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Stz 20 Wl 4021 We report the effects of the substrate temperature on the surface morphology of

Molybdenum tri-oxide (MoQOj3) thin films and the electrically detailed exami-
© The Author(s) under  nation of Au/MoOs/n-GaAs MOS heterojunction structure with the best
exclusive licence to Springer homogeneity. MoOj thin film was deposited both on soda-lime silicate glass as
Science+Business Media, LLC, a thin film and n-type and (100) oriented GaAs substrates using RF magnetron
part of Springer Nature 2021 sputtering method at substrate temperatures of room temperature, 100 °C,

200 °C and 300 °C. Surface morphology of the MoO; thin films were investi-

gated by utilizing atomic force microscopy (AFM) and scanning electron

microscopy (SEM) measurements. AFM and SEM results have shown that MoO3
thin film with substrate temperature of 200 °C has the lowest surface roughness
and the homogeneity of the film structures significantly enhances with
increasing substrate temperature up to 200 °C. An inclement in roughness of
thin film structure was detected at higher temperature than 200 °C due to the
deterioration of homogeneity. Therefore, we primarily focused on the MoOj3 thin
films produced at the substrate temperature of 200 °C to examine the electrical
properties of Au/MoQO;/n-GaAs MOS heterojunction device. In order to
determine the electrical properties, temperature dependent I — V measurements
were performed in between 200 and 400 K by steps of 25 K. The fundamental
electrical parameters such as saturation current (Iy), ideality factor (1), and
barrier height (¢,) were calculated by analyzing the forward bias I-V curves at
different temperatures. The series resistance (R;) values of the device were also
determined using the plot of structure resistance (R;) vs applied bias voltage
(Vi), Thermionic Emission Theory and Cheung and Cheung methods. The R;
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value of Au/MoO;/n-GaAs MOS heterojunction device shows an abnormal
behavior of up to 350 K, which is the critical temperature value and tends to
increase with increasing temperature. Above the critical temperature value, it

exhibits ideal behavior.

1 Introduction

Traditional transition metal-oxide (TMO) based thin
films like molybdenum tri-oxide (MoOj3), vanadium
pent-oxide (V,0s), or tungsten tri-oxide (WO;) play a
significant role in the optoelectronic and electronic
devices for decades. They form an interfacial layer to
modify charge transport properties, align favorable
energy level, increase stability in especially organic
photovoltaic technology and improve device perfor-
mance of organic, inorganic, and hybrid structures
[1-3]. The interest in TMO thin films is increasing day
by day due to their ability to be integrated into
structures designed for the new generation technol-
ogy, high transparency values, being available as
electrodes in various structures and being able to be
used as a charge generation/recombination materials
[4, 5]. In particular, the privilege of controlling the
interface properties of TMO thin films has made them
a promising material to the development of new
generation optoelectronic devices [6]. Among the
TMO materials, MoO; is the most widely used
material because it has shown a variety of techno-
logical applications for electronic and optoelectronic
technology such as organic [7] and perovskite solar
cells [8], organic light emitting devices [4, 9, 10], gas
and chemical sensors [11, 12], storage devices [13],
lithium-ion and sodium-ion batteries [14, 15]. The
reason for the widespread use of MoOj; thin films is
not only the superior electronic properties they show,
but also that they can be produced with easy pro-
duction and storage processes. For instance, the
evaporation temperatures of V,Os and WO; thin
films are very high. On the other hand, MoO; thin
films can be evaporated at relatively lower tempera-
tures (~ 400 °C) and thus easily accumulated from a
crucible in a high vacuum-free chamber. In this way,
excessive release of oxygen and the uncontrolled
heating of the substrate to be coated can be signifi-
cantly prevented [4]. Moreover, numerous deposition
techniques have been reported in the literature for the
formation of MoO; like thermal evaporation [16-20],
sputtering [21-25], pulsed laser deposition [26, 27],
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chemical vapor deposition [28, 29], atomic layer
deposition [30], electrodeposition [31, 32], and spray
pyrolysis [33] techniques. Among these deposition
techniques, sputtering system is properly made use
of due to its ability to obtain uniform, dense, and
exact stoichiometric thin films [34-36].

