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1 Introduction

Zinc oxide (ZnO) is one of the promising environ-
mentally friendly semiconductor materials having a
direct wide band gap (3.37 eV) and large exciton
energy (60 meV) at room temperature which makes it
well suited for use in optoelectronic devices per-
forming in near ultraviolet (UV) [1-4]. Among ZnO
nanostructures such as nanorods, nanoflowers, and
nanowires, ZnO thin films have been studied exten-
sively in recent years due to their wide range of
application in electronic devices such as light-emit-
ting diodes [5, 6], solar cells [7], gas sensors [8], UV
lasers transparent conductive films [9], and Schottky
diode devices [10-14]. ZnO has superior physical
properties such as high electron saturation velocity,
high breakdown electric field, radiation tolerance,
and high thermal conductivity, which are comparable
to the other conventional wide band gaps semicon-
ductors such as GaN and SiC, and are also better than
those of GaAs and Si [15, 16].

The physical and chemical properties of ZnO
semiconductor material can be altered by doping it
with some cations. Transition metals such as Al, Ag,
Mn, and Co have been used and studied as effective
dopants for ZnO thin films [17-20]. Rare-earth (RE)
metals such as La, Ce, Sm, Eu, Er, and Yb have also
been used as dopants for ZnO to improve its optical
and electrical properties [21-25]. The availability of
4f electrons and their fluorescence efficiency results in
good optical and electrical properties [26]. Among
these RE metals Ce and Sm have been studied
extensively and have been shown to be good candi-
dates for ZnO dopants due to their optical and elec-
trical properties [22, 23, 27]. Recently, Ce- and Sm-
doped and co-doped ZnO thin films have produced
good Schottky diode devices at room temperature
with ideality factor near to the unity using Pd as the
Schottky contact [28, 29]. Moreover, a combination of
Al and Ce co-doped ZnO thin films have also shown
to manifest good optical and electrical properties as
reported in [30].

Obtaining good rectifying Schottky contacts on
ZnO is difficult to achieve because of the formation of
an oxide layer between Si and ZnO. Therefore,
treatment is needed prior to contact fabrication. This
can be done by chemical cleaning using hydrogen
peroxide, hydrofluoric acid, or by plasma treatment.
Fabrication of high-quality metal/ZnO Schottky
diode devices has been of substantial interest to the
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research community. In general, the reliability and
performance of metal-semiconductor device are
affected by the quality of the fabricated contact
between metal and semiconductor. This is due to the
fact that Schottky barrier height which controls the
transport properties is given by the difference
between the majority charge carrier’s energy levels
across the metal-semiconductor interface [31]. Under
applied different bias and temperatures, the Schottky
barrier height was found to differ as observed in
GaAs and ZnO [16, 32, 33]. Moreover, the variation of
temperature can also affect the Schottky barrier
heights which in turn influence the device perfor-
mance as reported in [16]. Moreover, the device
characteristics can also be affected by the formation
of oxide layers and interface states which results in
deviation from the ideal behavior of the diode.

Synthesis of ZnO thin films has been done using a
variety of techniques including, spray pyrolysis [34],
metalorganic chemical vapor deposition [35], molec-
ular beam epitaxy [36], pulsed laser deposition [37],
and the sol-gel spin-coating techniques [38—41]. In
this study, the sol-gel spin-coating technique was
used to synthesize the Ce- and Sm-co-doped ZnO
thin films, due to its simplicity and adaptability of the
experimental setup, low cost, low-temperature crys-
tallization, and homogeneity of the produced films.
Using the sol-gel spin-coating methods, Ce and Sm
co-doped ZnO films were deposited on glass and n-5i
substrates. Deposited films on glass substrates were
used for structural and optical characterization, while
films deposited on n-Si substrates were used for
device fabrication and characterization. As we men-
tioned earlier, Ce and Sm have shown to be a good
candidates as a dopant for ZnO Schottky diode
devices at room temperature [28, 29]. However, to the
best of our knowledge, no reports are available on
temperature-dependent electrical properties of the
fabricated Ce and Sm co-doped ZnO thin films using
the sol-gel spin-coating methods. Therefore, in this
study, we fabricated Ce- and Sm-co-doped ZnO thin
films Schottky diode devices using Pd and Pt Schot-
tky contacts. The structural properties of the pre-
pared films were studied at room temperature and
the electrical properties of the fabricated Schottky
diode devices based on Pd and Pt Schottky contacts
were investigated in detail in the temperature range
320-160 K, and have shown good Schottky behavior
with a rectification being nine and ten orders of
magnitude, respectively.



