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The aim of this study is to improve the electrical property of Ag/n-Si metal—
semiconductor (MS) structure by growing an Ru-doped PVP interlayer be-
tween Ag and n-Si using electrospinning technique. To illustrate the utility of
the Ru-doped PVP interface layer, current—voltage (I-V) characteristics of Ag/
n-Si (MS) and Ag/Ru-doped PVP/n-Si metal-polymer—semiconductor (MPS)
structures was carried out. In addition, the main electrical parameters of the
fabricated Ag/Ru-doped PVP/n-Si structures were investigated as a function of
frequency and electric field using impedance spectroscopy method (ISM). The
capacitance—voltage (C-V) plot showed an anomalous peak in the depletion
region due to the special density distribution of interface traps/states (D;;/Ngs)
and interlayer. Both the values of series resistance (R;) and N, were drawn as
a function of voltage and frequency between 0.5 kHz and 5 MHz at room
temperature and they had a peak behavior in the depletion region. Some
important parameters of the sample such as the donor concentration atoms
(Np), Fermi energy (Er), thickness of the depletion region (Wp), barrier height
(®pp) and R, were determined from the C™~ versus V plot for each frequency.
The values of Np, Wp, ®py and R, were changed from 1 x 10 cm™3,
9.61 x 10°° cm, 0.94 eV and 19,055 Q (at 0.5 kHz) to 0.13 x 10" cm?,
27.4 x 10~* cm, 1.04 eV and 70 Q (at 5 MHz), respectively. As a result of the
experiments, it is observed that the change in electrical parameters becomes
more effective at lower frequencies due to the N and their relaxation time (7),
dipole and surface polarizations.

Key words: Electrical characteristics, Ru-doped PVP, surface states, series
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INTRODUCTION

Among the various organic materials (polymers),
polyvinyl alecohol (PVA), polyaniline/pyrrole/thio-
phene and polyvinyl carbonate/pyrrolidone have
become appealing research topics for chemists,
physicists and electronic engineers because of
their attractive properties. Especially, polyvinyl
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pyrrolidone (PVP) has important properties such
as having a high dielectric constant, good workabil-
ity, high charge storage ability and a moderate
electrical conductivity and charge transfer mecha-
nism. The PVP is an amorphous polymer and has
high glass transition temperature (T,) due to the
existence of the rigid pyrrolidone group which
varies from different complexes to inorganic
salts.!™ There are a considerable number of early
modern studies in semiconductor physics directed to
the manufacture of metal-semiconductor (MS)
structures with a new interfacial layer for reducing
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the transition energy or band gap.*® Ruthenium
(Ru) is also an attractive element due to its promis-
ing characterlstlcs such as low resistance
(7.1 x 10°® Q cm for Ru and 30.0 x 107°Q cm for
RuOy) and a high work function [4.6 eV for Ru and
5.1 eV for ruthenium oxide (RuO)].%” Recently,
many researchers have focused on RuOy due to its
excellent electrochemical and photochemical catal-
ysis progerties as well as its excellent load storage
feature.® In addition, various applications of Ru
such as ferroelectric random-access memories (FER-
AMs), metal-oxide semiconductor field effect tran-
sistors (MOSFETSs) and being a seed layer for copper
interconnections increase its significance.

Moreover, there has recently been an increase in
the interest in the deposition of metallic Ru films as
well as RuO; films. Ru is used as an adhesive layer
for a diffusion barrier as well as an electrode for
dynamic random-access memories (DRAMs).%!!
Other applications for Ru thin films are used in
very large-scale integration (VLSI) capacitor- based
high-dielectric materials as a bottom electrode.*~'*

Some studies found electrospinning to be unique
in producing uninterrupted nanofibers with lengths
of several meters, ease of manufacture and compli-
ance.>* This method utilizes electrostatic force to
produce polymer fibers and it has four major
components: (a) a power supply with high voltage,
(b) a spinner, (c) a syringe pump and (d) a metal
collector. Some chemical and physical parameters
such as viscosity of the polymer solution, electrical
conductivity and concentration of doped materials
directly influence the formability and shaping of
electrospun fibers.>* Moreover, some other studies
show that forming very fine nanofibers on a semi-
conductor wafer pos1t1ve1%r affects the performance
of Schottky structures.'” The growing of such
polymer layers at the MS interface causes this
structure to convert into the metal-polymer—semi-
conductor (MPS) structure which stores dielectric
charge due to the dielectric properties of the inter-
face layer.