Especially more recently, the studies on MoOj;
based devices with technologically important III/V-
group semiconductors like Si and GaAs used as
substrates continue increasingly. Si and GaAs wafers
are the most widely used for modern semiconductor
device technologies because they are still highly
compatible with integrated circuits. The crystal
structure of MoQOj thin film fabricated using the RF
magnetron sputtering method depends completely
on the fabrication temperature [37]. Fan et al. repor-
ted that MoOj3 thin films fabricated at a substrate
temperature of 200 °C or below this temperature are
naturally amorphous while thin films showed the
presence of monoclinic MogOys and orthorhombic
MoO; at substrate temperatures of 300 °C and
400 °C, respectively [37, 38]. Furthermore, it has sig-
nificantly enhanced the energy conversion efficiency
of amorphous-Si based solar cells with electron
extraction using MoOj electrodes [39-41]. In partic-
ular, MoOj as interfacial layer has become a unique
material system for metal-oxide-semiconductor
(MOS) heterojunction based Schottky device appli-
cations, where interface control is of great importance
in metal-semiconductor contact due to its unique
electrical, optical and structural properties. In order
to design and promote the new generation electronic
and optoelectronic devices, it is also very important
to figure out the physics of hybrid structures formed
by technologically crucial III/V-semiconductor sub-
strate of GaAs and TMO materials. GaAs is perfectly
convenient for efficient absorbance and emission of
light because it is a direct-bandgap semiconductor
[42, 43]. Furthermore, GaAs exhibits excellent elec-
tronic properties necessary for high-speed and radio-
frequency devices due to the low effective mass of its
carriers [44]. Therefore, the hybrid technology based
on the integration of MoO; and GaAs serves up
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prospects for advancing device technology because of
these important technologically applicability. For
instance, high efficiency GaAs based solar cells can be
developed and tunable resistive electronic compo-
nents can be produced due to the high ionization
energy of MoO; and transparent [44]. In the litera-
ture, detailed studies have been made recently on
interface properties of MoO;/GaAs heterojunction
hybrid structure by Ashraf et al. [44, 45]. They
investigated the surface and interface structures of
thin MoO;/GaAs, effects of growth temperature and
post-growth annealing on interface formation and the
structure of MoOs; as a thin film. These studies
include only structural and morphological investi-
gations, and there is no electrical and morphological
comparative study on MoO;/GaAs heterojunction
MOS hybrid structure in the literature.

In this investigation, MoOj thin film as an interfa-
cial layer was studied to figure out the effects of
electronic properties and the surface morphology on
the MoO;/GaAs heterojunction structure. MoOj3 thin
film layer was fabricated onto n type-GaAs substrate
using RF magnetron sputtering method. We focus
mainly on the examination and interpretation of the
effect of different substrate temperatures on electrical
properties and morphological changes in MoO;/
GaAs MOS heterojunction structure, which form the
basis of many modern and innovative electronic and
optoelectronic devices. In accordance with this pur-
pose, we performed systematically atomic force
microscope (AFM), scanning electron microscope
(SEM) and current-voltage (I — V) measurements on
MoO3;/GaAs heterojunction MOS hybrid structure by
growth with different substrate temperature in
between 200 and 400 K by step of 25 K.

2 Materials and methods

The MoOj; thin films were deposited both on soda-
lime silicate glass as a thin film and (100)-oriented
n-type GaAs substrate using RF magnetron sputter-
ing method. Before the deposition process, the sur-
face of GaAs wafer and soda-lime silicate glass were
subjected to a chemical cleaning procedure to remove
contaminations. After the cleaning procedure, the
GaAs substrate, soda-lime silicate glass, and MoO;
target were loaded into the sputtering system. The
distance between target and substrates was about
35 mm. When a base pressure of 107® mbar was

reached, a 15 nm thin layer of MoO; film was
deposited on well-cleaned substrates with the depo-
sition rate of 0.2 A/s. In order to figure out how to
affect the substrate temperature to the electronic
properties and the surface morphology on the MoO3/
GaAs heterojunction structure, four different samples
were prepared by means of changing the substrate
temperatures. The substrates’ temperatures were
maintained at room temperature (RT), 100 °C, 200 °C,
and 300 °C, respectively.