] Mater Sci: Mater Electron (2023) 34:1312

2 Experimental methods
2.1 Materials

In these experiments, the following raw materials
were used as purchased without any further purifi-
cation, namely: zinc acetate dihydrate (98%, Merck),
monoethanolamine (MEA) (98%, Merck), iso-propa-
nol (99.95%, Merck), cerium nitrate hexahydrate
(99.999%, Sigma Aldrich), and samarium nitrate
hexahydrate (99.9%, Sigma Aldrich).

2.2 Preparation and deposition of Sm-
and Ce-doped and co-doped ZnO thin
films

Zn0O sol-gel solution was prepared by dissolving zinc
acetate dihydrate into 60 ml iso-propanol which was
stirred for 1 h at 500 rpm and 60 °C. Thereafter, MEA
in a 1:1 molar ratio with the zinc acetate was added
drop-wise to the solution as a stabilizer while con-
tinuously stirring under the same conditions for 1 h.
Doping was performed by adding 2 at.% of cerium
nitrates and 2 at.% samarium nitrates to the above
solution following the same procedures used to ZnO
sol-gel. The transparent, clear solution was then aged
for 96 h prior to the deposition, to increase the vis-
cosity of the gels. Before the deposition, glass sub-
strates were cleaned with deionized water, ethanol,
acetone, and deionized water, in this sequence for 15
min in an ultrasonic bath, and finally blown dry with
nitrogen gas. Si substrates were cleaned following the
procedures explained elsewhere [42]. Aged sol-gels
were then spin coated on pre-cleaned glass and Si
substrates 3 layers (i.e., Ce and Sm-doped ZnO
solution) at 3000 rpm for 30 s, thereafter drying in an
oven preheated at 200°C for ~5 min. This process
was repeated until the desired thickness was
obtained. Finally, the coated substrates were dried at
250 °C for 5 min to remove any remaining organic
residuals. Prior to characterizations, coated films on
glass and Si substrates were annealed at 450 °C in Ar
gas for 1 h with a temperature ramped at a rate of 10
°C/ min.

2.3 Contacts fabrication

For device fabrications, two deposition systems were
used in this study namely, the resistive evaporation
and electron beam deposition (e-beam). The substrate
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used for device fabrication was n-type Si (111) (13-17
um and 1.4-1.8 Q.cm) which was diced into small
pieces, and divided into two sets. For the first set, Pd
and Au-Sb were used as the Schottky and Ohmic
contacts, respectively. 150 nm of Au-Sb alloy contact
was resistively evaporated onto the back side of the Si
substrate. The evaporated AuSb layer was immedi-
ately annealed at 375 °C for 10 min under flowing Ar
prior to spin coating the sol-gel onto the other side of
the Si substrate. 100-nm-thick circular Pd contacts
were used as a Schottky contact evaporated resis-
tively on the annealed thin films. The ohmic and
Schottky contacts were deposited at a deposition rate
of 0.1 nm/s and a vacuum chamber’s pressure of
3.5 x 107® mbar. In the second set, the Schottky and
Ohmic contacts were Pt and (Ti/Al), respectively,
with a relative thickness of 50 and (20/80) nm,
evaporated using an e-beam. A mechanical shadow
mask with 0.8-mm-diameter holes was used to
evaporate Pd and Pt Schottky contacts. The pressure
of the e-beam chambers was below 1 x 10°® mbar.
The deposition rate for Ti and Al were 0.3 A/s and
1.3A/ s, respectively. Furthermore, both ohmic con-
tacts deposited with resistive and e-beam systems
were annealed under flowing of Ar gas for 10 min.
Finally, the ohmic contacts deposited with the resis-
tive evaporator and e-beam were onto the unpolished
side of the Si substrate. It should be mentioned that
both ohmic contacts have shown more less similar
resistance and reverse current at room temperature.
A schematic drawing of the fabricated Schottky
devices is shown in Fig. 1.

