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ABSTRACT

In this study, the Schottky diodes based on an interfacial layer of Sr–W thin film

were fabricated. Thin films were coated on glass and silicon substrates by low-

cost jet nebulizer spray pyrolysis (JNSP) coating technique with optimized

substrate temperatures 500 �C. Structural, surface morphology, optical, and

electrical characteristics of Sr–W thin film were investigated. In particular, the I–

V characteristics of Cu/Sr–W/n-Si diodes in dark and light excitations were

analysed. The maximum barrier height (Ub) for the diode fabricated 6 wt%

tungsten under xenon lamp light irradiation was observed at 0.83 eV. Also, near

ideal ideality factor (n) of the diode parameters, it was found at highest 6 wt%

tungsten. The results show that diodes are more appropriate for the improve-

ment of good quality photodiodes as well as photodetector applications.
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1 Introduction

A metal–semiconductor (MS) Schottky barrier diode

is formed by direct contact between the metal and

semiconductor in the conventional Schottky contact.

Schottky diodes are frequently employed in RF and

microwave applications such as varactors, detectors,

mixers, multipliers, low-voltage reference circuits,

and optoelectronic devices [1–5]. Schottky diode-

s have several advantages, which includes high

operation frequency, quick switching speed, and

minimal forward voltage loss.

Besides other diodes, the metal–insulator–semi-

conductor (MIS) diode is best for analysing semi-

conductor surfaces when the insulator layer is thin

(\ 60A). Quantum mechanical tunnelling mechanism

allows current to transfer between metal and semi-

conductor by this condition. Barrier height (BH) of

metal–insulator–semiconductor (MIS) connections is

an essential factor that governs their electrical prop-

erties [6–8].

Consequently, the insulating layer is vital in con-

trolling the electrical properties of MIS diodes. Fur-

thermore, an increase in the annealing temperature

and doping concentration, the parameters like barrier

width, ideality factor, and resistivity can be managed

[9]. Fermi level depinning caused due to charge

neutrality level reflects the barrier height reduction,

low-resistance quasi-Ohmic contacts for optoelec-

tronic devices [10]. MIS Schottky barrier has been the

subject of numerous investigations, owing to the

benefits it provides, such as lower leakage current

and higher rectification ratio especially wide band-

gap semiconductor used in the photodetector [11].

The work function of the metal contact, insulator

thickness, qualities of surface states at the insulator–

semiconductor (IS) interface, device temperature, and

the semiconductor dopant type are all.

Currently, researchers are focussing on preventing

the Fermi pinning effect in Schottky barrier diodes

(SBDs) by using metal-oxide thin films with various

dopants as insulating layers. Accordingly, the metal-

oxide sheath on the insulating layer lowers the con-

tact resistance. Strontium possess high optical trans-

mittance, wide bandgap ([ 3.61 eV) due to its high

optical transmittance, and electrical conductivity [12].

It was observed that at maximum substrate temper-

ature (500 �C), Barrier height gradually increases

both dark and light conditions [13]. Fan et al.,

reported that a variety of characterization techniques

had been used to explore the production and prop-

erties of Sr thin films annealed at different tempera-

tures. According to their electrical analysis, elevating

the annealing temperature/doping concentration

enhanced the insulating properties of Sr thin films.

Strontiumm thin film is activated by post-annealing

at different temperatures and doping concentrations,

resulting in a low-leakage current density

(10–8 Acm-2 at 3 V) and aerial capacitance of more

than 350nF cm-2 at 20 Hz [14].

There are numerous synthesis techniques available

for the formation of thin film. However, jet nebulizer

spray pyrolysis (JNSP) offers a distinct advantage

due to its low-cost, non-vacuum approach for a wide

range of applications that can create a high-quality

film from a small amount of precursor [15].

In this study, fabrication of Metal–insulator–semi-

conductor (MIS)-structured Schottky diodes are per-

formed and evaluated in dark and light condition

with tungsten trioxide as dopant material. The diode

characteristics are enhanced to examine the different

dopant percentages. The I–V characteristics, particu-

larly diode parameters saturation current (Io), ideality

factor (n,), and barrier height (/B) are calculated and

discussed in detail below.

