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Abstract

In this study, we fabricated Schottky diode devices on ZnO, Sm and Ce doped and co-doped ZnO thin films grown
by the sol-gel spin coating. The structural and optical properties of the sol-gel films are studied, and the electrical
characteristics of the Schottky diodes are investigated. The crystalline structure and surface morphology were studied
using x-ray diffraction and scanning electron microscopy, respectively. Photoluminescence spectroscopy of all films
measured at room temperature showed that the UV emission peak was composed of two peaks located at 388 and 405
nm and no visible light emission was detected. UV-vis study revealed that the optical band gap of ZnO decreased
after doping. Room temperature /-V characterization revealed a rectification behaviour of all samples. The Schottky
diodes fabricated on ( Sm and Ce) co-doped ZnO manifest device properties with good rectification (six orders of
magnitude), low ideality factor (1.62) and barrier height of 0.82 eV.
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1. Introduction

Wide band gap semiconductors are of great interest because of their optoelectronic applications. These materials
are used in the fabrication of devices such as light emitting diodes (LEDs) [1], dye-synthesized solar cells [2], thin
film photovoltaic cells [3] and Schottky diodes [4, 5]. Zinc oxide (ZnO) as wide band gap semiconductor has been
studied extensively over the past decade. ZnO, having an energy gap of 3.37 €V, is a very promising candidate in
the electronic applications due to its low cost, low temperature growth [6], easy formation of nanostructures, its
resistance to radiation damage [7], non-toxicity, the abundance of Zn compared to In and Ga [8]. In addition, ZnO
has a large exciton binding energy of 60 meV at room temperature which enhances the light emission [9]. Moreover,
ZnO has been used in a wide range of electronic devices such LEDs [10], gas sensors [11, 12], laser diodes [13], UV
photodetectors [14] and Schottky diode devices [15].

The structural, optical and electrical properties of ZnO can be altered by doping with some cations. Transition
metals have been used as dopants, and the resulting properties of the ZnO have been studied [16, 17, 18]. Recently,
rare earth (RE) have been used as dopants for ZnO due to their high fluorescence efficiencies and the availability of
the 4f orbital which results in interesting optical and electrical properties [19]. Numerous reports are available on RE
doping of ZnO for example, Er [20], Ce [21], Yb, La [22] and Sm [23]. These REs can effectively modify the optical
and electrical properties, making them good candidates for phosphors, multicoloured LEDs and Schottky diodes
devices. Among these RE elements, Sm and Ce doped ZnO have been studied extensively due to their optical and
electrical properties [24, 25]. Recently, both Sm and Ce doped ZnO nanorods have produced good Schottky diodes
device with indium tin oxide and palladium as ohmic and rectifying contacts, respectively [4, 26]. In this study, we
fabricate Schottky diodes based on the Sm, Ce doped and co-doped ZnO thin films and study their structural, optical
and electrical properties.

There have been a variety of techniques used to prepare ZnO thin films. These include molecular beam epitaxy
[27], metalorganic chemical vapour deposition [28], spray pyrolysis [29], pulsed laser deposition [30] and sol-gel spin
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coating [31]. The sol-gel spin coating was adapted to synthesize the samples on the glass and n-Si substrates. The
advantages of using the sol-gel techniques over the methods mentioned above are low cost, simplicity and versatility of
the experimental setup, homogeneity, large area production and lower temperature crystallization. The films deposited
on microscope glass slide substrates were used for the characterization of structural and optical properties, while films
deposited on the n-Si substrates used for device fabrication and electrical characterization. There are some reports
available on ZnO Schottky diodes with added Sm and Ce, however, to the best of our knowledge none has studied
or reported on the fabrication of Schottky diodes based on Sm and Ce co-doped ZnO thin films. In this study, the
structural, optical and electrical properties of the fabricated ZnO Schottky diodes with added Sm and Ce are studied
in detail. The fabricated diodes exhibited rectification with six orders of magnitude difference between forward and
reverse with ideality factor of 1.62 and barrier height of 0.82 eV.