3 Characterization

The polycrystalline Ce and Sm-co-doped ZnO thin
films were characterized in terms of their morpho-
logical and structural properties by a Zeiss crossbeam
540 field emission gun scanning electron microscope
(FESEM) and a Rigaku SmartLab X-ray diffractome-
ter (XRD) with 4 = 1.54059 nm, respectively. Finally,
the current-voltage (I-V) characteristics of the fabri-
cated Ce and Sm-co-doped ZnO Schottky diodes
were studied with the current-voltage (I-V) using
SMU (Keithly B2912A) 230 m in the temperature
range 320 to 160 K.
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Fig. 1 Schematic diagram of
the fabricated Schottky diodes
based on the Ce and Sm co-
doped ZnO thin films using

a Pd and b Pt as a Schottky
contact

(a)

Pd (Sch contact)

Zn0O:Ce,Sm thin film

4 Results and discussion
4.1 Structural and morphological results

The SEM image of the deposited Ce and Sm-co-
doped ZnO thin films is shown in Fig. 2a. The image
shows uniform films with particle sizes in the range
of 50-100 nm. From the histogram analysis of the
morphology images, the average crystallite size was
found to be 60 nm. Figure 2b represents the XRD
pattern of the prepared Ce and Sm-co-doped ZnO
thin films measured at room temperature. The
observed peaks could be assigned to the wurtzite
ZnO structure with one small peak due to cerium
dioxide. From the relative intensities of XRD peaks,
the films are polycrystalline in nature, and the pre-
ferred orientation of the films is along the (002) plane.

2at.% Ce,Sm ZnO films
0.67um 1

44— Substrate

Fig. 2 a and b are the SEM cross-sectional view and surface
morphology images of Ce and Sm-co-doped ZnO thin films,
respectively. ¢ The XRD pattern of Ce and Sm-co-doped ZnO thin
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Zn0:Ce,Sm thin film

TilAi (Ohmic contact )

The presence of a small cerium dioxide peak revealed
that the cerium dopant had exceeded its solubility
limit. The observed cerium dioxide peak in the XRD
pattern is similar to the previously reported by
[30, 43]. No other peaks related to Sm or samarium
oxide have been observed in the XRD pattern. This
result indicates that the Sm dopant has been suc-
cessfully incorporated into the ZnO lattice. Moreover,
the XRD pattern obtained for the Ce and Sm-co-
doped ZnO thin films is in agreement with JCPDS
#00 — 036 — 1451. The calculated crystallographic
properties presented in this work are similar to pre-
viously reported [30]. The calculated lattice parame-
ters are in good agreement with JCPDS
#00 — 036 — 1451. Furthermore, our calculated lattice
parameters are different from the previously repor-
ted Ce- and Sm-co-doped ZnO thin films annealed at

Intensity (arb.units)
100

25 30 35 40 45 50 55 60 65 70 75 80 85
2Theta (degree)

films annealed at 450 °C underflow of Ar gas. The inset depicts the
histogram analysis of the SEM image
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500 °C (@ =b=3311 A and ¢ =5.163 A) [28]. This
could be attributed to the different annealing atmo-
spheres and temperatures. In our previous work, the
deposited Ce- and Sm-co-doped ZnO films were
annealed at 500 °C in air for 1 hr, while in the present
study, our deposited films are annealed at 450 °C in
an Ar gas for 1 hr.

The average crystallite size D of the prepared Ce
and Sm-co-doped ZnO films for the (101), (002), and
(200) was calculated using the Debye-Sherer formula
[44, 45]:

K2
= Beos0’ (1)

where K is the Scherrer constant (here we used
K =10.9), 4 is the wavelength, f is the full width at
half maximum, and 0 is the Bragg angle. The calcu-
lated D values (tabulated in Table 1) are in good
agreement with those obtained from SEM analysis.
Furthermore, the volume of the unit cell was calcu-
lated as illustrated in Ref. [46].

4.2 Electrical characterization of Pd/
Zn0:Ce,Sm/n-Si/AuSb, and Pt/
ZnO0:Ce,Sm/n-Si/Ti/Al Schottky diodes

Figure 3a and b depicts the I--V characteristics of
the fabricated Ce and Sm-co-doped ZnO thin-film
Schottky diode devices based on two Schottky con-
tacts namely, Pd and Pt with the structure Pd/
CeSmZnO/n-5i/AuSb and Pt/CeSmZnO/n-Si/Ti/
Al, respectively. The measurements were performed
in the temperature range of 320-160 K. The rectifying
behavior of both Schottky diodes improved with
decreasing the temperature (see Fig. 3). This indicates
that there is strong temperature dependent for both
fabricated Schottky diode devices. Note that, at very
low temperatures, the reverse current in both I-V
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characteristics decreases below the measurement
capabilities of the system. This is more pronounced in
the case of the Pd Schottky diode devices below the
measurement capabilities of the system. This is more
pronounced in the case of the Pd-based Schottky
contacts (see Fig. 3a). The rectification orders for Pd-
and Pt-based Schottky diode devices in the temper-
ature range 320 to 160 K were found to be approxi-
mately nine and 10 orders of magnitude, respectively.
To analyze the [-V characteristics of the fabricated
Schottky diode devices, the conventional thermionic
emission theory was used without considering the
effect of the series resistance (for now) [47]:

