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In present study, Ag/n-Si Schottky diodes were produced by vacuum evaporation method at two different substrate
temperatures (200 K and 300 K) and structural, optical, electrical properties were investigated. X-ray diffraction studies
showed that the textures of the Ag films are cubic with a strong (111) preferred direction. Field emission scanning electron
microscopy (FESEM) images revealed that the Ag layer coated at 200 K substrate temperature consisted of nano clusters of
equal size (12-15 nm) and the Ag layer consisted of islets of different sizes (80-100 nm) at 300 K substrate temperature. The
ideal factor (n), barrier height (φB), saturation current (I0) and series resistance (RS) for Schottky diodes 200 K and 300 K
substrate temperature produced, obtained by using I-V measurements respectively 1.11, 0.85 eV, 0.0014 ηA, 3.45 KΩ and 3.68,
0.78 eV, 0.05 ηA, 5.51 KΩ. Donor density (ND) and flat band potential (EFB) for Schottky diodes 200 K and 300 K substrate
temperature produced, obtained by using C-V measurements respectively 1.1 × 1015 cm-3, 0.52 V and 1.4 × 1016 cm-3, 0.34 V.
When the characteristic properties of Schottky diodes are examined, it is understood that the differences depending on the
method are caused by the distribution of homogeneous and equal sized nano clusters on the Si surface of the Ag layer produced
at 200 K substrate temperature.
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Introduction

Metal-semiconductor contacts (Schottky diodes) are
indispensable component of the electronics industry.
Compared to P-N junction, these devices have some
advantages such as low series resistance, high power
capacity and high switching speed at low voltage values
[1, 2]. The electrical parameters of an ideal Schottky
diode are determined by the properties of the metal-
semiconductor interface region [3, 4]. In this direction,
metal layers are formed by different methods and an
intermediate layer is placed in the metal-semiconductor
contact area [5, 6]. Nowadays, Schottky diodes, transistor
and solar cells are produced using different methods
such as thermal evaporation, spin coater and magnetron
sputtering [7-9]. Micro and nano structured materials
are becoming increasingly important in technology
[10].

Ag/SiO2/n-Si Schottky diode was produced and
examined by with vacuum evaporation technique. The
electrical characteristics of the metal-insulator-semiconductor
diode and the interface state density were evaluated by
I-V and impedance spectroscopy. They calculated the
barrier height as 0.62 eV, the ideality factor as 1.91 and
the average series resistance as 975.8 Ω [11].

Bates et al. (2007) showed that Ag atoms have
deposited on the surface of n-Si at 400 and 550 oC by
using magnetron sputtering technique. They found that
Ag grain size at 400 oC from TEM images was 5 nm
and 10 nm at 550 oC. In Schottky diode produced at
400 oC, carrier density is smaller than 550 oC. However,
resistance and mobility values of Ag layer produced at
400 oC were higher than 550 oC [12]. Mahmood et al.
(2018) examined Ag/n-Si diodes by creating some of
the characteristics of these diodes with the organic
interface layer and non-interface layer. The ideality
factor of the structures with non-interface layer and the
organic interface layer was 1.42 and 1.83 respectively.
The size of the barrier height was 0.65 eV for the Ag/
n-Si structure and 0.66 eV for the hybrid structure. The
series resistance values of the structures with and
without organic interface layer were 7,839 Ω and 135
respectively. Donor density was 2.07 × 1014 cm-3 in the
Ag / n-Si structure and 24.8 × 1014 cm-3 in the hybrid
structure [13]. Korosak and Cvikl (1998) used Ionized
Cluster Ray (ICB) method and obtained the Ag/n-Si
Schottky structures current voltage characteristics
measured at different temperature ranges (300 K-150 K).
In the examples, different current conduction mechanisms
were determined [14].

Clayton et al. (2013) revealed that Ag/n-Si composite
films produced by magnetron sputtering technique at
550 oC on n-Si (111) substrates were characterized.
Films were prepared with a concentration of 13, 16 and
22% Ag and measured in the 77-500 K temperature
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range. A decrease in resistance values was observed
between the Ag nanoparticles formed with increasing
Ag concentration due to less grain boundary. It was
found that as Ag concentration increased, grain
boundaries converged and became ineffective. The
barrier heights were found to be 0.360 eV, 0.390 eV
and 0.470 eV for the films with Ag concentrations of
13%, 16% and 22%, respectively. As can be seen from
the studies mentioned above, the characteristics of
Schottky diodes change depending on the production
method [15].

In the study conducted by Yüzüak et al. (2019), Ag
layers were grown by soliton growth mechanism on n-
Si (100) substrates by using cold substrate method [16].
Some characteristics of the diode obtained at 200 K
substrate temperature were compared with those of the
diode produced at 300 K substrate temperature.