In this study, to enhance the performance of Ag/n-
Si (MS) structure, Ru-doped PVP was used as an
interlayer between Ag and the silicon wafer (Fig. 1a),
due to its simple processing and compatibility with
silicon. After ohmic contact, Ru-doped PVP thin film
was formed in front of the silicon wafer by electro-
spinning method. In order to see the effect of Ru-
doped PVP insulators layer on the electrical behavior
of Ag/n-Si MS structure, the I-V features of Ag/n-Si
and Ag/Ru-doped PVP/n-Si structures were investi-
gated. In addition, the influence of N, R, and Ru-
doped PVP interface layer on the prepared structure
was investigated. To this end, both the R,-V and N-
V plots and R,-logf and Ng.logf for various voltages
were obtained by using C and G data between
0.5 kHz and 5 MHz at room temperature. Finally,
some important electronic parameters of the pre-
pared sample such as Np, Er, Wp and ®p, were

obtained from the inversion region of C 2 versus V
plots for each frequency.

EXPERIMENTAL PROCEDURES

In this study, an Ag/Ru-doped PVP/n-Si device
was fabricated using n-type silicon [n-Si, (100)]
wafer with 300-um thickness and 1-10-Q cm resis-
tance as a substrate. The n-Si was chemically
cleaned in an ultrasonic bath using acetone and
isopropyl alcohol for 5 min and then quenched in
high-resistance (18 Q) deionized water for a pro-
longed time. Finally, they were dried with pure, dry
nitrogen gas. Then, 100-nm-thick high-purity
(99.999%) silver (Ag) dots were thermally evapo-
rated onto the backside of Si. To form a low-
resistance ohmic contact, they were annealed at
450°C for 3 min in nitrogen (Nj). After these
processes, the native oxide on the surface of Si
was removed by using HF:10H5O solution and then
it was rinsed in deionized water for 30 s and dried

Ruthenium (ITI) 2,4-pentanedionate was supplied
from Alfa-Aesar and PVP (MW 40,000) was supplied
by Sigma-Aldrich. At first, an aqueous PVP solution
(20 pct w/w) was prepared by dissolving the PVP in
ethanol. It was stirred at 80°C for 2 h by using a
magnetic stirrer, and then the temperature of the
solution was reduced to room temperature. The
ruthenium (III) 24-pentanedionate dopant was
added to the prepared solution with a molar con-
centration of 3%. The solution was vigorously
stirred for 2 h at 60°C by means of a magnetic
stirrer to yield a clear and homogeneous solution.
The prepared Ru-doped PVP sol-gel was deposited
as a nanofiber thin layer on Si substrate by using
the electrospinning technique. The electrospinning
setup includes four main parts: (1) the syringe, (2)
the high-voltage supply, (3) the infusion pump and
(4) the collector material. As a typical procedure, by
using an infusion syringe pump, the polymer solu-
tion was pumped through the tube to a metal needle
syringe (“nozzle”, 5 ml) with an inner diameter of
0.30 mm at a fixed flow rate of 0.01 ml/h. The needle
was positioned horizontally on the syringe pump
and connected to a high-voltage power supply. In
order to collect the nanofibers, a piece of Si was
placed 17 cm from the tip. After applying a high-
bias V as 15 kV on the tip, an electric field was
created to help eject a fluid jet from the nozzle. After
the formed fiber was dried in vacuum for 8 h at
85°C, the solvent was evaporated and nanofiber film
on Si wafer was coated as a non-woven material. In
order to perform rectifier contacts, the high-purity
Ag (99. 999%) was coated on the Ru doped PVP with
a 7.85 x 10 3-cm? contact area and 1500 A in the
high-vacuum metal evaporation system. Thus, the
manufacturing process of Ag/Ru-doped PVP/n-Si
structure was completed. All evaporation and coat-
ing processes were performed in a high-vacuum
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Fig. 1. Atomic force microscopy (AFM) images of Ru-doped PVP structure: (a) two-dimensional and (b) three-dimensional.

metal evaporation unit at about 5.3 x 10~" kPa at a
rate of 4 A/s using a metal shadow mask.