I=1, [exp (—(qVk—ﬁ;qu)) - 1] ) (2)

where g represents the electronic charge, V is the
applied voltage, R; is the series resistance, and I; is
the saturation current in the absence of external bias,
and is given by the following equation:
I; = AA*T?exp [%] ) (3)
where A* is the effective Richardson constant (32
Acm~2K~2 for ZnO), A represents the contact area of
the diode (=2.83 x 107 cm?), ®p, is the Schottky
barrier height at zero bias, ks is the Boltzmann con-
stant, T is the absolute temperature, and n is the
diode’s ideality factor. The zero bias barrier height is
calculated as (kT/@)In(AA*T?/I;) and the ideality
factor is calculated by n = q/ksT[dV /d(Inl)], where
n =1 for an ideal diode. The evaluated parameters
for both fabricated Pd and Pt-based Schottky diodes
are obtained from a linear fit to the I-V curves in the
forward bias using Eq. 2 and Eq. 3. The results are
summarized in Table 2 and 3, respectively.

In the case of the Pd Schottky contact, both the
ideality factor and series resistance show a tempera-
ture dependence as depicted in Fig. 4a and Table 2,

Table 1 Crystallographic properties: lattice constants, peak position (20), FWHM, patrticle size (D), and volume of the unit cell (V) of as-

synthesized annealed at 500 °C

2% Lattice 20 FWHM D \%
constant
A) (degree) (degree) (nm)
CeSmZnO  a c (100)  (002)  (101) (100)  (002)  (101) (100) (002) (101) (&%
3.220 5.210 32.12  34.40 36.45 0.97 1.18 1.80 70 81.6 55 47
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Fig. 3 [-V characteristics of the Ce- and Sm-co-doped ZnO thin films Schottky diode devices based on a Pd/CeSmZnO/n-Si/AuSb and
b Pt/CeSmZnO/n-Si/Ti/Al Schottky contacts in the temperature range 320 to 160 K

Table 2 Schottky diodes parameters of the Pd/Ce,Sm:ZnO/n-Si/AuSb evaluated using the conventional In I vs. V, Cheung and

Nord methods

T InIvs. V d(V)/d(Inl) H(D) Nord
n O, R n R R Depen Io Vo F(Vy) R (0N

() (eV) (k) n (kQ) kQ)  (eV) (A) VM ™) (&) (eV)
320 257  0.67 470 6.66 4.68 474 0.72 2.6 x 1077 0.48  0.834 5k 0.97
300 245 074 540 7.51 4.52 4.51 0.67 1.0 x 1077 0.48  0.804 111k 0.94
280 234  0.75  6.00 8.30 438 433  0.63 6.6 x 1078 048 0.772 242k 091
260 228 0.79 630 9.20 4.18 418  0.58 3.0x10°8 0.48 0.741 488k 0.89
240 2.18 0.80 6.80 9.82 431 430 0.54 15x 1078 0.48  0.708 IM 0.86
220 194 080 7.50 11.00  4.50 435 049 2.8 x107° 0.44  0.752 421k 0.89
200 1.89  0.83 7.50 11.82 447 4.47 0.45 85x10°10 044 0.724 M 0.86
180 1.64 0.83 8.14 13.46  4.46 448 040 80x10710 048 0.689 ™ 0.84
160 128 088 8.76 15.00 4.86 472 035 20x 10710 048 0.623 50M  0.81

respectively. The obtained ideality factor deviates
from the unity and starts to decrease almost linearly
with decreasing the temperature. Similar results were
also reported for pure bulk ZnO [16]. Mtangi and his
co-authors found that the value of n initially
increased with decreasing the temperature and then
began to decrease with a further decrease in the
temperature. Erdal and his co-authors [48] reported a
decrease in the value of n with a further decrease in
the temperature (400 K to 150 K) in the fabricated
purely Ti/AlO,/n-Si- and Cu-doped Al/CuTiO,/n-
Si Schottky diode devices. This decrease in 11 could be
due to the change in the current transport mecha-
nisms from thermionic emission at (280 to 320 K) to
generation recombination at (180 to 260 K) and only
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recombination process below 160 K [49]. Interest-
ingly, in the temperature range 320-240 K, the value
of n is found to deviate from unity being greater than
two however, with further decrease in temperature, it
becomes close to unity (see Fig. 4a). The deviation of
n from the ideal value could be due to the effect of
doping, series resistance, interface states, and voltage
drop  across  metal-semiconductor  junction
[30, 50, 51]. Moreover, the image force and/or barrier
inhomogeneity, and the Ce and Sm co-doping could
also be responsible for this deviation [30, 50, 51]. The
value of Schottky barrier height is found to increase
with decreasing temperature as depicted in Fig. 4b. A
similar increase in ®p, with temperature was also
seen in the GaAs Schottky diodes [52-54]. The lowest
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Table 3 Schottky diodes parameters of the Pt/ZnO:Ce,Sm/n-Si/Ti/Al devices evaluated using the thermionic emission In I vs. V, Cheung