As mentioned above, in literature studies, the studies
using cold substrate method exist. However, based on
our best knowledge, there is no a study examining the
effect of this technique on the characteristics of Ag/n-
Si Schottky structures which forms the basis of the
study. Present study was realized by making use of this
gap. Recent studies have focused on the surface
plasmon resonance (SPR) diffusion model that occurs
in nano size metallic particle systems [14]. This model
shows more effective diffusion of nano sized metallic
particles. The advantages and disadvantages of this
model will be revealed in this dual structure we have
discussed.

Experimental 

In the experiments, n-Si substrates (100) with resistivity
value of ρ = 1-10 Ω·cm and thickness of d = 375 µm
were used. InGa material was used for ohmic contact
on n-Si. Ag/Si binary structures were annealed at room
conditions for 30 min at 300 °C due to the formation of
diode structure. The cold substrate method view of
the evaporation apparatus is given in Fig. 1. Substrate
temperature was monitored and controlled using
thermocouple. When the pressure reached 1.1 × 10−5

Torr, the substrate was cooled using liquid nitrogen.
The Ag thin films were grown at substrate temperatures
of 300 K and 200 K. The shutter is continuously kept
open during deposition. The Ag thin films were deposited
by vacuum evaporation in a quasi-closed volume on n-
Si substrates using high purity Ag wire (99.99%) as the
source material [16].

The crystal structure of Ag thin films was studied
by X-ray diffraction (XRD) using Rigaku SmartLab
diffractometer with CuKα radiation (λ = 1,5408 Å)
over the range 20o ≤2θ ≤ 80o at room temperature.
Electrical measurements of n-Si/Ag Schottky diodes
were performed at room temperature (300K) using the
Ivium CompactStat.h10800 electrochemical measuring
device. Zeiss Sigma 300 was used for Field Emission

Scanning Electron Microscopy (FESEM) analysis.
Changes in the Photocurrent values versus wavelength
were studied at room temperature in the range of 350-
750 nm by Monora 200 monochramator for Ag layers
produced at 200 K and 300 K substrate temperatures.

Results and Discussion

The XRD results of the Ag films on n-Si substrates
at temperatures of 300 K and 200 K are shown in Fig.
2. X-ray was sent to the substrate surface at angle of 1o

and reflected from the Ag thin film. It was found from
the XRD patterns that the reflection intensity of the
substrate evaporated in Ag layer at 200 K temperature
was higher than substrate evaporated at 300 K. This
phenomenon is due to forming a tight package on the
n-Si surface for the Ag coated substrate at temperature
of 200 K. The peaks of Ag layers at angles 2θ = 38.2o,
44.3o, 64.5o and 77.6o belonged to (111), (200), (220)
and (311) planes respectively. In addition, it was seen
that the Ag thin film was in line with the preferred
growth orientation (111) and had a cubic structure [17].
The peaks seen in the XRD pattern were compared
with the PDF Card No: 1100136 data card. However,
in the spectrum 2θ= 55o, Si (100) plane reflection was
detected.

Fig. 3 shows the FESEM image of Ag thin films
produced on a glass surface for substrate temperature at
200 K and 300 K. In Fig. 3(a), at 300 K production
temperature, Ag layer is composed of islets of different
sizes and in Fig. 3(b), at 200 K production temperature,
Ag layer is composed of equal sized clusters [18]. This
result shows that the Ag layer at substrate temperature
of 200 K is caused by soliton growth mechanism.

Fig. 1. A cross-sectional view of the thermal evaporation
apparatus.
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As it is known, superficial plasmon resonance (SPR)
event occurs in nano-sized Ag layers at a certain
frequency [19]. In order to determine this, the changes
in the photocurrent values according to the wavelength
of Ag layers formed on the insulating glass surface
at 300 K and 200 K substrate temperatures were
examined. Fig. 4 shows the photocurrent value of the
Ag film produced at a substrate temperature of 200 K
at a wavelength of 470 nm [19]. The wavelength at
which the SPR event occurs corresponds to 638 THz. It
is known from the literature that the SPR event in the
Ag structure has a frequency of 638 THz [14]. At 300
K substrate temperature, there is no interesting situation
in the photocurrent values with varying wavelengths.

Fig. 5 shows the I - V measurement results of n-Si/
Ag Schottky diodes produced at substrate temperature
of 200 K and 300 K. As can be seen, both examples
show rectifier characteristics. The n-Si/Ag Schottky
diode produced at a substrate temperature of 200 K
showed sharper rectifier properties. This was due to
reduction in surface state density in the metal-
semiconductor contact region of the diode produced at
a substrate temperature of 200 K.

