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Abstract
The results showed that the annealing of polyvinyl alcohol (PVA) at 450 K has improved its electrical conductivity. Scientists had
previously overlooked its great characteristics because of its insulating properties however, PVA showed a considerable increase
in conductivity, making it a promising material for optoelectronic devices. The electrical and dielectric properties of PVA/n-Si
heterostructure were investigated. The ideality factor, barrier height, and series resistanceweremeasured at different temperatures
using various approaches as Nord, Chueng, and the conventional method. A detailed analysis of Ac conductivity, real and
imaginary parts of the impedance (Z’, Z“) were examined at different temperatures, voltages, and frequencies. The results showed
that the value of the imaginary part of the impedance Z” changes with temperature, voltage, and frequency; however, the novelty
here is that Z” only takes positive values if the frequency is set to a very low value, such as 10 Hz. The photocurrent properties
were also studied confirming that PVA/n-Si structure is responsive to daylight illumination.
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1 Introduction

Recently, Metal-Semiconductor (MS) structures with interface
thin films for example polymers or an oxide such as Metal-
Polymer-Semiconductor (MPS) or metal – oxide –
semiconductor (MOS) have attracted great interest in the elec-
tronics and optics applications due to their interesting opto-
electronic properties for instance very fast switching and very
little forward-voltage [1, 2]. Organic and inorganic nanostruc-
tured materials have been purposely used in optoelectronic
and electronic devices as novel nanocomposites, such as hy-
brid semiconductor films and polymer nanostructures in
Schottky constructions [3–5]. Polymer thin film impurities

can reduce the interface density of states, dislocations, and
surface charges of the manufactured device, lowering its qual-
ity and sensitivity. [6–8]. Polyvinyl alcohol (PVA) has many
advantages over conventional insulator thin films, including
environmental friendliness, low coast content, low molecular
weight, low-temperature processing, reliability, and ease of
manufacture [9–12], it has low conductivity and great resis-
tance compared to other polymeric material. The conductivity
of PVA is due to physical interactions between the polymer
chains and the bonding of hydrogen in the hydroxyl group as
well as doping metals like Co, N, and Zn [13]. The efficiency
of the Metal Polymer Semiconductors (MPS) depends on sev-
eral parameters such as temperature, frequency, conduction
mechanism, and barrier height (ɸb) at the metal semiconduc-
tors (MS) interface by taking into account the interfacial layer
influences, series resistance (Rs), thin-film surface states locat-
ed at the MS interface [14–17]. The dielectric and electrical
characteristics of these structures are influenced by the MS
barrier height, similarly, the (ɸb) of these structures has a sub-
stantial impact on transport conduction mechanisms [18].
According to reports, the conduction mechanism and the for-
mation of ɸb can be adjusted by utilizing an appropriate mid-
dle thin film. Altındal et al. [19–21] have developed Al/SnO2/
p-Si (MOS) structures and studied their current-voltage (I-V)
and capacitance-voltage (C-V) properties over a wide
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temperature range in order to assess the Rs and Nss impacts on
them using an appropriate intermediate thin film. Demirzen
et al. [22] developed Au/(BiPVA)/n-Si structures and exam-
ined their dielectric description. They showed that while di-
electric constants and tanδ values are decreasing, σac, M’, and
M“ values are increasing with frequency increase. In this pa-
per, we investigate the electrical and dielectric properties of
pure polyvinyl alcohol (PVA), which has never been investi-
gated before due to its low electrical conductivity. We im-
proved its electrical conductivity by measuring the electrical
properties at different temperatures up to 450 K as a result of
annealing. The ideality factor, barrier height and series resis-
tance of PVA/n-Si diode were investigated at different tem-
peratures using several methods such as I-V, H(I)-I, dv/dlnI-I,
and F(V)-V. Nyquist diagram, ac electrical conductivity, the
real and imaginary parts of impedance (Z’, Z”) were studied at
different temperatures, voltages, and frequencies.With chang-
es in temperatures, voltages, and frequencies, Z“ takes posi-
tive and negative values; however, the innovation here is that
Z” only takes positive values if the frequency is set to an
extremely low value, such as 10 Hz.