The surface morphology of the films was analyzed
utilizing  high performance AFM (hp—AFM)
(NanoMagnetics Instruments Ltd., Oxford, UK) with
dynamic mode scanning at scan area of 3 x 3 pm?®
and JEOL JSM-7001F SEM at scan area of 1 pm?. The
root mean square (RMS) and grain size values of the
films were obtained by analyzing AFM images.

In order to the electrical characterization of the
structure at 200 °C substrate temperature, an ohmic
back contact was initially formed by deposition of
200 nm thick AuGeNi at 350 °C. Afterwards, post-
annealing process was carried out at 350 °C to obtain
good ohmic contact behavior. Finally, the fabrication
of the MoO3;/n-GaAs/AuGeNi heterojunction struc-
ture was completed with square-shaped rectifier
contacts (2 mm diameter, 200 nm) deposition of high-
purity Au (99.999%) coated on the front surface of the
MoO; film structure. I-V measurements with the
forward and reverse bias were carried out in the
temperature range 200-400 K using a Keithley 2400
source meter. The temperature was adjusted using
Janisvpf-475 cryostat and a Lake Shore model 321
auto-tuning temperature controllers.

3 Results and discussion

In order to investigate the effect of substrate tem-
perature on the surface morphology and to determine
the best surface homogeneity of the MoO; thin films,
AFM and SEM measurements were carried out for
the MoQO; thin films deposited on soda-lime silicate
glass as a thin film at substrate temperature with RT,
100 °C, 200 °C and 300 °C. Figure 1a—d illustrate the
three-dimensional (3D) AFM images of the MoO;
thin film with different substrate temperatures (RT,
100 °C, 200 °C and 300 °C).

Surface morphology and roughness of MoO; thin
films were evaluated based on AFM measurements
with a scan area of 3 x 3 um?. The surface roughness
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Fig. 1 3 x 3 um* AFM
image of MoO; thin films at

RMS = 34.55 nm
substrate temperatures of a RT,

b 100 °C, ¢ 200 °C and
d 300 °C

3000.0 nm

a) RT

RMS = 19.56 nm

3000.0 nm

c) 200 °C

(in Root Mean Square, RMS) of the MoO; thin films
grown at different substrate temperatures were
found as 34.55 nm, 26.66 nm, 19.56 nm and 22.85 nm
for RT, 100 °C, 200 °C and 300 °C, respectively. As
clearly seen from Fig. 1, the MoOj thin film deposited
at substrate temperature of 200 °C has the lowest
surface roughness. Moreover, the homogeneity of the
MoO; thin films enhanced with increasing substrate
temperature up to 200 °C. After this temperature
value, an inclement in roughness was observed as the
thin film homogeneity deteriorated.

SEM images of the MoO; thin films coated at dif-
ferent substrate temperatures are presented in
Fig. 2a—d. The surface of MoO; thin film grown at RT
substrate temperature is not uniform and prominent
as can be seen in Fig. 2a. However, it was observed
that the surface becomes fairly homogeneity as sub-
strate temperature increase up to 200 °C, which is
quite well consistent with the result of AFM images.
This situation can be attributed to optimum MoOj;
thin film formation on the substrate at temperature of
200 °C. When the substrate temperature is raised to
200 °C, the surface topography of the MoOj thin film
is flatter and uniform without any small gains. After
this temperature, the surface of MoOj thin film starts
to lose its homogeneity as seen from Fig. 2d.

Analysis of AFM and SEM measurements showed
that MoOj thin film coated at the substrate temper-
ature of 200 °C has the best surface homogeneity.
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RMS = 25.66 nm

3000.0 nm

b) 100 °C

RMS = 22.85 nm

3000.0 nm

3000.0 nm

d) 300 °C

Therefore, it can be a strong candidate to use as an
interface layer in new generation MIS/MOS elec-
tronic and optoelectronic devices. Hence, we pri-
marily focused on the MoQO; thin film deposited on
n-type GaAs substrate at the substrate temperature
of 200 °C to examine the electrical properties that are
crucial for device applications. In order to under-
stand the electrical properties of Au/MoO;/n-GaAs
MOS devices for MoOj thin film sample produced at
the temperature value of 200 °C, temperature
dependent I — V measurements were performed in
the temperature range 200-400 K. The fundamental
electrical parameters like saturation current (Iy), ide-
ality factor (1) and barrier height (¢,) were calculated
using the following well-known equation [46-48];