2 Experimental techniques

2.1 Methods for thin-film preparation

All chemicals required for the preparation of Sr–W

thin film were purchased from Sigma-Aldrich

with[ 98% of purity. The host precursor solution is

prepared by weighing 0.31706 g of Strontium chlo-

ride and dissolved in 10 ml of Ethanol, stirred for

about half an hour. Various dopant concentrations of

tungsten chloride (W) (2%, 4%, and 6 wt%) were

added separately to the host precursor solution.

Homogeneous mixture for each concentration is

obtained by stirring the solutions thoroughly and

kept undisturbed for 2 h. The glass substrate was

cleaned in an ultrasonic bath with acetone, ethanol,

and deionized water in order to prepare them for

deposition. By JNSP technique, Sr–W thin film was

coated on the glass substrate at an optimized tem-

perature of 500 �C.
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2.2 Process of n silicon wafer cleaning

Lowering of defect density and high yield was

obtained by cleaning of n silica wafer. The native

oxide layer on the n-type Si substrate was removed

after 15 min of immersion in piranha solution (3H2-

SO4:1H2O2) and 1% HF solution.

2.3 Cu/Sr–W/n-Si-type Schottky diode
fabrication

The prepared solution of Sr–W was sprayed on the

1 cm x 1 cm n-type silica wafer by the JNSP tech-

nique. Schottky’s contact of copper (Cu) coated on a

surface of Sr–W layer in thickness of metal contact is

500 mm and diameter 4 mm. via DC sputtering using

high-clarity Cu target. The ohmic contact Ag paste is

placed at both ends. Figure 1 shows the structure of

Cu/Sr–W/n-Si MIS-type Schottky diode, where it is

observed that both the leads are connected to Keith-

ley 6517-B electrometer.

2.4 Characterization techniques

The coated film was subjected to different charac-

terization techniques. Stylus Profilometer detector

(model: SJ-30) was used to measure the thickness of

the film. The structural parameters and phase iden-

tification were performed with an Ultima III Rigaku

X-ray diffractometer at a scanning rate of 0.21 min-1

in the range of 20–80 with Cuka radiation (wave-

length = 1.5406 Å). Surface morphology of the coated

films was analysed by scanning electron microscopy

and chemical composition (EDX) methods. The pre-

pared thin film features were ventilated using the

scanning electron microscopy (JEOL-JSM-IT-200) of

magnification up to 93,00,000. Optical studies were

carried out by UV–Visible spectrophotometer

(JASCO UV–Vis V-770PC) in the wavelength range of

190–1100 nm. Electrical properties of Ag/SrO–W/n-

Si/Ag junction diodes were measured using Keithley

source meter 6517-B.

3 Results and discussion

3.1 Thickness measurement

Film thickness produced by spray pyrolysis is greatly

influenced by concentration of the solutions, treat-

ment of the substrates, and management of the spray

duration. Figure 2 depicts the thickness of the Sr–W

films. It specifies the thickness of the film for pure Sr

and dopant weight percentages from 2, 4, and 6 wt%

as 357, 413, 453, and 475 nm. The film thickness gets

raised when the doping concentration is increased.

This is due to the porous structure of the film pro-

duced when the doping concentration remains low.

More doping atoms fill the defects as the doping

concentration rises, and new layers of crystallite ori-

entation are created, increasing the film thickness

[16]. This elevated thickness may influence the colour

variation. Therefore, the colour of the film finally

changes into pastel yellow.

3.2 XRD structural analysis

X-ray diffraction patterns (XRD) of pure and Sr–W at

different concentrations of 2, 4, and 6 wt% are shown

in Fig. 3. Strontium films with W dopant were

deposited at 500 �C annealing temperature. It is

observed that the diffraction position at 2h� = 13.10,

22.58, 31.93, and 39.41 indexes as (111), (220), (400),

and (422) which confirms the JCPDS Card 01-0886.