1.1 Experimental Procedure

An aqueous solution of highly concentrated polyvinyl alcohol
was prepared, a few drops of PVA suspension were deposited
on n-silicon wafer using spin coating technique after washing
it with standard procedures to remove all contaminants and
oxidized layer from the silicon surface. The thin film of PVA
was dried for 30 min at 323 K, before being heated to 450 K
for an hour. Two electrodes of gold (Au) and aluminum (Al)
were deposited on the upper and lower surfaces of PVA/Si
heterostructure diode respectively using the thermal evapora-
tion technique. The conductivity of the resulted film has sub-
stantially improved as a result of the thermal treatment. Fig. 1a
shows the X-ray diffraction pattern of Polyvinyl alcohol de-
posited on a glass substrate, it exhibits a distinct peak at 20°,
indicating its semi-crystalline characteristics. The FTIR of
PVA thin layer is seen in Fig. 1b, the spectrum shows the peak
at 3300 cm−1 due to OH expanding of H-bonding; while the
CO stretching peak for the alcohol group persists at
1200 cm−1. FTIR spectrum of PVA displays a wide peak at
about 3425 cm−1, representing a widening of hydroxyl
groups, the peak at 2950 cm−1 appears because of the
stretching of C-H. The CH2 extending mode for methylene
groups remains at a peak of 1465 cm−1. The surface topogra-
phy of PVA was detected by the scanning electron micro-
scope. Fig. 1c displays the PVA thin layer that had been
inspected with magnifications of 1500. It can be detect-
ed from the SEM images that the current sample has a
large smooth area, which reveals the creation of a clear
and transparent-PVA film.

1.2 Electrical Properties

To obtain a clear view of the current conductionmechanism in
detail, the I-V measurements were performed using
KEYSIGHT B 2901A and the dielectric properties were mea-
sured in the frequency range 10 Hz–20 MHz and at a temper-
ature range from 233 to 363 K using a Novocontrol high-

Fig. 1 a, b, c X-Ray diffraction pattern, FTIR, and SEM image of
annealed PVA respectively
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resolution alpha analyzer. The double logarithmic ln(I)-ln(V)
diagram of the Au/PVA/n-Si/Al diodes were measured at dif-
ferent temperatures to understand the conduction mechanism
as shown in Fig. 2(a, b). The I-V characteristics are found to
behave similarly at all temperatures, and the current flows
through the device increases as the temperature rises, the
graphs show the power-law relationship between current and
applied voltage (I α V m) with dissimilar values of the expo-
nent (m) where m is the slope which can be determined from
the linear part of the ln(I) vs. ln(V) curves. It is reported that
for wide bandgap heterojunction diodes if the I-V plot follows
the relation I exp. V, the dominated mechanism will be the
recombination tunneling, however, it can be seen from
Fig. 2(a,b) that I-V curves follow the power law, and hence
the possibility of recombination-tunneling mechanism, in this
case, is ruled out. The scheme comprises two separate linear
regions (region I and II) with dissimilar slopes, the power-law
(IαVm) can be fitted separately for the two regions. The basic
mechanism in the first part agrees with be Ohm’s law in case

the slopes close to unity. The Ohmic contact is due to the bulk-
produced current in the film prevailing over the injected free
carrier-produced current. The values of the obtained slopes in
the second part were 2.3 and 2.9 for the diodes, respectively.
Exponents greater than two have previously been interpreted
as a hint of trapped charge current with exponent trap spread-
ing. As a result, the charge transference mechanism for diodes
might be governed by the space charge current with exponen-
tially distributed surface states [23, 24]. When the voltage is
increased, the injection of electrons from the electrode to the
films increases as well, according to the space charge limited
conduction (SCLC) mechanism [26].

n Tð Þ ¼ n0 þ T0=T ð1Þ

As shown in Fig. 3, the ideality factor changes nearly lin-
early with the reverse temperature as anywhere n0 and T0 are
constants, which were found to be 2.27 and 381.7 K respec-
tively. The temperature dependence of n suggests that the
current conduction mechanism is controlled by the thermionic
field emission (TFE) [25–27].