2. Experimental methods

2.1. Materials

In these experiments the following raw materials were used as received without any further purification: zinc
acetate dihydrate (98%, Merck), propan-2-ol (99.95%, Merck), monoethanolamine (MEA) (98%, Merck), samarium
nitrate hexahydrate (99.9%, Sigma Aldrich) and cerium nitrate hexahydrate (99.999%, Sigma Aldrich).

2.2. Preparation of undoped, Sm and Ce doped and co-doped ZnO thin films

Zinc oxide sol-gel solution was prepared by dissolving zinc acetate dihydrate in propan-2-ol (60 ml) which was
stirred at 500 rpm and 60 °C for 1 h. Thereafter, MEA with a molar ratio to zinc acetate of (1:1) was added drop-wise
as a stabilizer to the solution while continuously stirring for 1 h under the same conditions. The sol-gel solutions for
the doped material were prepared by adding 2 at% of samarium nitrate or/and cerium nitrate to the above solution
using the same procedures used to prepare ZnO sol-gel. The clear, transparent solutions were then aged for 72 h
before use, to increase their viscosity. Prior to the deposition, glass substrates were cleaned with deionized water,
ethanol, and acetone, in this order for 15 min each using an ultrasonic bath, and finally blown dry with nitrogen gas.
Si substrates were cleaned with trichloroethylene, isopropanol, methanol and deionized water sequentially using an
ultrasonic bath for 5 min each [32]. Finally, Si substrates were etched by HF before evaporating the ohmic contact.
Prepared sol-gels were then spin coated on pre-cleaned substrates (glass and Si) 4 layers at 3000 rpm for 30 s, then
drying in an oven preheated at 130°C for 5 min. This process was repeated until the desired thickness was obtained.
Finally, coated substrates were dried at 150 °C for 15 min to remove any remaining organic residual. Before subjecting
the samples to characterization, those deposited on glass substrates were annealed at 500 °C in air (1 h), while samples
deposited on n-Si substrates were annealed at the same temperature under a flow of Ar gas (30 min). A schematic
diagram demonstrating samples preparation procedures is shown in Fig. 1 (a). Samples labelled as 1, 2, 3 and 4 for
undoped ZnO, Sm-doped ZnO, Ce-doped ZnO and (Sm, Ce) co-doped ZnO thin films, respectively.

2.3. Deposition of the ohmic and Schottky contacts

For the fabrication of the contacts, n-type Si (111) substrate (p is 1.4 - 1.8 Q.cm and carrier concentrations of 2.26
x10'> cm™3) was used in this study. 150 nm of Au-Sb alloy contact was evaporated resistively onto the back side
of the Si substrate which served as ohmic contacts as depicted in Fig. 1 (b). The evaporated AuSb layer was then
annealed at 375 °C for 10 min under flowing of Ar gas before spin coating the sol-gel on the front surface. For the
Schottky contacts, 100 nm thick circular (0.8 mm diameter) Pd contacts were evaporated resistively on the thin films
through a mechanical shadow mask. The Au-Sb and Pd contacts were deposited in a vacuum chamber at a pressure
of 3.5 x 1078 mbar and deposition rate of 0.1 nm/s.

3. Characterization

The as-synthesized pure ZnO, Sm and Ce doped ZnO and co-doped ZnO thin films were characterized regarding
their structure, morphology and elemental analysis with X-ray diffraction (XRD) using Bruker D8 ADVANCE (4 =
1.5406 nm) and Zeiss Ultra Plus Field Emission Scanning Electron Microscopy (FESEM) integrated with energy
dispersive X-ray spectroscopy (EDX). Photoluminescence of the as-synthesized samples in the range 350 - 650 nm
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Figure 1: (Color online) (a) Schematic diagram of the preparation procedures for undoped ZnO and (Sm, Ce) doped
and co-doped ZnO thin films. (b) On which the AuSb ohmic contacts and Pd Schottky contacts are deposited to
produce the Schottky device.

was studied using a Cary Eclipse fluorescence spectrometer. A Varian Cary 100 UV-vis spectrometer was used for
measuring the optical transmittance of the as-synthesized samples at room temperature. Before taking the UV-vis
measurements, the background was taken using a pre-cleaned blank glass substrate. Finally, electrical analysis on
Schottky diodes fabricated on pure, Sm and Ce doped ZnO and co-doped ZnO thin films were performed at room
temperature using HP 4140B pA meter/DC voltage source.

