minimum stress
value of —0.30641 x 10'© dyne cm™2 was achieved for
MgZnO film grown at 200°C.

Table 1 shows the influence of growth temperature on
stress and crystallite size of MgZnO thin films grown on the
p-Si (001) substrate.

Atomic force microscopy (AFM) images shown in
figure 2a—f illustrate the effect of growth temperature on sur-
face morphology of MgZnO thin films. A maximum surface
roughness of 70 Aona5pm x 5 um scale, was observed
for the MgZnO film grown at 600°C. MgZnO film grown
at 300°C was found to have minimum surface roughness of
17.5A.

Figure 3 describes the surface FE-SEM micrographs of
the MgZnO films on Si substrates at temperature range
200, 400 and 600°C. MgZnO films were found to exhibit
columnar, dense and hexagonal crystallites. The crystallite
size and the morphology of film grown at 600°C showed
larger and smooth surface.

The chemical states of zinc and magnesium elements was
analysed by XPS. All XPS spectra were calibrated by the
C 1s peak (284.6 eV) to compensate the charge effect. The
addition of Mg to ZnO can either replace Zn>* or form
MgO secondary phase [28]. In the case of pure ZnO, the
Zn 2p3;; XPS peak appeared at 1022.03 eV represents the
formation of Zn—O bonds while in case of MgZnO films,
the Zn 2p3/, peak shifted towards higher binding energies,
which results from the replacement of Zn?>* by Mg>* and
an added Zn—-O-Mg binding energy. Figure 4a shows XPS
spectra of the O 1s core level in MgZnO films. The curve
had been deconvoluted to generate three distinct and nearly
Gaussian curves centred at binding energy levels of 529.6 eV
(blue), 531 eV (green) and 531.8 eV (red). The oxygen (O
Is) spectra described the presence of both oxygen vacancies
and interstitials in the film grown at 300°C. Oxygen intersti-
tial defect concentration was found to be higher than vacan-
cies since the intensity of 531.8 eV binding energy peak was
larger than that at 529.6 eV.

Figure 4b shows the core level spectra of Mg 2p;/,
in MgZnO thin film. The Mg 2ps;, XPS peak in the
MgZnO thin film centred at around 49.6 eV can be ascribed
to the presence of Mg>* replacing Zn>* [29]. No posi-
tive Mg 2ps3;, binding energy shift towards the Mg 2ps,,
(MgO) binding energy of around 50-51 eV was identi-
fied, which was in correlation with the absence of MgO
phase.

Figure 4c illustrates the XPS spectra of Zn 2p levels
in MgZnO thin films. The peaks of Zn 2p3;, and Zn 2p;,,
spectra were appeared at binding energy values of 1022.03
and 1045.07 eV, respectively. This indicates the presence of
the stable Zn—O bonds in ZnO crystal lattice structure. The
binding energy difference between Zn 2p3,, and Zn 2p, ;, was
calculated to be 23.04 eV, which was characteristic value of
ZnO [30-32].
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Figure 3. FE-SEM images of MgZnO samples grown on p-Si
substrates at (a) 200°C (b) 400°C and (¢) 600°C.

The variation of electrical properties of MgZnO films de-
posited at various substrate temperatures had been illustrated
in figure 5. MgZnO films grown within the temperature range
of 100-600°C showed n-type conductivity with high electron
concentration of 10'® cm~3, owing to the existence of native
donor defects, such as O vacancies. MgZnO film, grown at
100°C, was found to have the highest carrier mobility of
40.25 cm?> V~! s7! at room temperature with resistivity of
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Figure 4. XPS spectra of (a) O 1s (Oj, OL and O, represented oxygen interstitials, lattice point and vacancies,
respectively); (b) Mg 2p peak at 49.6 eV; and (¢) Zn 2p having two sharp peaks at 1022.03 and 1045.07 eV in
as-deposited MgZnO thin film grown at 300°C substrate temperature with Ar/O; ratio 2 : 4 at RF power = 65 W.
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Figure 5. Variation of (a) carrier concentration and mobility and (b) resistivity of MgZnO thin films on Si at

different substrate temperatures.