To explore the temperature dependence of (n), a plot of n
vs. 1/T is shown in Fig. 3. The value of n is closer to unity at
high temperatures, and n increases with decreasing tempera-
ture. The additional explanation could be credited to the inho-
mogeneities of the diodes for such temperature dependence of
n [28–30]. Also, the n values are not fixed with temperature,
they are detected linearly with the temperature reverse (1/T),
as realized in Fig. 3. The potential barrier ɸb vs. n is demon-
strated at different temperatures in Fig. 4. There is a linear
relationship between the ɸb and n, which has been explained

Fig. 2 a, b ln I versus ln V at different temperatures for Au/PVA/n-Si/Al
diode

Fig. 3 Ideality factor (n) vs T−1 at different temperatures for Au/PVA/n-
Si/Al diode
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by lateral inhomogeneities of Au/PVA/n-Si/Al. The extrapola-
tion of the ɸb vs. n figure to n = 1 has given a homogeneous
structure of about 1.41 eV.

The series resistance Rs and other parameters such as (n)
and ɸb were also determined through Cheung’s functions
[31–33]. Regarding the Cheung, the forward bias I-V charac-
teristics of a diode can be expressed as:

I ¼ I0 exp
q V−IRsð Þ

nkT

� �
ð2Þ

wherever IRs term is the voltage drop across the diode because
of Rs. its value can be determined from the subsequent equa-
tion as:

dV
dlnI

� �
¼ nkT

q
þ IRs ð3Þ

H Ið Þ ¼ V−n
KT
q

� �
Ln

I
AA*T2

� �
ð4Þ

and H(I) is assumed as follows

H Ið Þ ¼ nφb þ IRs ð5Þ

A plot of dV/dln (I) against I will give Rs values as the slope
and nkT/q as the intercept of the y-axis according to Eq. (3).
Fig. 5 displays dV/dln(I) vs I for Au/PVA/n-Si/Al diode at
different temperatures as 300, 325,350,375,400, and 425 K
respectively, and the values of Rs are listed in Table 1.

Fig. 6. shows the plot of H (I) vs I, it gives a straight line
with y-axis intercept equal to nΦb, while the slope gives an-
other determination of Rs. The output parameters of the barrier
height values and Rs are listed in Table. 1.

Table. 1 presents different values of the ideality factor (n),
the variation of (n) may be attributed to the effects of series
resistance and the bias dependency of diodes, resulting in the

voltage drop across the interfacial thin film and charge of the
interface states with the bias in the low voltage region of the I-
V diagram [31–34]. To compare the active barrier height of
Au/PVA/n-Si/Al diode, the Norde method is adopted as the
high Rs can cause a precise evolution of barrier height from
the standard ln (I)-V Fig. [35]. In this way, the function F(V) is
drawn against voltage. The function F(V) is assumed by

F Vð Þ ¼ V
ϒ
−
1

β
Ln

l
AA0T2

� �
ð6Þ

Where β = q/KT and ϒ is a factor ≤ the ideality factor (n),
the active barrier height is given by

φb ¼ F Vminð Þ þ Vmin

ϒ
−
1

β
ð7Þ

where F(Vmin) is the minimum value of F(V) corresponding to
Vmin. The plot of F(V) against V for the Au/ PVA/n-Si/Al diode
at different temperatures is seen in Fig. 7. The output param-
eters are listed in Table. 1, these values are in good agreement
with those obtained from ln (I)-V method.

Figure 8 shows the current (I)–time (t) graph of PVA/n-Si
photodiode characterized under daylight illumination of
60 mW/cm2. The photocurrent was observed when the light
is switched on; contrary when the light is switched off, a rapid
decrease in the photocurrent is observed [36]. It was con-
firmed that PVA/n-Si diode is responsive to daylight illumi-
nation. The photodiode response to daylight illumination in-
dicates that photodiodes have the potential to be used as solar
detectors.