The thermionic emission current-voltage relation of a
Schottky diode is given by [20]

I = Ioe
qv/nkT − 1  (1)

Fig. 3. FESEM image of glass/Ag thin films (a) 300 K and (b) 200 K.

Fig. 2. XRD patterns of n-Si/Ag prepared binary structure at (a)
300 K and (b) 200 K.

Fig. 4. Wavelength-current graph at (a) 300 K and (b) 200 K.
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where I0 is the saturation current, q is the electronic
charge, V is the applied voltage, n is the ideality factor,
k is Boltzmann’s constant and T is the temperature in
K. The saturation current I0 is defined by

Io = AA*T2eφb/kT  (2)

where A* is the theoretical Richardson constant (A* =
112 A/cm2K2 for n-Si), A is the diode area and φb is the
zero bias barrier height. For V values greater than 3
kT/q, the ideality factor n can be calculated from the
slope of the rectification line region of the forward bias
ln(I)-V plot for each temperature and can be written as

(3)

I0 can be determined by an extrapolation of the forward
bias ln(I)-V curve to V = 0 for each temperature. The
zero bias barrier height (φb) is calculated by the following
formula:

(4)

The expression for the interface state density as
deduced by Card and Rhoderick [21] is reduced to

(5)

where d is the thickness of interfacial insulator layer,
WD is the width of the space charge region, εi and εs are

the permittivity of the interfacial insulator layer and the
semiconductor, respectively.

In Fig. 6, the semi-logarithmic I-V graph of n-Si/Ag
Schottky diodes was produced at 200 K and 300 K
substrate temperatures. The ln (I) -V curve of the n-Si/
Ag Schottky diode produced at substrate temperature
of 300 K shows a linear behavior between bias
voltages of 0.2-1.5 V, while the diode produced at
substrate temperature of 200 K shows a linear variation
in the range of bias voltages of 0-0.7 V [18].

In Table 1, ideality factor (n) and saturation current
(I0) values of n-Si/Ag Schottky diodes produced at 200
K and 300 K substrate temperatures were calculated
from ln (I)-V graph. As can be seen from the Table 1,
Schottky diode at 300 K substrate temperature has
higher n and I0 values than 200 K substrate temperature
production. However, the barrier height (φB) of the
diode at a substrate temperature of 300 K is lower than
that produced at 200 K. As is known, at a substrate
temperature of 300 K, the Si surface Ag layer is coated
with islets of different sizes. Thus, non-homogeneous
regions were formed at the interface of the Si/Ag
Schottky barrier [22-25]. This leads to a reduction in
the barrier potential at the metal-semiconductor interface
[26, 27].

The ideality factors of the samples are greater than 1,
indicating that there are different current conduction
mechanisms in the diodes.

The thermionic emission current-voltage relation of a
Schottky diode with series resistance is given by [20]

I = I0[e
(q(V-IRs)/nkT) − 1]  (6)

n
q

kT
------ dV

d Iln( )
--------------=

φb

kT

q
------ln

AA*T2

Io
--------------
⎝ ⎠
⎛ ⎞=

NSS

1
q
---
εi
δ
--- n 1–( )

εs
WD

-------–=

Fig. 6. Semi-logarithmic I-V graph of n-Si/Ag Schottky diode at
(a) 200 K and (b) at 300 K.

Fig. 5. I-V graph of n-Si/Ag Schottky barriers at (a) 200 K and (b)
300 K.

Table 1. Experimental values of ND, VFB, NSS, Rs, n, φB, I0, and E00.

Substrate Temperature ND (cm−3) VFB (V) Nss (cm-3) Rs (KΩ) n φB (eV) I0 (µA) E00 (meV)

200 K 1.1 × 1015 0.52 2.39 × 1012 3.45 1.11 0.85 0.0014 0.49

300 K 1.4 × 1016 0.34 2.72 × 1013 5.51 3.68 0.78 0.05 1.60
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where Rs is serial resistance. Eq. (6) can be differentiated
as follows:

(7)

The series resistances are evaluated by using the
slopes of dV/dln(I) versus I curves. Fig. 7 shows dV/
dln(I) versus I plots for the n-Si/Ag (at 200 K and 300
K) Schottky diode.

From the experimental results, series resistance values
of diodes were found. In Table 1, series resistance
values are calculated from dV/dln (I) graph and are
given. It is seen in the Table 1 that the diode prepared
at 300 K substrate temperature has higher series
resistance values than the diode prepared at 200 K
substrate temperature. Increases in series resistance
values are due to increases in surface state density in
the metal-semiconductor interface area [28, 29].