and Nord method

T Inlvs.V d(V)/d(InI) H(I) Nord
n (DBO Rs n Rs Rs (Dcheu IO(A) VO F (VO) Rs (DN
(K) (eV) Q) n Q) @ (eV) In(A) Y% kQ)  (eV)
320 231 0815 244 6.86 237 238 0.574 60x107 033 0776 3171 0858
300 241 0789 242 6.92 246 255 0.527 40x107 036 0752 3884 0846
280 245 0765 243 7.00 259 264 0.497 37x107 042 0728 3522 0.844
260 2.68 0732 243 7.10 275 277 0.465 22x10-7 045 0704 2085 0831
240 2.81 0703 243 734 280 291 0.425 20x10~7 051 0680 1935 0829
220 3.4 0.664 250 7.96 265 308 0.366 44x107 063 0607 2262 0.745
200 3.60 0.627 256 725 349 324 0.380 27x1077 066 0581 2588  0.729
180 425 0582 262 7.87 342 341 0332 1.0x10°6 081 0512 1280  0.659
160 472 053 267 11.41 350 360 0217 15x 106 1.00 0481 2430 0.647
T 5.0 0.90 ———— 0.85
26 ]
: (a) ./. 143 .\. (b) A Joso
= 24[ ./ P Gy e ”H’ » x ]
= E ] ~ i e _
s g R o ] & © o / o075 §
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Fig. 4 a The ideality factor and b barrier height of Pd and Pt Schottky contacts as a function of temperature

value obtained for Pd-based ZnO Schottky diode is
0.665 eV at 320 K and the highest is 0.878 eV at 160 K.
This increase in ®p, with decreasing temperature
contradicts the negative temperature coefficient of
resistance in the group II — —V semiconductor [55].
The trend in ®p, with temperature could be due to
the effect of Ce and Sm co-doping. Interestingly, as is
clear in Fig. 4b (solid circle) in the temperature range
of 220-160 K, ®p, increased linearly with decreasing
the temperature. As we know, the value of the
Schottky barrier height for an ideal diode should
increase with decreasing temperature, and only
charge carriers with high energy will overcome the
barrier height. This increase in ®p, with decreasing
the temperature indicates that the fabricated Schottky
diodes based on Pd contact are an ideal diode.

For Pt-based Schottky diodes, the parameters from
the I-V characteristics are presented in Table 3. Fig-
ure 4a (blue solid star) indicates an increase in 7 with
decreasing the temperature. It is clear that the values
of n increased and become greater than one at lower
temperatures. As stated in the previous section, the
same reason for the deviation of n from the ideal
value of the diodes will also apply here. Adding to
these, the defects that may be introduced by e-beam
could also be responsible for this deviation from the
ideal value (n = 1). Figure 4b (blue solid star) indi-
cates a linear decrease in ®p, with decreasing tem-
perature. This trend may be explained by the
Gaussian distribution [56]. This distribution of the
barrier height could be due to the presence of a

@ Springer
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number of surface states and the formation of an
interfacial layer at the interface between ZnO: Ce, Sm,
and Pt. This interfacial layer in turn produced a
barrier height for the charge carriers to move from
semiconductors to metals [57]. Moreover, the pres-
ence of an oxides layer could also be responsible for
the decrease in the value of ®g [58]. Notably, the
behavior of the Schottky barrier height in the case of
Pt is unlike that of Pd is found to decrease with
decreasing temperature, and only charge carriers
with high energies will be able to overcome lower
barrier height which means. This suggests that the
current transport will be predominantly flowing
through areas (patches) that have a lower barrier
height. Therefore, the Schottky barrier height will
become smaller and the ideality factor will be larger
with a further decrease in temperature. Furthermore,
this decrease in the Schottky barrier height with
decreasing the temperature in the fabricated Pt-based
Schottky diode devices could be attributed to barrier
height inhomogeneities [59, 60].