1.3 Dielectric Properties

The variation of the real and imaginary parts of imped-
ance (Z’, Z”) with frequency at various voltages and

Fig. 4. ɸ b vs n at different temperatures of Au/PVA/n-Si/Al diode
Fig. 5. dv/dlnI vs I at different temperatures of Au/PVA/n-Si/Al diode
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temperatures was demonstrated in Fig. 9(a,b,c,d,e,f). The
values of Z’ almost zero at high and mid frequencies,
while at low frequencies the values of Z’ rise and scat-
ter into curves for each voltage due to the presence of
structural special effects as pores, grains, surface mor-
phology, and polarization [37]. The values of Z’ change
with the following temperatures (300, 360, 223 K) as
(37 × 103, 15 × 103, 85 × 103) respectively. The values of
Z’ increase with reducing temperatures and reached
their maximum values at a negative temperature as
shown in Fig. 9(a,b,c). The decrease in impedance (Z’)
with an increase in frequency and temperature means
the possibility of AC conductivity growth. [38]. Z” re-
mains without change at high frequencies and its values
equal zero, while at mid-frequency, Z” decreased and
formed many peaks for each voltage takes negative
values, in low frequencies Z” rise and takes positive
voltages. As shown in Fig. 9(d,e,f), the values of Z”
rise with reducing temperatures and reach their maxi-
mum at a negative temperature as the following
(300,360,223)K (13 × 103, 5 × 103, 25 × 103).

Figure 10 (a,b,c,d,e,f) display the variation of Z’,Z” with
frequency at different temperatures and voltages for PVA/n-

Si structure. Z’ remains constant without any change at high
frequencies, butZ’ scattered in curves for each temperature at
mid frequencies, Z ‘values increase with decreased temper-
atures, Z’ values change with voltages as (5 × 103 to 7 × 104,
5 × 103 to 4 × 104, 2 × 103 to 32 × 103) for applied voltage (0,
2, − 2 V) respectively as shown in Fig. 10(a,b,c). The change
in Z’ at high frequencies designates the existence of a prob-
able release of charge polarization due to the decrease in the
barrier of material with the rise of temperature [39]. It noted
that with increasing temperature, the Z’ increases and de-
creases once the temperature rises, a major decrease in the
boundaries of grains and grains. Z” constant at high frequen-
cies, curves for each temperature developed at mid frequen-
cies, indicating the existence of the relaxation technique in
the system. The relaxation happens due to the existence of
immobile species at little temperatures and imperfections
and vacancies at higher temperatures [40], the Z” rise with
decreased temperatures taking negative values and rises to
positive values at low frequencies, the variation of Z” with
the voltages as the following (0, 2, − 2) V (−3 × 104–2.5 ×
10 4 , − 2 × 10 4–1 . 5 × 10 4 , −1 . 5 × 10 4–1 . 2 × 10 4 )
respectively.

Figure 11(a,b,c,d,e,f) display voltage and temperature de-
pendence of Nyquist figures (fitted complex impedance spec-
trum) at certain selected temperatures and voltages as the fol-
lows (2 V to -2V), (223K to 363 K) respectively, the complex
impedance equation is expressed as

Z* ¼ Z` ωð Þ þ iZ`` ωð Þ ð8Þ
where,

Z` ¼ Rg

1þ ω2
gC

2
gR

2
g

þ Rgb

1þ ω2
gbC

2
gbR

2
gb

ð9Þ

Z`` ¼ −R2
gωgCg

1þ ω2
gC

2
gR

2
g

þ −RgbwgbCgb

1þ ω2
gbC

2
gbR

2
gb

ð10Þ

Table. 1 The calculated ideality factor, barrier height, and series resistance of Au/PVA/n-Si/Al at different temperatures using different methods

T (K) (I-V) Cheung (H) Cheung (dV/dlnI) Norde (F)

n Φb eV RsΩ n Φb eV RsΩ n RsΩ n Φb eV RsΩ

300 3.40 0.56 5.6×102 2.39 5.8×10−1 5.8×103 2.39 8.98×103 3.40 5.01×10−3 1.25×10−1

325 3.15 0.60 3.36×102 2.22 6.69×10−1 5.8×103 2.22 8.98×103 3.15 1.62×10−3 5.01×10−3

350 2.93 0.65 3.22×102 2.06 7.16×10−1 5.8×103 2.06 8.98×103 2.93 5.01×10−3 1.91×101