Fig. 1 Schematic diagram of Cu/Sr–W/n-Si Schottky diode Fig. 2 Thickness of Sr–W films
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Different concentrations of W high-intensity peak

positions at 28.00 attributed to (112) and small peaks

at 18.35, 45.48, 56.16 attributed to (101), (204), (220)

indicating that the tetragonal structure is proved

from JCPDS card 89-2568. This specifies that pure Sr

film has cubic structure and the presence of dopant

concentrations has influenced a phase change into

tetragonal. This change confirms the successful

incorporation of the W–Sr lattice site and might be

owing to lesser W ionic radius of 210 pm compared

to that of Sr 255 pm that may be influenced by the

crystalline parameters of the Sr host lattice [17, 18].

The average crystallite size and other structural

parameters can be calculated from the Scherrer for-

mula by the following relation [19]:

D ¼ 0:89k
b Cosh

ð1Þ

e ¼ bCosh
4

ð2Þ

d ¼ 1

D2
ð3Þ

SF ¼ 2p2

4 3 tan hð Þ
1
2

" #
b: ð4Þ

The calculated structural parameters of films are

listed in Table 1. The average crystallite size of W are

47.42, 48.67, 50.08, and 54.0 nm for the films with

pure SrO, (2, 4, and 6 wt%) W dopants, respectively.

The calculated crystallite size is increased with

doping concentration. Increase in crystallite might be

due to the influence of W dopant on Sr lattice. Cal-

culated dislocation density value of film decreases

with increasing W doping concentrations. This indi-

cates that improved crystallinity and prepared films

are found to be good in quality. The sample prepared

with W at 6 wt% film shows a minimum average

value of micro strain. Due to the removal of defects in

the lattice with increase in W doping concentration,

rendered photodiode properties of MIS structure

diodes.

3.3 UV spectroscopy studies

The absorbance spectra for all coated films with

wavelengths in the visible range of 200 to 800 nm are

shown in Fig. 4. As the concentration of dopant rises,

the absorbance of Sr–W gradually increased. Addi-

tionally, the dopant films displayed improved UV–

visible absorption with an increase in W concentra-

tion (0–6 wt%), which is due to variations in the

bandgap’s localized state density brought by

increasing W concentrations changing the unsatu-

rated bond density. On comparison to pure Sr thin

films, 6 wt% weight percent Sr–W films have the

highest absorbance, making them the most suit-

able for photodiode application [20].

According to the Tauc’s plot relation, optical

bandgap (Eg) values can be calculated [21] using the

following relation:

ahtð Þ ¼ A ht� Eg

� �n
; ð5Þ

where n is taken 1/2 since the film is a direct band-

gap material, A is a constant, and Planck’s constant is

h. Figure 5 shows the intercept results bandgap that

gets lowered with increasing dopant concentration.

The corresponding bandgap values are listed in

Table 2, which notifies that decreasing bandgap val-

ues and Eg value of 3.68 eV have a greater surface-to-

Fig. 3 X-ray diffraction pattern of Sr–W films
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volume ratio, which helps in improving light

absorption for better MIS-based diode performance

[22].

3.4 AFM analysis

Sr–W films AFM 3D and topography view of the thin

film scanned at 10 lm 9 10 lm areas are given in

Fig. 6. AFM images are employed to characterize the

surface morphology information of the coated films

Table 1 Structural parameters of the Sr–W thin films

Sample

code

Diffraction 2 (h)
(�)

Inter planar distance

(d) (Å)

FWHM

(radians)

Crystallite size

(D) nm

Dislocation density

(d)
(1014 lines m-2)

Micro strain

(e)