=1, [e(%) —11 (1)

Here I is the reverse saturation current and
derived from the straight-line fitting at a zero bias, V
is the bias voltage, n is the diode ideality factor and
kg is the Boltzman constant and T is the operating
temperature in Kelvin. The reverse saturation current
of Iy is expressed by the following relation:

Iy = AA*T? Gﬁ) (2)

where A is the diode area, A* is the Richardson
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Fig. 2 SEM image of MoOj3
thin films in 1 um at substrate
temperatures of a RT,

b 100 °C, ¢ 200 °C and

d 300 °C

constant which is 8.16 Acm®K > for n-type GaAs
[47, 49, 50], g is the electron charge. The ideality factor
is described the deviation of experimental -V data
from the Thermionic Emission (TE) Theory. The
definition of ideality factor is given by the equation:

_9 4V
"= kT din(l) 3)

n is one of the most important parameters for diode
uniformity and is equal to 1 for an ideal diode, but in
practice, n is greater than 1 for a real situation. Gen-
erally, the value of n is expected to be greater than 1
because of the barrier inhomogeneity at metal-semi-
conductor interface and the presence of interface thin
layer of MoQO; film. On the other hand, ¢, can be
obtained from Eq. (2) as:

kgT (AA* Tz)
=—""In
®ro q To

(4)

The forward and reverse bias I-V curves of Au/n—
GaAs structure with MoQO; interfacial layer in the
temperature range of 200-400 K are given in Fig. 3.
As seen from Fig. 3, I-V curves are linear at low
forward bias voltages (in the range of 0-1 V) and the
curves deviate from linearity at high forward bias
region (greater than 1 V). This deviation is due to the
existence of the series resistance (R;), barrier inho-
mogeneity, and interface states (N;).

b) 100 °C

1um 1pum
—_— — —_— —

id) 300 °C

1um
- aei A

10°

10" |

107 s

L(A)

102

10% |

1 0-5 Il 1 1 1

Fig. 3 Forward and reversed bias I—V characteristics of Au/
MoO;/n—GaAs MOS heterojunction structure fabricated at
substrate temperature of 200 °C in the temperature range of
200400 K

The values of n and ¢, for Au/n-GaAs structure
with MoO; interfacial layer vary from 6.25 and
0.25 eV (at 200 K) to 3.52 and 0.57 eV (at 400 K),
respectively. Figure 4 shows the variation in values
of n and ¢, for the temperature range of 200-400 K.
As given in Fig. 4, the calculated values of n decrease
with increasing temperature while the calculated
values of ¢, increase with increasing temperature
values. It is also seen in the figure that the barrier

@ Springer



7.0 T T T T T 0.60

s —e— |deality Factor 4
0 \ —a— Barrier Height 029
6i0iE 4 0.50

o,
3
T

Ideality Factor, n
(&)}
(=
T
1
o
3
Barrier Height, ¢,, (eV)

451 H0.35
40+ H0.30
35 Ho0.25
3.0 L— ' ' ' 1 0.20
200 250 300 350 400
T (K)

Fig. 4 Ideality factor and barrier height of Au/MoO;/n—GaAs
MOS heterojunction structure in the temperature range of
200-400 K

height value increases linearly with increasing tem-
perature. This result clearly highlights the inhomo-
geneity of barrier height. According to thermionic
emission (TE) theory, this linear rise in the barrier
height with increasing temperature shows that there
are inhomogeneities at the metal/semiconductor
(MS) interface [51-53]. Correspondingly, the ¢, for
current transport decreased and the n increased at
low temperatures due to the deviation of a Schottky
barrier from pure thermionic emission. On the other
hand, the increase in ¢, with increasing temperature
is due to temperature-activated current transport
across the MS interface. Therefore, this behavior of ¢,
and n with temperature to Schottky barrier homo-
geneities has been attributed to assuming the Gaus-
sian distribution of barrier heights at the MS interface
and the Richardson plot shows good linearity over
the temperature range [51-53]. Additionally, the
existence of MoOj thin film as interfacial layer can
affect the current conduction and barrier homogene-
ity in between metal and semiconductor. Mahoto
et al. have reported that bandgap value of TMO layer
increased when temperature decreased and the
charge carriers cannot have enough energy to over-
come the barrier height at low temperatures [6].
Therefore, in this study, we focused on the temper-
ature range of 200-400 K.