EXPERIMENTAL RESULTS AND DISCUS-
SION

Morphological Analysis

The surface morphology of the electrospun Ru-
doped PVP with a 5 x 5 um? surface area was
characterized by using the non-contact mode of
atomic force microscopy (AFM). Figure 1 presents
the two- (2D) and three-dimensional (3D) AFM
images of the Ru-doped PVP surface. The surface
roughness included various roughness parameters
such as average roughness (R,), surface skewness
(Rsk), root mean square roughness (RMS) and
surface kurtosis (Ry,). RMS and average roughness
values of the sample were obtained as 7.62 nm and

4.32 nm, respectively, over a scan area of 5 x 5 um?.
R was a measure of height distribution symmetry
and obtained for this sample as 0.038. This value
suggests that the peaks dominated the surface and,
therefore, the surface of the fibers was nonporous.
Ry, describes sharpness of the height distributions
and a value of 2.35 was obtained for this sample,
indicating a flat and repetitive surface.®

The scanning electron microscopy (SEM) images
of the formed fibers and their diameter distributions
are given in Fig. 2a and b, respectively. The SEM
images reveal important information about the fiber
structure of Ru-doped PVP materials such as homo-
geneity, bead formation and fiber diameters. Fig-
ure 2a illustrates the bead-free, smooth and
interconnected structure of the nanofibers. Figure 2
confirms that the Ru-doped PVP film successfully
deposited on the Si surface concluded to uniform
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fibers with a wide distribution of the fiber diame-
ters. The average diameter distribution of the fibers
was found as 127.68 nm and most fiber diameters
are between 60 nm and 180 nm, as shown in
Fig. 2b. This result shows that the majority of the
fibers were formed in nanoscale.

Current-Voltage Characteristics

To illustrate the utility of the Ru doped PVP
interface layer, semi-logarithmic I-V characteristics
of Ag/n-Si MS and Ag/Ru-doped PVP/n-Si MPS
structures were drawn and shown in Fig. 3. The
forward-bias semi-logarithmic I-V plots for the two
structures show a linear behavior in the intermedi-
ate biases which then considerably deviates from
the linearity at sufficiently high bias voltage due to
the effect of series resistance (R;) and an interfacial
native layer (SiOj) or deposited Ru-doped PVP
(Fig. 3). The reverse-bias I-V characteristics indi-
cated good saturated behavior or were independent
of voltage. Their I-V characteristics at V = 3kT/q
were analyzed based on thermionic emission (TE)
theory. It is known that when a Schottky-type
structure has an Ry and ideality factor (n) values
higher than unity, the forward-bias I-V character-
istics can be communicated with.!”18

ez (4 q(V —IR)\
I1=AA"T exp( kT@go)[exp< BT 1

sfon()
(1a)

In this equation, the quantities of I,, A", ®,, Vp and
T are the reverse-bias saturation current, effective
Richardson constant, zero-bias or apparent barrier
height (BH), voltage drop across the diode and
temperature, respectively. The values of I, and n
were obtained from the intercept and slope of Lin(1)-
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V plots by using the relation and neglecting both the
R, and last term in Eq. 1a.

Ln(I)=Ln(I,) +qV/nkT (1b)
The Value* of ®p, is obtained using a theoretical
value of A" and extrapolating I, values following the
equation.'”'®

ATZ) @)