Double Logarithmic I-V graph (Fig. 8) was used to
determine the conduction mechanisms of the produced
Si/Ag Schottky diodes. In Fig 8, Schottky diode produced
at 300 K substrate temperature, 3 separate linear regions,
two separate linear regions produced at 200 K substrate
temperature were seen. Since the first region slope (m)
of both diodes is greater than 2, the space charge
limited current mechanism (SCLC) is effective in this
region. In the second region, m <2 and omics behavior
is exhibited. This shows that the tunneling current
mechanism is dominant in the second region. In the
third region of the Schottky diode produced at a substrate
temperature of 300 K, m > 2, the Space Charge Limited
Current mechanism (SCLC) is effective in this region.

In practice, tunneling mechanism is very significant
for semiconductors that have E00 =10 value or a doping
level higher than ~1 × 1017 cm−3 [10]. The carrier density
of Schottky diode at substrate temperature of 300 K
was found to be 1.1 × 1017 cm−3. Therefore, the tunneling
mechanism was investigated for n-Si/Ag structure.

Tunneling mechanism can occur as two mechanisms:
(1) field emission (FE) and (2) thermionic field emission
(TFE). TFE theory is the dominant mechanism in the
intermediate temperature and doping concentration, but
FE theory is dominant only at quite low temperatures
for the material having high doping concentrations
[23]. Current-voltage relation for tunneling mechanism
is given by [30,31]

It = It0(e
(qVa/E0

))  (8)

Where

 (9)

E00 is the characteristic energy; it is expressed as

 (10)

According to the theory, if E00 >> kT is FE dominant,
E00 ~ KT is TFE dominant, and E00 << kT is thermionic
emission diffusion mechanism is dominant. In the
Si /Ag Schottky diode produced at 200 K substrate
temperature according to E00 values given in Table 1, it
is found that the field thermionic emission diffusion
mechanism is dominant. The field emission mechanism
is dominant in the Si-Ag Schottky diode produced at a
substrate temperature of 300 K.

Fig. 9 shows the Mott-Schottky graph measured at
1000 Hz frequency for Schottky diodes produced at
200 K and 300 K substrate temperatures. Typical results
of C/V measurements for both types of diodes are
displayed in Fig. 9. The constant slopes of the 1/C2

versus V curves indicate uniform doping profiles of
the substrates and abrupt interfaces. Ideally, the
capacitance (C) of a Schottky barrier is expressed from

dV

dln I( )
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q
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E0 E00

E00
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Fig. 8. Double logarithmic forward bias I-V plots of a n-Si/Ag
Schottky diode at (a) 200 K and (b) 300 K.

Fig. 7. Experimental dV/dln(I) versus I plots for the n-Si/Ag
Schottky diode at (a) 200 K and (b) 300 K.
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Eq. (11) [32, 33].

(11)

Where V is the applied potential, S is the active
device area, Nd is the donor concentration, Vd is the
diffusion potential, ε0 is the vacuum dielectric constant
and the relative dielectric constant εs. Where the curve
in the graph is 1/C2 = 0 gives us the flat band potential
(VFB). Table 1 shows the VFB values of Schottky diodes
produced at 200 K and 300 K substrate temperatures.
Donor densities in Si/Ag Schottky diodes were determined
from linear regions of Mott Schottky curves.

Table 1 shows ND, VFB and NSS values calculated
from C-V measurements. The donor density was found
to be lower at the 200 K substrate temperature than the
300 K substrate temperature. The surface state density
(NSS) at the metal-semiconductor interface was calculated
to be lower in the Schottky diode produced at a
substrate temperature of 200 K compared to a substrate
temperature of 300 K.

Conclusion

In this study, Schottky diodes were produced by
evaporating Ag onto n-Si using vacuum evaporation
technique at 200 K (cold substrate) and 300 K substrate
temperature. It was seen from the FESEM images that
the Ag layer was composed of equal sized nano
clusters at 200 K substrate temperature and that the Ag
layer was composed of islets of different size at 300 K
substrate temperature. When the photocurrent values
were examined according to wavelength, SPR effect
was observed in Ag thin film produced at 200K
substrate temperature at 470 nm wavelength (638
THz). Si/Ag Schottky diode produced at 200 K substrate
temperature from I-V measurements had better
rectification properties. In the experiments, n, I0 and Rs

values of Schottky diode produced at 300K substrate
temperature were higher than those produced at 200 K
substrate temperature. It was understood from the
obtained results that transmission at 200 K and 300 K
substrate temperatures can be controlled by tunneling
at low bias voltages and SCLC at high bias voltages.
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