It is well known that in a good Schottky diode
device, the value of the barrier height may not be
similar over the same contact area because of the
difference in the thickness of the interfacial layer and
also the non-uniformity of the interfacial charges. As
a result, different types of distribution functions in
describing the barrier inhomogeneities have been
suggested, for example, log-normal [61] and Gaus-
sian [62]. Since our deposited films with spin coater
were not smooth over the substrate, and hence, the
deposited Schottky contact thickness is different over
the same area, which implies barrier height fluctua-
tion. Therefore, assuming the Gaussian distribution
of the barrier height is of reasonable with @, (mean
barrier height) and standard deviation ¢; over the
Schottky diode contact. To see the homogeneity of
this Schottky barrier height, a correlation plot
between n and ®p, is shown in Fig. 5a. It is worth
noting that the decrease in the barrier height is
caused by the existence of a surface that can be ana-
lyzed using two Gaussian distribution modules [60].
The barrier height according to this model is
expressed as follows [61, 63-65]:

2

o; 4
o (4)
where @, (eV) is the zero bias mean barrier height,
and o; is the standard deviation of the Schottky bar-
rier height distribution in eV. g is, therefore, the

Ocfp = Dy — g
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measure of the barrier homogeneity (i.e., the larger
value indicates that the barrier is more inhomoge-
neous). According to Eqn. 4, a plot of ®p, versus 1/
2KT should yields a straight with the slope giving o
at zero bias and intercept determining the barrier
height at applied zero bias as well. The value of @,
and o, can be obtained by fitting curves to the data in
Fig. 5b using Eqn. 4, where the intercept represents
@, and the slope gives -¢2. Interestingly, a plot of @5,
versus 1/2kT shows two straight lines in different
temperature ranges 240-320 K (high) and 160-220 K
(low) (see Fig. 5 (b)) corresponding to two Gaussian
distribution of the barrier height. The obtained values
of (¥, and ;) from the fit in high temperature ranges
found to be (1.15 and 0.136) (eV), respectively, while
in the low temperature range, found to be (1.00 and
0.123) (eV). As can be seen that, the values of ®, and
os at higher temperature are larger than the one
obtained at lower temperature. This may be due to
the existence of large interface inhomogeneity in the
contact area.

4.2.1 Cheung-Cheung function

The Schottky diodes parameters extracted from the
thermionic emission theory presented in Table 2 and
3 were obtained without taking the effect of the series
resistance into account. Therefore, more accurate
methods are needed to obtain the diode parameters
where the effect of R s will be considered. Usually,
the effect of R, is modeled by considering resistor in
series with diode in which the current I flows. Che-
ung-Cheung method [66] is used to obtain diodes
parameters from the I-V characteristics in the for-
ward bias using the following equations:

AV kT
A~ n——+1IRs, ®)
H(I) = n®gy,, + IR . (7

Figure 6 and 7 demonstrate the dV /d(Inl) and H(I)
vs I plot of the fabricated Pd- and Pt-based Schottky
diode devices in the temperature range 320-160 K,
respectively. The values of R, and n are obtained
from the linearity of dV/d(Inl) vs I as the slope and
intercept, respectively. A plot of H(I) vs I shown in
Fig. 6 and 7 is obtained by substituting the values of
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Fig. 7 Plots of dV /d(Inl) and H(I) vs I for Pt/ZnO:Ce,Sm/n-Si/Ti/Al Schottky diodes devices

Rs and 7 in Eqn. 7. By using Eqn. 7 and a plot of H(I)
vs I, R, and ®p,,, are obtained as the slope and
intercept, respectively. Evaluated values of R;, n and
®p,, for both Pd- and Pt-based Schottky diode
devices are tabulated in Tables 2 and 3.

In the case of Pd-based Schottky diode devices, it is
observed that the values of n obtained using Cheung
method are much larger compared with those
obtained using the conventional thermionic emission
theory. It is also seen that n increased with decreasing
temperature. This opposite to the trend seen when
using Inl vs V. This could be attributed to the pres-
ence of high series resistance, barrier inhomogeneity,
and interface states. It is also observed that the values
of R; and obtained using Eqn. 5 and Eqn. 7 are in
good agreement with each others, indicating the
consistency of Cheung-Cheung methods. However,
these values are slightly differ from those obtained
with conventional thermionic theory when tempera-
ture is below 280 K (=~ 40%) and could be attributed

cheu

@ Springer

to the different approximations methods used to
calculate R;. Moreover, the trend of ®.,, obtained
using Cheung-Cheung shows a decrease with
decreasing the temperature differs from that obtained
with InI vs V. The decrease could be attributed to the
existence of barrier inhomogeneity and also the effect
of R;.