(DBo = k—Tln (A
q I,

The values of the series and shunt resistance (R,
and Rg;,) were obtained from Ohm’s law (R = dV/dI)
at sufficient forward- and reverse-bias voltages
(£ 5V), respectively. The acquired experimental
values of I,,, n, gy, R, Ry, and rectifying rate (RR)
for MS and MPS structures are presented in
Table I. While the values of I,, n and Rg for MS
structure is higher than MPS structure, ®g,, Rg
and RR are lower for MS structure due to the
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Fig. 3. The -V plots of the Ag/n-Si and Ag/Ru-doped PVP/n-Si
structures at room temperature.
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Fig. 2. (a) Scanning electron microscopy image. (b) diameter distributions of Ru-doped PVP fibers.
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decrease in the electron tunneling at the Ru-doped
PVP-n-Si interface and decrease in the leakage
current (Table I and Fig. 3). Therefore, these inter-
facial layers formed a physical barrier between the
metal and semiconductor that prevented the reac-
tion and interdiffusion between Ag and n-Si. For
instance, the value of RR for MPS structure (490)
was almost 11 times higher than the MS structure
(43.3). Moreover, compared to the MS structure, the
value of n for MPS was smaller and closer to unity
because of the passivation effect of the interfacial
Ru-doped PVP layer. These experimental results
confirmed that the Ru-doped PVP interlayer
enhances the performance of Ag/n-Si structure.
This is because the Ru incorporation in PVP lattices
reduces the oxygen vacancies and therefore
decrease the density of surface states (Vg) that
can effectively increase the BH of an MPS
structure.'®

The high values of n for two types of diodes
(Table I) are attributed to the special density dis-
tribution of the surface states, the image-force
lowering effect, recombination-generation, tunnel-
ing through the barrier and inhomogeneities of BH
at the MS interface.'®?%2* Equation 3a shows that
the value of n is dependent on the doping level of
concentration atoms or depletion layer width (Wy).
In addition, barrier in-homogeneities at the MS
interface leads to an increase in n because the BH
shape is not flat and it has many lower barriers,
pinch-off or patches at an approximately mean
BH.2%?* Thus, some carriers with lower energy
from the mean BH can easily pass over these lower
barriers and yield an increase of current, thus
leading to an increase of current and an increase of
n. The values of n and ®p, are approximately
related to the applied bias voltage after the linear
region as in the following equations:

v 5[ &
n(V)=— =142 {fo
kT -Ln()y) & [Wp

+qNss<V>} (3a)

1
- m) |4 (3b)

In these equations, o [¢ = d®,/dV =1 — 1/n(V)]is
the voltage-dependent coefficient of BH, ¢, and ¢; are
the permittivity of the semiconductor and insulator
layer, respectively.

During the elaboration of semiconductor devices
such as MS or metal-insulator—-semiconductor

o, = O, + OC(V) = Op, + <1
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(MIS)/MPS structures, many defects may occur at
the MS interface with energy states located in the
forbidden band gap of the semiconductor. These
traps may originate from interruption of the peri-
odic lattice structure or disorder at the crystal’s
surface with energy states in the forbidden band
gap. Therefore, surface states and dislocations are
usually dependent on the chemical composition of
the interface.?’?* When interfacial layer is thick
enough (= 30 A), these surface states are in equilib-
rium with the semiconductor and they are defined
by the change in energy of the states relative to the
Fermi energy level in the semiconductor.?® More-
over, when interface layer thicknesses are lower
than 30 A, the surface states are in equilibrium
with the metal. The schematic of the energy band
diagram of the Au/Ru-doped PVP/n-Si structure is
given in Fig. 4. This figure shows the location of
surface states in the interface layer.

Equation 4a gives the energy of interface states
(Es) that can be estimated with respect to the
conduction band (E.) of the n-type semiconductor.

Ec - Ess =9q ((pe_V) (43')
In this way, the energy density distribution of Ny

was measured boy using the Card-and-Rhoderick
method as in 4b*’:

N(V) = 1/qlei/(n (V) = 1) —&/Wp]  (4b)

Figure 5 shows the energy density distribution of
Ny for the Ag/n-Si MS structure with and without
an Ru-doped PVP interfacial polymer layer at room
temperature. The values of N for Ag/Ru-doped
PVP/n-Si structure are considerably low compared
with Ag/n-Si structure, especially near the E. edge
(Fig. 5). These results verified that Ru-doped PVP
interlayer improves the performance of Ag/n-Si
structure.