SrO 13.10 6.7583 0.00145 95.72 1.0912 0.000362

22.58 3.9374 0.00233 60.59 2.7236 0.000572

31.93 2.8021 0.00116 12.36 6.5446 0.000280

39.41 2.2859 0.00700 21.03 2.2602 0.001649

2 wt% of

W

18.21 4.8713 0.00350 40.11 6.2128 0.000864

27.88 3.1991 0.00262 54.39 3.3797 0.000637

45.39 1.9980 0.00233 64.40 2.4105 0.000538

56.08 1.6399 0.00700 22.43 1.9866 0.001540

4 wt% of

W

18.34 4.8355 0.00204 68.77 2.1142 0.000504

27.99 3.1867 0.00175 81.61 1.5013 0.000425

45.48 1.9942 0.00350 42.95 5.42023 0.000807

56.11 1.6389 0.00291 53.85 3.4483 0.000644

6 wt% of

W

18.35 4.8344 0.00233 60.19 2.7601 0.000576

28.00 3.1860 0.00233 61.24 2.6664 0.000566

45.48 1.9943 0.00233 64.42 2.4090 0.000538

56.16 1.6377 0.00350 44.89 4.9604 0.000772

Fig. 4 Absorption spectra of Sr–W films Fig. 5 Tauc’s plot of Sr–W films

Table 2 Bandgap energy value Sr–W thin films

Sample code Bandgap (Eg) (eV)

SrO 3.81

2 wt% of W 3.73

4 wt% of W 3.68

6 wt% of W 3.61
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in order to investigate the surface roughness and

nature of the grains.

The following relation can be used to compute the

roughness’s root square (RMS) [23]:

RMS ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

XN
i¼1

Z2
i

vuut : ð6Þ

The calculated root mean square is 22.35 nm and

average roughness, 16.74 nm. The film’s surface is

covered with sharp needle and rod-like features that

are organized more densely in the topographical

view. Smooth surface hillock’s structure and forma-

tion of an unbroken layer of Sr–W on the n-Si surface

are confirmed by AFM pictures. These effects can

strengthen the rectifying capabilities of Schottky

diodes and MIS structures.

4 Electrical property

4.1 DC electrical property

Figure 7 shows the electrical conductivity of Sr–W

films measured at temperature range of 30 �C to

120 �C. Table 3 shows the electrical parameters like

resistivity (X cm), conductivity (S/cm), and activa-

tion energy (eV) of Sr with W for different concen-

trations calculated using the following relation [24]:

rdc ¼ d

A

� �
I

V

� �
S/cm: ð7Þ

The substrate temperature (500 Æ C) may influence

grain boundaries and the crystal lattice deficit of the

films gets reduced [25]. The electrical conductivity for

pure Sr is 1.605 9 10–10 (S/cm) and dopant has

rapidly increased from 4.472 9 10–11 (S/cm) to

1.427 9 10–9 (S/cm). The barrier height and activa-

tion energy plots, however, are unaffected by this

bias dependence. The significant resistance results in

non-linearity in the I–V characteristics of the Schottky

diode when there are barrier inhomogeneities that

cause a large number of parallel, non-interacting

diodes to act at once [26–28].

The Sr–W films Arrhenius plot is depicted in Fig. 8.

The activation energy can be calculated by using the

Arrhenius plot to generate the following equation

[29]:

Actiation energy Eað Þ ¼ slope value � KB

e

� �
eVð Þ

ð8Þ

The activation energy decreases as the substrate

temperature rises. The Ea value and resistivity

decreased, as is shown in Table 3. Ea decreased from

0.3417 to 0.0771 while the proportion of dopant con-

centration raised. As a result, the conductivity of the

system improves. Consequently, in photodiode

applications, this feature promotes good diode per-

formance [30].

4.2 Cu/Sr–W/n-Si diode fabrication
evaluation

The forward and reverse bias measurement I–V plot

of Cu/Sr–W/n-Si MIS diode was measured from - 2

to ? 2 V under both dark and light conditions Fig. 9.

The thermionic emission occurs when the thermal

energy provided to charge carriers exceeds the

binding potential, allowing electrons to escape from

Fig. 6 AFM 3D and

topography view of Sr–W

films
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the solid’s surface. Electrons or ions can be used as

charge carriers [31–37].

The following relationship is utilized to analyse the

current transmission mechanism of the Cu/Sr–W/n-

Si diodes based on the thermionic emission theory.