4. Results and discussion

4.1. Structural and morphological results

Fig. 2(A) shows the XRD pattern of undoped, Sm and Ce doped and co-doped ZnO thin films measured at room
temperature. The peaks observed in the XRD spectrum assigned to the wurtzite ZnO structure with no other peaks
related to impurities or Sm and Ce phases. The XRD patterns obtained for all the thin films are similar to those
reported earlier [24, 33, 34]. As evidenced in Fig. 2, the as-synthesized samples were polycrystalline with the main
peaks (100), (002) and (101). The absence of Sm, Ce, Sm;03, CeO, and Ce; 03 peaks in the XRD spectrum indicates
that the Sm*3 or/and Ce*3/Ce** substituted the Zn*? and incorporated successfully into the ZnO lattice. This also
emphasized that, the concentrations of the dopants below the solubility limit. The sections of XRD patterns in Fig. 2
(B) showed a shift in the peak position of the plane (100), (002) and (101) toward lower 2 theta values upon doping the
ZnO with the shift being more pronounced in the case of Sm-doped samples. However, for the Ce and Sm co-doping,
the shift was toward higher 2 theta values. This shift could be due to the larger ionic radius of Sm*3, Ce*? and Ce**
(0.94, 1.03 and 0.92 A) than that of Zn*? (0.74 A). It also observed that the peak intensities of the (100), (002) and
(101) decreased. This could be attributed to the degradation of the crystalline quality of the samples.

The crystallographic properties of all the thin films are summarized in Table 1. The calculated lattice constants
for pure ZnO is in good agreement with JCPDF # 751526. The lattice parameters for Sm-doped ZnO thin films at
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Figure 2: (A) The XRD pattern of samples annealed at 500 °C: (a) undoped, (b) Sm-doped, (c) Ce-doped and (d) Sm
and Ce co-doped ZnO thin films. (B) Enlargement of (100), (002) and (101) peaks.

Table 1: Lattice parameters, peak position (26), FWHM, particle size (D) and unit cell volume (V) of as-synthesized
annealed at 500 °C.

Samples Lattice (A) 26 (degree) FWHM (degree) D (nm) \'%
# a c (100) (002) (101) (100) (002) (101) (100)  (002) (101) (/&j)
1 3212 5.166 32.06 34.68 36.51 0.370  0.351 0.398 22.38 2257 20.80 46.35
2 3.248 5.206 31.69 3436 36.18 1.095 1.003 1.158 7.25 7.92 6.86 47.56
3 3226 5.178 31.99 3459 3643 0.646  0.550 0.687 12.37 1444 1155 46.66
4 3311 5.163 32.14 3471 36.53 0.667 0.681 0.822 1195 11.75 9.65 49.02

2 at% are similar to values previously reported [26]. As can be seen from Table 1, the lattice parameter increased
for the doped samples compared to undoped ZnO. The change in the lattice parameters and the position of the main
peaks (i.e. (100), (002) and (101)) are more pronounced in the case of Sm and Ce co-doped ZnO thin films. This
could be due to the distortion in the ZnO lattice due to the larger ionic radius of the dopants. The full widths at half
maximum (FWHM) were found to increase when dopants introduced. The average crystallite size D was calculated
using Debye-Sherer’s formula [35] and was found to be smaller for the doped samples compared to the undoped ZnO.
Similar results were previously observed by Kulandaisamy et al. and Yousefi and co-authors [24, 36]. Furthermore,
the volume of the unit cell (V) [26] was found to increase on doping. Fig. 3 shows the SEM images of the samples
after annealing at 500 °C. The SEM images show that uniform films obtained with particle sizes ranging from 9.65 to
22.57 nm. The particle size of the Ce and Sm co-doped ZnO films became larger as shown in Fig. 3. EDX spectra
of as-synthesized samples show that beside the Zn and O, Sm and Ce were detectable in the doped thin films. These
results combined with XRD spectra support the conclusion that the Sm and Ce have incorporated into the ZnO lattice.