Capacitance/Conductance/Voltage Character-
istics

The analysis of the impedance spectroscopy
method, including a series of the forward and
reverse C-V and G/-V measurements, may provide
more detailed knowledge about electrical character-
istics. Therefore, the C—V and G/-V measurements
of the Ag/Ru-doped PVP/n-Si structure were per-
formed in a wide frequency range (0.5 kHz—5 MHz)
and applied bias voltage (£ 5 V) at room tempera-
ture (Figs. 6 and 7). It is clear that both the C—V and
G/-V plots have inversion, depletion and

Table I. Electrical parameters of Ag/n-Si and Ag/Ru-doped PVP/n-Si structures at room temperature

Samples Io (A) n
Ag/n-Si 5.92 x 1077 2.84
Ag/Ru-doped PVP/n-Si 8.01 x 1078 1.93

Dp, (V) R, (Q) Ry, (@) RR
0.69 3.56 x 10* 1.54 x 10* 43.3
0.75 1.04 x 10* 5.10 x 10* 490
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Fig. 4. The schematic and energy band diagram of the Au/Ru-doped PVP/n-Si structure.
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Fig. 5. The energy density distribution profile of Nss for the Ag/n-Si
and Ag/Ru-doped PVP/n-Si structures at room temperature.

accumulation regions like an MIS or MOS type
structures. In the ideal case, the values of C and G/
w should be independent of the frequency, but the
status is considerably different for this structure
(Figs. 6 and 7). The discrepancy in C-V and G/w-V
characteristics becomes large in the depletion and
the accumulation region, especially at low frequen-
cies due to the existence of charges at states or traps
localized at the Ru-doped PVP/n-Si interface, their
relaxation time (t) and surface polarization. The
changes in the C and G/w values are considerably
low, but after at about 10 kHz, they start to
decrease with increasing frequency rapidly for each
bias voltage in the accumulation region (shown as
an inset in Figs. 6 and 7) due to the effect of R,. In
addition, both the C-V and G/w-V plots have a
peak in the depletion region at low frequencies due
to Ny and their position shifts towards the positive
bias region with decreasing frequency. As known, at
lower frequencies, surface states or traps can easily
follow the ac signal and this causes a storage of
excess capacitance (C,y.) and conductance (Gy./).

In general, the values of N and R, of the Ag/Ru-
doped PVP/n-Si structure is responsible for an
anomalous bias of the C-V and G/ characteristics.
While the N is especially effective in the depletion
and inversion regions, R are effective only in the
accumulation region. Thus, the voltage-dependent
profile of Ry was obtained by using Nicolai and
Brew’s method,?! which provides the determination
of R, in the whole voltage range and is given as:

Gn,

Ri=——— 5
where C,, and G, are the obtained values of
capacitance and conductance for any applied bias
voltage, respectively. Thus, the voltage-dependent
profile of R, of the Ag/Ru-doped PVP/n-Si structure
were calculated from the measured C and G data for
each frequency (Fig. 8). It was observed that the
value of R, decreases with increasing frequency for
each applied bias voltage, but the real value of R,
corresponds to the accumulation region (— 5 V) at
enough high frequencies (f>1 MHz). The high
values of Ry at low frequencies are the result of
N, but at sufficiently high frequencies (f > 1 MHz),
they do not contribute directly to the total of R,.

To obtain the frequency-dependent conduction
mechanisms of the Ag/Ru-doped PVP/n-Si struc-
ture, C~2-V plots were drawn (Fig. 9). These plots
show straight lines in the wide voltage region (0.3—
2.8 V). In the MIS- or MPS-type structures, the
values of the depletion layer capacitance vary with
the applied bias voltages (V) expressed as (6)2172°:

2

—2
¢ = qeseoNpA2

(Vb —kT/q-V) (6)

where Np is the concentration of doping donor
atoms (P), Vp is the diffusion potential, A is the
rectifier contact area, ¢ (¢, = 11.8¢,) and ¢, are the
permittivity of the semiconductor and vacuum,
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Fig. 6. The forward- and reverse-bias C-V plots of the Ag/Ru-doped PVP/n-Si structure for various frequencies at room temperature. Inset: The
C—f plots of the Ag/Ru-doped PVP/n-Si structure for various voltages.
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Fig. 7. The forward- and reverse-bias G/~V plots of the Ag/Ru-doped PVP/n-Si structure for various frequencies at room temperature. Inset: The
G/~f plots of the Ag/Ru-doped PVP/n-Si structure for various voltages.
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respectively. Thus, some main electrical parameters

of the structure such as Vp, Np, Fermi energy level Ep — ]f In (&) (7a)
(Er), maximum electric field (E,), W3 and BH q Np

(Oc_y) were obtained from the intercept, and the with

slopes of the C ™2 versus V plot for each frequency 153/2/, s 3/2

are presented in Table II. The voltage intercept of Nc¢ = 4.82 x 10°T°/%(m; /my) (7b)

the C~Z versus V plot at zero bias gives V, which is
related to Vp (D =V, + kT/q). The values of Np where N is the effective density of states in the

were obtained from the slope of the linear part of the conduction band of Si (E.), m} =0.98m, is the
C~2-V plot. Subsequently, the value of Er was also effective mass of the electron®* and m, (9.1 x 103!
obtained for each frequency by using the following kg) is the rest mass of the electron. The value of

relations (7a and b). image-force lowering of the BH (A®p) and the
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maximum electric field (E,) were acquired from
Eq. 8a. In addition, the BH value (®c_y,) for Ag/Ru-
doped PVP/n-Si structure was obtained using
Eq. 8b**27:

qEn,

1
sty ~ [ ], - [paate
4dregeg

Es€0

F (8a)

Thus, the value of ®-_y, was obtained as a function
of frequency:

kT
bo_y = <Vo +7> +Er — A®g =Vp +Epr — Adp
(8b)

There is a relationship between the theoretical
doping concentration (Np = 4.31 x 10%cm™2) and
the experimental values of it are known as
¢s ~ Np(theor.)/Np (exp.) and it is given in (9)%%73:

cg = 1/((1+qdiNss /&) 9)
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Table II. The frequency-dependent values of V;, Np, Er, E,,,, Wp, A®p, ®c_y, R, c2, and N, obtained from the
C~2-V plot of the Ag/Ru-doped PVP/n-Si structure at room temperature