4.29 x 107! Q cm and electron concentration of 1.53 x 10!
cm~3. The free carrier mobility was almost 1.5 times higher
than that obtained from MgZnO film grown by the other
solid-state deposition techniques elsewhere [33,34]. It was
observed that the structural properties of as-grown MgZnO
thin films had a strong correlation with electrical properties.
Calculated crystallite sizes of MgZnO grown at different sub-
strate temperatures, as obtained from XRD measurements
were observed to follow the same trend as carrier mobility
values formulated by Hall measurement. At 300°C growth
temperature, both carrier mobility and crystallite size were
found to be minimum with values around 37 cm? V! s7!
and 41.67 nm, respectively. The possible explanation could
be as when the crystallite size is small, the probability of
having carriers to face more number of grain boundaries to
move across the same distance along MgZnO surface and this
might result in the reduction of carrier mobility.

I-V characteristics, as illustrated in figure 6, of MgZnO
thin films under dark and under the influence of light illu-
mination conditions were measured at room temperature,
which is shown in figure 6. A non-linear behaviour in the

semi-logarithmic /-V curves was observed in the MgZnO
thin films in both dark and under light illumination. In case of
light illumination, as there was an increase of the generation
of electron—hole pairs in MgZnO films, non-ohmic behaviour
was observed [35,36]. Due to the generation of more charge-
carrying carriers, the value of current at a given bias voltage
is larger in case of light illumination as compared with the
corresponding value in dark conditions [35,36].

The photosensitivity of a semiconductor can be expressed
as [37].

_ iight — Laark

S 5)

I dark

The photosensitivity characteristics of the MgZnO films
under different bias conditions are described in figure 7.
MgZnO film grown at 100°C exhibited the highest pho-
tosensitivity of 1.62, when excited by the incident light.
As observed from figure 7, the photosensitivity factor ini-
tially reduced somewhat as MgZnO growth temperature was
increased up to 300°C, and then it improved marginally. This
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behaviour was replicated by the carrier mobility variation
with film growth temperature, as described in figure 5a. Com-
pared with one of the best-reported values of photosensi-
tivity factor from ZnO-material-based films available in the
literature [38], ~3.085-fold improved photosensitivity factor
at the same bias voltage (2 V) was obtained. This actually
confirmed superior growth quality of MgZnO films by DIBSD

system. From the figure, it could be inferred that the grown
MgZnO films are perfectly suitable for high-performance
UV-detector and photosensor applications.

4. Conclusion

In summary, wurtzite Mg, ;Zn, 9O thin films were deposited
on the Si (001) substrate using DIBSD system and systemat-
ically studied to analyse the effect of growth temperature on
structural, electrical and morphological properties of films.
Smooth, high quality and preferred c-axis oriented MgZnO
films can be synthesized by using Mg 1Zng¢O target at RF
power of 65 W with Ar/O, gas flow ratio of 2 : 4. The mini-
mum stress value of —0.31 x 10'® dyne cm~2 was achieved
for MgZnO film grown at 200°C. XPS studies confirmed
the substitution of Zn?>* by Mg?* in MgZnO thin films and
the absence of MgO phase. At 300°C, both carrier mobility
and crystallite size were found to be minimum with values
around 37 cm? V~! s7! and 41.67 nm, respectively. MgZnO
film, grown at 100°C, was observed to have the highest car-
rier mobility of 40.25 cm?> V~! s~! at room temperature with
a resistivity value of 4.29 x 107! © cm and electron con-
centration of 1.53 x 10'® cm™3. Correlation between calcu-
lated crystallite size, as evaluated from XRD measurements
and room-temperature carrier mobility, obtained from Hall
measurements, was established for MgZnO, grown at dif-
ferent growth temperatures. A non-linear behaviour in the
semi-logarithmic /-V curves was observed in the MgZnO
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thin films in both dark and under light illumination. MgZnO
film grown at 100°C exhibited the highest photosensitivity of
1.62, when excited by the incident light. Compared with one
of the best-reported values of photosensitivity factor from
ZnO-material-based films, ~3.085-fold improved photosen-
sitivity factor at the same bias voltage (2 V) was obtained.
From the measurement results, it could be inferred that the
DIBSD-grown MgZnO films are perfectly suitable for high-
performance UV-detector and photovoltaic applications.
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