Figure 3: SEM images: (a) undoped, (b) Sm-doped, (c) Ce-doped and (d) Sm and Ce co-doped ZnO thin films.

4.2. Photoluminescence

Fig. 4 shows the photoluminescence (PL) spectra of undoped, Sm and Ce doped and co-doped ZnO thin films,
respectively, measured at room temperature using an excitation wavelength of 342 nm. The as-synthesised samples
annealed at 500 °C in air for 1 h show two characteristic emission peaks in PL spectra namely UV and weak blue
emission located at about 470 nm, as depicted in Fig. 4. The UV emission, also known as a near band edge emission,
originates from the free exciton recombination (i.e. recombination between electron and holes) of ZnO [37, 38]. The
UV emission consists of two peaks located at 388 nm and 405 nm. The emission line determined at 405 nm is due
to the defect emission [39]. As seen in Fig. 4, the intensity of the 405 peak increased and became sharper when the
Sm dopant introduced compared to other samples. The presence of a sharp UV peak indicates that Sm improved the
quality of the samples. The blue color emission at about 470 nm is has been previously attributed to zinc interstitial
defects in ZnO or quantum confinement [40, 41]. Interestingly, the PL spectra of the annealed samples presented in
Fig. 4 did not show any visible (deep level) emission which usually seen in the PL spectra of ZnO. The disappearance
of the yellow-green emission indicates that the annealing removed the defects from the samples and improved the
crystalline quality. Similar behaviour was also reported for sol-gel Al-doped ZnO thin films [42].

4.3. UV-vis transmittance spectroscopy

Fig. 5 shows the UV-vis transmittance spectra of pure ZnO, Sm and Ce doped ZnO and co-doped ZnO thin films
measured at room temperature in the range 200 - 800 nm. The transmittance increased when doping with Sm and Ce
compared to undoped ZnO,and however, for the co-doped samples, transmittance decreased from 75 % to 62 %. This
can be explained concerning the sample’s surface roughness: Atomic force microscopy analysis (not shown here)
found surface roughness for undoped ZnO, Sm and Ce doped and co-doped ZnO films to be 28, 18, 19 and 34 nm,
respectively. The co-doped sample had the most significant surface roughness and therefore, highest scattering and
lowest transmittance. This optical scattering may be caused by the different particle sizes formed at the surface during
the growth as well as the surface roughness. As seen from Fig. 5, the Sm and Ce doped ZnO samples have a higher
transmittance and lower surface roughness with respect to undoped ZnO. Similar results were reported for Ce and
Ce,0 doped ZnO films grown by dip coating and metal organic chemical vapour deposition, respectively [36, 43].
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Figure 4: (Color online) Photoluminescence spectra of samples annealed at 500 ° C in air for 1 h: (a) undoped, (b)
Sm-doped, (c) Ce-doped and (d) Sm and Ce co-doped ZnO thin films.

According to the optical absorption theory of a direct band gap semiconductor, the optical band gap (E,) of
wurtzite ZnO structure can be calculated using Tauc’s law [44]:

(ahv)* = C*(hv - E,) )

where, C* is a constant, Av is the photon energy and the « is the absorption coefficient calculated using [45]:

1 1
a= (3)1n(?) 2

Where, d is the thickness of the films and 7T is the transmittance. The optical band gap obtained by extrapolating
the straight line portion to zero absorption coefficient (@ = 0) as shown in Fig. 6. Fig. 6 represents the Tauc’s plot for
samples annealed at 500 °C. The extracted E, values of undoped ZnO, Sm and Ce doped ZnO and co-doped ZnO films
were found to be 3.22, 3.16, 3.20 and 3.09 eV. The E, values for the doped samples decreased compared undoped
ZnO. A similar trend was previously observed for ZnO, Sm** and Al co-doped ZnO thin films prepared by the sol-gel
method [23, 46, 47]. Moreover, the decrease in the band gap may be due to the formation of additional states below
the conduction band caused the doping [48]. Generally, impurities can create energy levels in the band gap near the
band edges. When the doping concentrations increased the density of the states of these dopants increases and form a
continuum states, and as a result the band gap appears to decrease. Furthermore, this decrease in the energy gap could
also be attributed to the band tailing. Bahsi and Oral [49] found that doping ZnO thin films with Mn and Cu increases
the widths of the band tails due to a large number of transitions between the tails and bands (band to tails and tails to
tails), which in turn causes red shift in the absorption edges and therefore decreases the band gap. Furthermore, the
surface structure has also been reported as a reason behind the band gap reduction [22].
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Figure 5: (Color online) Transmittance spectra of the samples annealed in air at 500 °C for 1 h: (a) undoped, (b)
Sm-doped, (c) Ce-doped and (d) Sm and Ce co-doped ZnO thin films.

4.4. Current-voltage characteristic of Pd/ZnO/n*-Si/AuSb Schottky diodes

Fig. 7 shows room temperature semilogarithmic /-V characteristics of Pd/ZnO/n*-Si/AuSb Schottky diodes based
on undoped, Sm and Ce doped ZnO and co-doped ZnO thin films, fabricated using sol-gel spin coating technique. As
can be seen in Fig. 7 the structure exhibited rectification. The diode based on undoped ZnO showed rectification of
two orders of magnitude. This result for undoped ZnO is similar to previously reported ZnO Schottky diodes prepared
using sol-gel and spin coating [50]. As evidenced in Fig. 7, the maximum rectification obtained when ZnO is co-
doped with Sm and Ce is almost six orders of magnitudes compared to undoped ZnO. However, the rectification ratio
in the cases of Sm and Ce doped ZnO films are five and four orders of magnitude, respectively. The /-V characteristics
of Schottky diodes without considering the series resistance can be described using the thermionic emission theory
[51]:

I1=1 [1 —exp (%)] 3)
B

where, ¢ is the electronic charge, R; is the series resistance and /; is the saturation current in the absence of external
bias and it is given by:
P
I’lKﬁT
where, A is the effective Richardson constant, Kp is the Boltzmann constant, T is the absolute temperature, S is
the diode contact area (~ 2.831073 cm?), ®p, represents the zero bias Schottky barrier height, and the diode ideality
factor denoted by n. The Schottky diode parameters, ideality factor n, Schottky barrier height @ g, current saturation
I and the series resistance R obtained from the fit using 3 and 4 are presented in Table 2.
As can be seen from Table. 2 the ®@p, increased from 0.66 to 0.76, 0.70 and 0.82 eV, whereas the ideality factor
decreased from 2.84 to 2.83, 2.63 and 1.62, for samples 1, 2 3 and 4, respectively. The ®p, for all samples obtained
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Figure 6: (Color online) Tauc’s plot of samples annealed at 500 °C for 1 h : (a) undoped, (b) Sm-doped, (c) Ce-doped
and (d) Sm and Ce co-doped ZnO thin films.

from the fit at zero applied voltage deviated from the theoretically calculated one by ~ 1.00 eV (the difference between
Pd work function and ZnO electron affinity). This deviation could be due to the presence of interface states, Schottky
effect [8, 52], the formation of inhomogeneities in the barrier height at the interface which results as I-V characteristics
deviate from linearity [53]. Moreover, thin films prepared using chemical methods in air have been shown to produce a
dielectric layer that affects the barrier height [8]. The obtained n values for all samples were significantly above unity.
This indicates that the behaviour of the Schottky diode is non-ideal (n = 1 for an ideal diode) and could be attributed
to series resistance, interfacial charge distributions and voltage drops across the metal/semiconductor junction [54].
Obtained ideality factor for our Pure ZnO films is comparable with recently reported Si/ZnO heterojunction [55], and
is in good agreement with n obtained for Pd Schottky diode on bulk ZnO single crystal [15]. After doping, n values
for Sm and Ce doped ZnO thin films decreased compared to undoped ZnO and the values. The smallest value of n is
obtained with Ce and Sm co-doped ZnO thin films. This result is much better than the value obtained for melt grown
single crystal ZnO thin film [15]. This result also emphasizes that Sm and Ce co-doped ZnO thin films can be used as
alternative Schottky diode.