Frequency s
(kHz) V; (V) Np (cm™3) Eg (eV) E,, Viem) Wp (cm) Adg (eV) Pey(€V) R, (Q) ¢z (eV'em ™)
0.5 0.709 1x 10 0256 1.48 x 10* 9.61 x 107° 4.61 x 1072 0.94 19,055 0.233 3.115 x 10'?
0.7 0.602 8.04 x 10* 0.261 1.22 x 10* 9.88 x 107° 4.19 x 1072 0.85 18,702 0.187 4.122 x 10'2
1.0 0.465 6.98 x 10'* 0.265 9.97 x 10% 9.33 x 107° 3.79 x 1072 0.72 17,733 0.162 4.894 x 10'2
2.0 0.358 6.13 x 10'* 0.268 8.20 x 10° 8.73 x 107° 344 x 1072 0.62 14,631 0.142 5.699 x 10'2
3.0 0.175 5.59 x 10'* 0.271 5.49 x 10® 6.40 x 107° 2.81 x 1072 0.44 11,001 0.130 6.337 x 10'2
5.0 0.261 6.04 x 10"* 0.269 6.95 x 10° 7.51 x 107° 3.16 x 1072 0.52 6555 0.140 5.8002 x 10'?
7.0 0.378 5.73 x 10'* 0.270 8.14 x 10% 9.28 x 107° 342 x 1072 0.64 4284 0.133 6.169 x 102
10 0.469 5.47 x 10* 0.271 8.87 x 10° 1.06 x 107* 3.57 x 1072 0.73 2612 0.127 6.504 x 10'2
20 0.544 4.84 x 10** 0.274 8.98 x 10 1.21 x 107 3.60 x 1072  0.81 1089 0.112 7.478 x 10'?
30 0.546 4.40 x 10* 0.277 8.58 x 10° 1.27 x 107* 3.51 x 1072 0.81 739 0.102 8.317 x 10'?
50 0.547 3.83 x 10'* 0.280 8.01 x 10® 1.37 x 107* 3.40 x 1072 0.82 513 0.089 9.693 x 10'?
70 0.557 3.50 x 10'* 0.282 7.73 x 10° 1.44 x 107* 3.34 x 1072 0.83 435 0.081 1.069 x 10%?
100 0.581 3.19 x 10'* 0.285 7.54 x 10® 1.54 x 107* 3.30 x 1072 0.86 376 0.074 1.180 x 10%?
200 0.631 2.68 x 10"* 0.289 7.20 x 10° 1.75 x 107* 3.22 x 1072 0.91 280 0.062 1.425 x 10%®
300 0.669 2.44 x 101* 0.291 7.07 x 10® 1.89 x 10™* 3.19 x 1072 0.95 229 0.057 1.576 x 10%?
500 0.712 2.16 x 10"* 0.294 6.86 x 10° 2.07 x 107* 3.14 x 1072 1.00 175 0.050 1.791 x 10'®
700 0.738 1.99 x 10* 0.296 6.71 x 10° 2.20 x 107* 3.11 x 1072 1.03 148 0.046 1.949 x 10'3
1000 0.754 1.83 x 10"* 0.299 6.50 x 10° 2.32 x 10™* 3.06 x 1072 1.05 127 0.042 2.137 x 103
2000 0.793 1.57 x 10* 0.302 6.18 x 10% 2.57 x 107* 2.98 x 1072 1.09 98 0.036 2.502 x 10%?
3000 0.776 1.42 x 10"* 0.305 5.82 x 10° 2.67 x 107* 2.89 x 1072 1.08 84 0.033 2.764 x 10%®
5000 0.737 1.30 x 10* 0.307 5.41 x 10% 2.72 x 107* 2.79 x 1072 1.04 70 0.030 3.046 x 103
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Fig. 10. The frequency-dependent profile of the depletion layer width
of the Ag/Ru-doped PVP/n-Si structure at room temperature.

where d; is thickness of the interface layer and ¢; is
its permittivity. The average density of Ny was
obtained from Eq. 9 by taking the d; value as 100 A.
The values of Vi, ND, EF, Em, WD, A(DB, (DC—V; RS, Co
and N of the Ag/Ru-doped PVP/n-Si structure were
measured at room temperature and are given in
Table II.

The depletion width (Wp) increases with increas-
ing frequency almost exponentially (Table II and
Fig. 10). Otherwise, while the values of Er increase
with increasing frequency, Np decreases as
expected (Fig. 11). Since the surface state charges
at high frequencies cannot follow the alternating
current (ac) signal, at high frequency, the surface

Fig. 11. The frequency-dependent profile of the doping concentra-
tion and Fermi energy level in the Ag/Ru-doped PVP/n-Si structure at
room temperature.

states cannot contribute to the capacitance, con-
trary to at low frequency. As shown in Fig. 12, the
values of ®c_y increase with increasing frequency.
These results show that at low frequencies, the non-
linearity of C~?-V plots can be completely clarified
based on the assumption that most of surface states
can follow the ac signal.

As seen in Tables I and II, the BH values obtained
from the reverse-bias C-V characteristics are gen-
erally higher than the one obtained from the
forward-bias I-V characteristics as well as Fermi
energy level (Ex) due to the nature of the measure-
ment method. The reason for this is that the
apparent BH of the metal to semiconductor is
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Fig. 12. The frequency-dependent profile of the series resistance (at
5 V) and barrier height in the Ag/Ru-doped PVP/n-Si structure at
room temperature.
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Fig. 13. The frequency-dependent profile of the surface states and
¢, in the Ag/Ru-doped PVP/n-Si structure at room temperature.

always higher than that of the semiconductor to
metal as high as the Ey.'®?° In addition, both C and
G are strongly dependent on the frequency in
depletion and inversion regions (Figs. 6 and 7).
These changes in C and G can be attributed to the
ability of the surface states (INg) to follow the ac
signal, density of the surface states and the exis-
tence of an interface layer in MS structure.'®?12* At
low frequencies, the charges at these traps can
easily follow the ac signal and yield an excess
capacitance and conductance to their measured real
values, but at high frequencies, these charges
cannot contribute to the C and G, because their
relaxation time (1) is too short for permitting the
charge to move in and out of the Ny in response to
the ac signal.'®*?"?* However, an interfacial layer
easily polarized under an electric field displaces the
charges from their equilibrium positions or traps.
These charges at the states can easily be attributed
to the magnitude of surface and dipole polarization
at low and intermediate frequencies.