The series resistance (R;), one of the important
parameters of MIS or MOS structures, was computed
from the structure resistance (R;) and applied bias
voltage (V;). The structure resistance derived from

I-V graph using R; = il—‘{if relation. Figure 5 shows the
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Fig. 5 Serial resistance—voltage characteristics of Au/MoOs/n—
GaAs MOS heterojunction structure in the temperature range of
200-400 K. Inset shows the changing in R; values as a function of
the forward bias voltage in between 0 and 0.25 V

calculated series resistance of Au/MoO;/n-GaAs
MOS heterojunction in the temperature range of 200-
400 K. Figure inset presents the changing in R, values
as a function of the forward bias voltage in between 0
and 0.25 V. As observed from Fig. 5, the structure’s
serial resistance values at sufficiently high forward
bias voltage approach to a constant value. The tem-
perature also affected the Ry values and they were
calculated to be 6.88 Q at temperature of 200 K and
7.65 Q at temperature of 400 K. The temperature
dependent values of the calculated R; and other

Table 1 Temperature dependent electrical parameters of the Au/
MoO;/n—GaAs MOS heterojunction structure fabricated at
substrate temperature of 200 °C in the temperature range of
200400 K

T (K) -V characteristics dV /din(I) H(I)
n dr(eV)  R(Q)  Ry(Q) Ry(Q)
200 6.58 0.25 6.88 6.97 6.85
225 591 0.29 6.57 7.35 6.63
250 5.43 0.33 6.54 7.08 6.61
275 491 0.36 6.43 7.54 6.56
300 4.56 0.41 7.11 7.97 7.27
325 4.24 0.45 7.45 8.52 7.63
350 3.99 0.49 7.73 8.67 7.95
375 3.72 0.53 7.69 8.48 7.89
400 3.52 0.57 7.56 8.40 7.84
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electrical parameters of the Au/MoO;/n-GaAs MOS
heterojunction device are given in Table 1. As clearly
seen from Fig. 5 and Table 1, Au /n-GaAs structure
with MoQO; interfacial layer has very low R, values.
However, it shows an abnormal behavior of up to
350 K, which is the critical temperature, and tends to
increase with increasing temperature. After this
temperature value, it exhibits ideal behavior.

The series resistance values can be determined
from the temperature dependent forward bias I-V
characteristics known as the Cheung and Cheung
method [6, 46, 48-50, 54]. According to this method,
current-voltage characteristics related to Thermionic
Emission Theory can be expressed as follows:

av kgT
=n——+ R 5
din() "' g T ®)
Figure 6 shows #V(I) versus I curves that exhibit a

linear behavior at different temperatures. The slope
of the linear line gives the series resistance. The val-
ues of R, obtained from this Figure to be 6.97 Q at
temperature of 200 K and 8.40 Q at temperature of
400 K.

In order to obtain the series resistance from third
way, the ideality factor values determined from the
temperature dependent -V curves were also used in
another equation of Cheung and Cheung. As a third
way, another equation of Cheung and Cheung
defined by the following relation:

4.20 — T T T T T T T

at0f— 3K /) /A / |

4.05 | /] / J |
400 | / / / -
3.95 | // / ‘/J —

044 046 048 050 052 054 056 058
1(A)

dv/din (1)

Fig. 6 The variation of dV/d(Inl) —I characteristics of Au/
MoOs/n—-GaAs MOS heterojunction structure fabricated at the
substrate temperature of 200 °C for different temperature values in
between 200 and 400 K

kgT

I
H(I) =V - nqln(

——— | =ndy + Rl 6
i) “mbatRI (O

The plots of H(I) versus I in the temperatures
range from 200 to 400 K are presented in Fig. 7. The
values of R; were calculated as 6.56 Q at 200 K and

7.84Q at 400 K from Fig. 7. The R, values evaluated
av
dln)

those from the plot of H(I) versus I graphs. These
results confirm the consistency and validity of both
models. The comparison of all calculated R, values
are given in Fig. 8. In addition, the values of series
resistance obtained from temperature dependent I-V
curves are quite compatible with the values obtained
from the Cheung functions as seen from Fig. 8. The
temperature point of 350 K stands out as a critical
temperature value. While R; values obtained from all
three curves up to 350 K almost tend to increase with
increasing temperature value, they show a decreasing
trend after this critical temperature value.