For Pt-based Schottky diode devices, it is seen that
both n and ®p, obtained using Cheung-Cheung
method showed a trend similar to that trend when
using Inl vs V. Also, the value of n is much higher
when compared with those ones obtained using Inl
vs V, and this can also be attributed to the presence of
barrier inhomogeneity discussed earlier. Interest-
ingly, the values of R, extracted using both conven-
tional thermionic theory and Cheung-Cheung
methods agree with each other (see Table 3). The
reason for the increase in n and R, evaluated with
decreasing the temperature could be attributed to the
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interface states and also the two Gaussian distribu-
tion in the barrier height discussed earlier.

4.2.2 Nord Function

The Schottky diode parameters, i.e., series resistance
and barrier heights, were also obtained using the
modified Nord’s function that was developed by
Bohlin and is expressed as follows [67]:

rv) =S (). (®

where I(V) represents the current obtained from the
I-V characteristics curve, and y is an integer number
greater than the ideality factor value. A plot of F(V)
vs V for both Pd and Pt-based Schottky diodes in the
temperature range from 320-160 K is shown in Fig. 8.
The values of R and @y for Pd and Pt-based Schottky
diode devices tabulated in Table 2 and 3 are obtained
from Fig. 8 using the following equations [67]:

Y—n
R. —
= 9)

Vo kT} (10)

where F(Vy) represents the minimum value in Fig. 8,
Vy is corresponding voltage of F(Vy) and Iy is current
related to V. For Pd-based Schottky diode devices, it
is observed that the values R; increased drastically
with decreasing temperature, while ®y decreased
(see Table 2). This increase in the values of R; could
be attributed to the decrease of charge carriers in the
fabricated Schottky diode devices due to the effect of

1.50
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Ce and Sm co-doping. Similar decrease in the value
of charge carriers was also observed in our previous
work when ZnO was co-doped with Ce and Al [30].
Moreover, calculated values of ®y were higher than
those obtained with Cheung-Cheung methods. The
trend was also opposite to that seen with conven-
tional thermionic emission theory, and this could be
due to the effect of the series resistance.

For Pt-based Schottky diodes devices, it is also
observed that the both the values R; and ®y
decreased as the temperature decreased (see Table 3).
It is noted that the values of R; and ®x were larger
than those ones obtained from Cheung-Cheung
methods, and @y agrees with ®p, obtained using
conventional thermionic emission theory. This
decrease in the value of Ry could be attributed to the
increasing in the charge carriers with decreasing
temperature [68]. The decrease in the value of ¥y
might be due to the inhomogeneity in barrier height.
Interestingly, for all fabricated devices, there are
differences in the series resistance and Schottky bar-
rier heights obtained using Cheung-Cheung and
Norde methods. These differences could be attrib-
uted to fact that Cheung-Cheung is applied in the
non-linear region in the high-voltage forward bias,
while Norde is applied to the whole -V curve in
forward bias.

4.2.3 Current transport mechanism

To study the current transport mechanisms in the
fabricated Ce and Sm-co-doped ZnO based on Pd
and Pt Schottky diode devices in the temperature
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Fig. 8 (Color online) Plots of F(V) vs V for the fabricated Ce and Sm-co-doped ZnO thin films based on a Pd and b Pt in the temperature

range 320 to 160 K
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range 320 to 160 K, a logarithmic plot in the forward
bias of current-voltage (i.e., log I vs log V) is shown
in Fig. 9a and 9b. As can be seen clearly in Fig. 9,
three distinct linear regions are identified as follows:
region I, region II, and region III, indicating three
different transport mechanisms that controlled the
current behavior in the fabricated Schottky diode
devices. In general, if there are deep traps presence at
the interface, the current transport behavoir will be
affected resulting in changing the value of the slopes
obtained from the logarithmic plots of I — —V. The
extracted values for the slopes in the three different
regions are tabulated in Table. 4 for Pd and Pt-based
Schottky diode devices.