It is clear that the existence of an interface layer
such as an insulator or polymer in MS structure

S 4 3 -2 -1 0 1 2 3 4 5
Voltage (V)

Fig. 14. The surface states versus V plots of the Ag/Ru-doped PVP/
n-Si structure for various frequencies at room temperature.

causes the conduction mechanism to differ signifi-
cantly at a certain temperature, voltage and fre-
quency. In addition, using such a polymer interlayer
does not forbid inter-diffusion and reaction between
them, but insulates the metal and semiconductor.

In the equal cycle of MIS or MPS structures, the
capacitance of the interface layer (C;) is connected in
sequence with the similar combination of the N
capacitance (Cg) and the space charge capacitance
(Cso).2* On the other hand, the carrier charges at
surface states cannot respond to the external ac
signal and cannot contribute to the measured
capacitance directly. Contrary to the high frequen-
cies, at low frequencies, they can follow this signal
well (Fig. 13). Because of this approach, the voltage-
dependent profile of Ny, can be subtracted from
Eq. 10.24

GAN,, = Cyy = [(1/Cor — 1/C) ' ~(1/Crr = 1/C)"'|
(10)

The N,V plot obtained from Eq. 10 has a distinc-
tive peak at about — 1.15 V. Such behavior of N~V
can be ascribed to a certain density distribution of
surface states between the interface layer and n-Si
(Fig. 14).2°2® The resulting mean value of Nj
(~ 2 x 10 eV ! em™2) is more suitable for elec-
tronic devices.

CONCLUSION

In order to improve the performance of Ag/n-Si
(MS) structure, an Ru-doped PVP interfacial layer
was grown between metal and semiconductor by
using electrospinning technique. While some of
their electrical parameters such as I, n, ®g, Rg,
and RR were obtained from the forward-bias I-V
measurements, some of the main parameters such
as Vi, ND, EF, Em, WD, A(I)B, CQ’CDC,V and Rs were
extracted from the reverse-bias C—V measurements.
Furthermore, the energy-dependent profile of N
was extracted from the forward-bias I-V data by
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taking voltage-dependent n and ®p, values and the
high/low-frequency capacitance method, respec-
tively into account. Moreover, the voltage-depen-
dent profile of R, was obtained from the Ohm’s and
conductance methods by using I-V and C/G-V
measurements, respectively. When all of these
parameters are compared to each other, it is
inferred that using an Ru-doped PVP interfacial
polymer layer plays an important role in improving
the quality of MS-type structure, especially in
reducing the leakage current, R, and N,, and
increasing the rectifying rate, Ry, and BH. The
observed abnormal peak in the accumulation region
was ascribed to the existence of N at the interfacial
Ru-doped PVP layer. This peak position shifts
toward the positive-bias regions with decreasing
frequency. This is because of the fact that the
charges at surface states can fully follow the ac
signal and yield an excess capacitance (C.,.) and
conductance (Gex. /). In addition, the observed dis-
crepancy in C-V and G/w-V characteristics with
frequency becomes larger in the depletion and the
accumulation region, especially at low frequencies
because of the existence of charges at surface states
localized at the MS interface and their relaxation
time and surface polarization. In conclusion, this
paper suggests that to increase the performance of
MS-type structure, an Ru-doped PVP layer can be
used as an interfacial layer instead of conventional
insulator layer such as SiO, and SnO, and TiOg in
these structures. Prospective studies should focus
on a metal-doped polymer insulator layer of MPS
structures due to its inexpensive solution process-
ing, good performance, flexibility and low energy
expenditure during the production phase.
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