The series resistance of the fabricated Schottky diodes showed the minimum value obtained for the Sm-doped
ZnO sample. The largest value of the series resistance obtained for the undoped ZnO, where the deviation from the
linearity is more pronounce (see Fig. 7 (a)). The lower series resistance could be attributed to the effect of the doping.
From Fig. 7, it is observed that the best devices were obtained with Sm and Ce co-doping ZnO thin films. The lowest
saturation current was obtained with Sm and Ce co-doped samples. Additionally, samples were also characterized
after annealed in air instead of Ar and the /-V characteristics of these samples (not shown here) showed very high
series resistance.

To understand the current transport mechanisms in our fabricated Schottky diodes, In I vs In V is plotted as shown
in Fig. 8. As can be seen, three different regions: I, II and III are observed for undoped ZnO and (Sm, Ce) co-doped
ZnO films which indicate three different mechanisms as shown in Fig. 8 (a) and (d). However, for the Sm and Ce
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Figure 7: (Color online) Typical I-V characteristics of Pd/ZnO/n*-Si/AuSb Schottky diodes annealed at 500 °C in
argon: (a) undoped, (b) Sm-doped, (c) Ce-doped and (d) Sm and Ce co-doped ZnO thin films



Table 2: Schottky barrier height, ideality factor, saturation current and series resistance of Pd/ZnO/n*-Si/AuSb Schot-
tky diodes.

Samples dpo (eV) n I, (A) R (Q)
1 0.66 2.84 1.14x1077 612
2 0.76 2.83 4.15x1078 29
3 0.70 2.63 2.67%x1078 52
4 0.82 1.62 2.77x10710 60
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Figure 8: In I vs In V plots of the fabricated Schottky diode based on: (a) undoped ZnO, (b) Sm doped ZnO, (c) Ce
doped ZnO and (d) is Sm and Ce co-doped ZnO thin films.

doped ZnO films only two regions: I and II are observed (see Fig. 8 (b) and (c)). It is clear that at lower voltage all
Schottky diodes shows ohmic behaviour indicated by region I where the current is linearly dependent on the voltage
(I ~ V), and the transport mechanism in this case attributed to the charge carriers tunneling between that states at
the interface [56, 57]. In region II current is exponentially dependent on the voltage (I ~ exp (V)) and the transport
mechanism possibly attributed to the recombination tunneling [56]. Finally, in region III, the current shows power
law dependency (I ~ V?) and the transport mechanism is attributed to the space charge limited current (SCLC) due to
the presence of traps at different energies within ZnO band gap [56, 57, 58].

5. Conclusion

In this study, we have successfully fabricated Pd/ZnO/n*-Si/AuSb Schottky diodes based on undoped ZnO, Sm
and Ce doped ZnO and co-doped ZnO thin films grown using the simple and low cost sol-gel spin coating technique.
The structural, optical and electrical properties of the fabricated Schottky diodes were studied. XRD results revealed
that the as-synthesized samples were polycrystalline with no other impurities or phases related to Sm or Ce detected,

10



indicating that the dopants have been incorporated successfully into the ZnO lattice structure. The PL spectra mea-
sured at room temperature revealed UV emission consisting of two peaks located at 388 nm and 405 nm. The PL
spectra also revealed the absence of the deep level emission. UV-vis transmittance revealed that the optical band gap
decreased when the dopnants introduced. Maximum transmittance (83 %) obtained when the ZnO was doped with
Sm. The I-V characteristics of the fabricated Schottky diodes measured at room temperature manifest good rectifica-
tion behaviour and the maximum (almost six orders of magnitude) was obtained with Sm and Ce co-doping ZnO. The
(Sm, Ce) co-doped samples manifest a good device with the lowest ideality factor (1.62) and series resistance of 60 Q.
Furthermore, three different mechanisms are observed in our Schottky diodes; namely, the charge carries tunnelling,
recombination tunnelling and space charge limited current.
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