In region I (lower voltage V < 0.25 V) for both Pd
and Pt-based Schottky diode devices, the current is
linearly dependent to the applied voltage (i.e., I ~ V).
It is noted that the slopes obtained in this region for
Pd and Pt Schottky diode devices from 320 K to 220 K
are close to unity, indicating that the current trans-
port mechanism is governed by an ohmic conduction
mechanism. However, at a temperature less than 220
K, the value becomes 2, suggesting that the presence
of another transport mechanism is alongside the
ohmic conduction mechanism (see Table 4). Also, in
this region and due to lower voltage bias, the injec-
tion of charge carriers from electrode to semicon-
ductor materials is reduced. In region II (moderate
voltage, 0.25<V<0.9 V), the current increased expo-
nentially following the relation I~ e, where a rep-
resents the injection efficiency constant. The higher
value of a is indicative of a higher carrier injection

10° r
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107 r Regicn | / ok E
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< ", 320k —320K }
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Fig. 9 The transport mechanism of a Pd/ZnO:Ce,Sm/n-Si/AuSb and b Pt/ZnO:Ce,Sm/n-Si/Ti/Al Schottky

temperature range 320 to 160 K
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and the lower value of a indicates a decrease in the
carriers due to surface states [69]. The slope for Pd
and Pt-based Schottky diode devices in this region
shows an increase with decreasing the temperature
as can be seen in Table 4. This increase with
decreasing temperature indicates that more carriers
are injected into the junction between metal and
semiconductor. The current transport mechanism in
this region is controlled by space-charge-limited
current (SCLC) and trap-filled voltage (Vrr.) mecha-
nisms. The latter one is explained as a voltage where
the traps are filled with carriers [70, 71]. When the
applied voltage increased, the number of injected
charge carriers also increased resulting in traps being
filled with carriers [72]. In region III (high voltage,
0.9<V<2.0 V), the current was found to increase fol-
lowing the relation I ~ VL, where L is constant rep-
resented by the slope in this region. The slope in this
region was found to be in the range of 4.0-5.0 and
4.7-9.4 for Pd and Pt-based Schottky diode devices,
respectively (see Table 9). The obtained value of the
slopes for both Pd and Pt-based Schottky diode
devices was found to be greater than two, indicating
that the current transport mechanism is controlled by
space-charge-limited current (SCLC) [73, 74]. The
SCLC mechanism is controlled by the present of traps
in band gap of Ce and Sm-co-doped ZnO materials
[73]. In general, the SCLC occurs when the equilib-
rium charge concentration is insignificant compared
to the injected charge, and because of that, a space
charge region near the electrode injection will be
formed [73].
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Table 4 Current transport

mechanism’s slope of the Temperature  Slope (Pd-based Schottky didoes) Slope (Pd-based Schottky didoes)
fz?brlcated.Pd %nd Pt Schottky (K) RegionI  Region II  Region III RegionI  Region II  Region III
diode devices in the
temperature range 320-160 K 320 L3 >4 4.2 14 33 47

300 1.4 5.8 44 1.4 3.8 4.8

280 1.3 5.8 5.0 1.4 4.5 5.0

260 1.3 7.5 5.0 1.5 5.0 5.7

240 1.4 8.6 54 1.6 6.0 6.0

220 1.3 10.0 5.0 1.7 7.5 6.4

200 2.0 11.7 5.3 2.0 9.6 7.0

180 - 13.5 52 2.0 11.6 8.0

160 - 17.0 5.4 2.0 134 9.4

5 Conclusion

We have successfully fabricated Schottky diode
devices based on Ce and Sm-co-doped ZnO thin films
using the sol-gel spin-coating technique with the
structure  Pd/CeSmZnO/n-Si/AuSb and Pt/
CeSmZnO/n-Si/Ti/Al. The structural properties
studied with XRD revealed that the nature of the
prepared films was polycrystalline in nature with
some preferred growth orientation along the (002)
plane. The I-V characteristic of the fabricated Schot-
tky diode devices based on Pd and Pt Schottky con-
tacts investigated in the temperature range 320-160 K
manifests very good Schottky diode behavior. The
rectification orders for Pd and Pt-based Schottky
diode devices at +2 V were found to be nine and 10
orders of magnitude, respectively. With decreasing
the temperature, the ideality factor was found to
decrease for Pd-based device with the lowest value
obtained 1.3; however, for Pt-based device, the ide-
ality factor was found to increase with decreasing
temperature. The Schottky barrier heights obtained
for Pd devices were found to increase with a decrease
in temperature, while those of the Pt devices
decreased. The behavior of the Schottky barrier
heights in the case of Pt was found to differ from the
ideal Schottky diode behavior and is attributed to the
inhomogeneity in the barrier that was found to have
two Gaussian distribution in the barrier height.
Moreover, alongside the thermionic emission theory,
Schottky barrier diode parameters were also ana-
lyzed with Cheung-Cheung and the modified Nord
function. Furthermore, the current transport mecha-
nism for both fabricated Schottky diode devices in the
temperature range 320-160 K was found to be Ohmic
at low voltages, trap-filled voltage at moderate

voltages, and space-charge-limited current at high
voltages.
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