According to the thermionic emission theory, the

current–voltage characteristics are given by [38]

J ¼ Js exp
qV

nkBT

� �
� 1

� �
; ð9Þ

where Jo is the saturation current density, q is the

electron charge, V is the voltage, n is the ideality

factor of the fabricated diode, kB is the Boltzmann

constant, and T is the absolute temperature..

Richardson–Dushman equation, which is [39]

Js ¼ IS
A

¼ A�T2 exp
�q/B

kBT

� �
; ð10Þ

where J is emission density in amperes/cm2, A is the

area of Schottky contact, and A* is the effective area

Fig. 7 Current vs voltage plot of Sr–W films

Table 3 Electrical parameters

for Sr–W thin films Sample code Resistivity

9 1010 (X cm)

Conductivity (S/cm) Activation energy (eV)

SrO 2.1048 1.605 9 10–10 0.3417

2 wt% of W 6.4370 4.472 9 10–11 0.2223

4 wt% of W 2.1044 1.607 9 10–10 0.2822

6 wt% of W 3.5490 1.427 9 10–9 0.0771
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of Richardson constant 120 A cm-2 K-2. /B is the

effective barrier height, T is temperature in kelvins

(K), and k, the Boltzmann constant, is

8.6164 9 10-5 eV K-1. The work function’s emission

density is an exponential function [40–46].

The other diode parameters such as ideality factor

(n) and barrier height (/B) were calculated by fol-

lowing relations [47, 48]:

n ¼ q

kBT

dV

d ln Jð Þ

� �
ð11Þ

UB ¼ k � T=q ln AA � T2=Ioð Þ ð12Þ

Figure 10 shows of semi-logarithmic ln(J)–V curve

Cu/Sr–W/n-Si Schottky diode and calculated values

ideality factor barrier height and saturation current.

This study indicates that the W dopant’s impact

causes a decrease in n and an increase in barrier

height, which is utilized as an interfacial layer and

also noticed that the barrier height rises with

W concentration, which might be caused by the

valence band’s shrinkage. Furthermore, the com-

puted n value is bigger than the unity. The n value

must be equal to unity for an ideal Schottky diode

with current dominated by thermionic emission. The

reported high values of n can be attributed to the Rs,

non-homogeneous barrier, tunnelling-current, inter-

layer presence, and Nss [49–51]. the calculated values

are minimum n values 1.68 factor barrier height

0.83 eV and saturation current 3.57 9 10-4 are

observed in light condition. The presence of interface

states between the Sr–W film and n-Si and the high

value of ideality factor greater than unity (n[ 1) are

attributable to voltage drop across the temperature

and are minimized in the film at 500 �C. The inho-

mogeneities of barrier height and interface states are

dependent on the substrate temperature and are

minimized in the film at 500 �C, resulting in a diode

with a high ideality factor [52–54]. The oxygen defect

states are reduced when the annealing process is

carried out at a higher temperature, and therefore the

barrier height is reduced[55, 62, 63].

5 Conclusion

Cu/Sr–W/n-Si-structured Schottky diodes were

successfully fabricated with various concentrations of

W using JNSP method. The film thickness then rises

when the addition of doping concentration is

increased. The existence of dual phase cubic and

tetragonal structure is confirmed by XRD pattern

with predominant orientations along (1 1 2)

Fig. 8 Arrhenius plot of Sr–W films

Fig. 9 I–V plot of Cu/Sr–W/n-Si Schottky diode

Fig. 10 Semilogarithmic plot of Cu/Sr–W/n-Si Schottky diode
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directions. The minimum bandgap 3.61 eV energy is

obtained at higher doping concentration compared

with the other films. AFM images confirm the smooth

surface and growth of an unbroken layer of the Sr–W

on n-Si surface. I–V nature of Cu/SrW/n-Si-type MIS

diode indicates higher rectifying activity with mini-

mum n values of 1.68. The results consummated that

the device, MIS-structured diode with light condition

films signify inconsistent photodiode performance

associated with other devices.
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