The presence of defects in the metal oxide layer is
directly proportional to the temperature. They
increase as the temperature increases and decrease as
the temperature decreases. Similarly, the current
passing through the defect level is directly propor-
tional to the increasing in temperature during the
transmission. Therefore, the defect states in the MoOj;
thin film layer affect the current flow mechanisms in
the structure. However, in this study, it was observed

from the plots of versus I are almost identical to

5.70 T T T T T T T T
—a— 200K
—— 225K
5.65 |- 250K 4
275K
| |
| aw [ ) ]
——wsk [
——375K /
£555 = i / i
= /
ju
550 |- / i
|
/i
545 | * / / !
| /
540 |- | :
1 1 1 L 1 1 1 1

040 042 044 046 048 050 052 054 0.56
L(A)

Fig. 7 The variation of H(I) — I characteristics of Au/MoOs/n—
GaAs MOS heterojunction structure fabricated at the substrate
temperature of 200 °C for different temperature values in between
200 and 400 K
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Fig. 8 The comparison of all calculated R, values of MoO3z/n—
GaAs MOS heterojunction structure fabricated at the substrate
temperature of 200 °C in the temperature range of 200—400 K

for the MoQOj; thin film layer that the increasing in
temperature up to the critical temperature value
tended to increase in series resistance because the
defect states up to the critical temperature value did
not exhibit a dominant behavior in current trans-
mission mechanisms. After the critical temperature
value, the defect states started to dominate the cur-
rent flow mechanisms. The experimental results
indicated that R; values of the Au/MoQOs/n—-GaAs
MOS heterojunction device exhibit unusual behavior.
They increase with increasing temperature up to
critical temperature value, and then, the R, values
exhibit expected behavior due to the effect of the
defect states.

4 Conclusion

In this study, the effect of MoOj; thin film as an
interfacial layer on the Au/MoO;/n-GaAs MOS
heterojunction structure was investigated in terms of
substrate temperature. The MoO; thin films were
grown both on soda-lime silicate glass as a thin film
and n—-type GaAs substrates using RF sputter system
at different substrate temperatures. The surface
morphology of the MoO; thin films with different
substrate temperatures was determined by conduct-
ing AFM and SEM measurements. Experimental
results show that the thin film with substrate tem-
perature of 200 °C has the best surface homogeneity
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and an inclement in roughness was detected as thin
film homogeneity deteriorated at higher tempera-
tures than 200 °C. MoQO; thin films show these
properties at a much lower substrate temperature
compared to other TMO materials. This property of
MoOs thin films makes them a strong candidate as an
interface layer in new generation MIS/MOS elec-
tronic and optoelectronic devices. Hence, we focused
on the examination of crucial electrical properties in
new generation device applications using MoOs
produced on n-type GaAs substrates at low substrate
temperature. In order to obtain electrical properties
of devices, temperature-dependent current-voltage
(I-V) characterization in the temperature range of
200 K to 400 K by step 25 K was examined. The
fundamental electrical parameters like Iy, n and ¢,
were calculated by analyzing the forward bias [-V
curve. The values of n and ¢, for Au/MoO;3/n-GaAs
MOS heterojunction structure vary from 6.25 and
0.25 eV at temperature of 200 K to 3.52 and 0.57 eV at
temperature of 400 K, respectively. We found that n
values decrease with increasing temperature, while
¢, values increase with increasing temperature val-
ues as expected. In addition, we calculated R, values
of Au/n-GaAs structure with MoOj interfacial layer,
which are very important for device applicability,
using from both I—V measurements and Cheung
methods. The Au/MoOs3/n-GaAs structure fabri-
cated at substrate temperature of 200 °C exhibits an
unexpected behavior for R, values up to 350 K, which
is the critical temperature, due to whether the current
transmission mechanisms are active or inactive. After
this value, it decreases with increasing temperature,
which is the ideal behavior. These results clearly
highlight the potential of practical application of the
Au/n-GaAs structure with MoQOj interfacial layer to
be used for new generation electronic and optoelec-
tronic device applications.
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