375 2.73 0.71 3.0×102 1.92 7.63×10−1 5.8×103 1.92 8.98×103 2.73 5.01×10−3 2.11×101

400 2.56 0.76 2.87×102 1.80 8.1×10−1 5.80×103 1.80 8.98×103 2.56 5.01×10−3 2.24×101

425 2.41 0.81 2.17×102 1.70 8.56×10−1 5.80×103 1.70 8.98×103 2.41 5.01×10−3 2.33×101

Fig. 6. H (I) vs I at different temperatures of Au/PVA/n-Si/Al diode
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It can be shown that the complex impedance systems
are depressed and that the center of the semicircle lies
under the actual (Z”) axis, which accepts the multi-
dispersive (multi-Debye type) nature of dielectric relax-
ation in Au/PVA/n-Si/Al. This may be attributed to the
presence of dispersed components in the material-
electrode phase. These depressed semicircles are not
caused by imperfections or by interfacial capacitance.
These may be due to the relaxation times that are pre-
sumed to be superimposed with the actual reaction of
the structure [41, 42]. The arcs correspond to the re-
sponse of the bulk of the structure grains at the high-
frequency end and the small frequency arcs agree to the
effects of the grain border [43–45]. Rising temperatures
and voltages in the system at higher temperatures and
voltages are detected as decreases in the zone of the
semicircle.

Figure 12 (a,b,c,d,e,f) display the variation of Z’, Z”
as a function of voltage at different frequencies and
constant different temperatures. Z’ increases in the pos-
itive region of the voltage also increase with decreasing
frequencies forming two peaks, these two peaks ap-
peared in Z” similar to the behavior of Z’, but Z’ takes
positive values, while Z” takes positive values at low
frequencies and negative values at high frequencies as
displayed in Fig. 12(a,d). In Fig. (b,e), Z’, Z” take the
same manner in the positive values near the zero value,
but Z” takes positive values at low frequencies and
negative values at high frequencies as shown in
Fig. 12 (e), also the behavior of Z’, Z” seen in the
Fig (c,f) is similar to its manner in Fig. 12(b,e).

Figure 13(a,b,c,d,e,f) display the variation of Z’,Z” as
a function of temperature at different frequencies and
constant voltages. Z” increase with frequencies, while
Z’ increase with decreasing frequencies, Z’, Z” rise with
decreasing temperatures, especially at low temperatures.
Z” takes positive values at low frequencies, while at
high frequencies takes negative values, Z’, Z” increases
with decreasing voltage as shown in Fig. 13(a,b,c,d,e,f).

Figure 14(a,b,c,d,e,f) display the variation of Z’, Z”
as a function of voltage at different temperatures and
constant frequency of Au/PVA/n-Si/Al. The values of
Z’ rise with decreasing temperature, especially at low
temperatures. It is worthy noted that Z’ values increase
with reducing frequency as follows (2 × 107, 103,10) Hz,
(18–30, 3 × 103–25 × 103, 103–8 × 104) respectively.
Here we can say that by variation of frequency we
can t un e t h e impedanc e va l u e a s shown in
Fig. 14(a,b,c). Z” increases with decreasing tempera-
tures, but at the low frequency of 10 Hz, Z” takes
positive values and its manner is similar to that of Z’
as shown in Fig.14(a,d). By increasing frequency to
103 Hz, Z” values take negative values and its manner
is contrary to that of Z” at 10 Hz, with increasing fre-
quencies Z” at low frequencies takes positive values,
but at high frequencies takes negative values as shown
in Fig. 14 (d,e,f), but its values increase with decreasing
frequencies .from mention above we can tune the values
of Z’, Z” by variation of temperature and frequency

Figure 15 (a,b,c,d) illustrates the temperature dependence
of AC conductivity of the Au/PVA/n-Si/Al film at different
voltages and constant frequencies. AC conductivity is
expressed by the equation:

σtot ¼ σ0 Tð Þ þ Aωs ð11Þ

The AC conductivity increases with temperature and its
values rise with frequencies as shown in Fig. 15 (a,b,c).
Moreover, the movement of the space charges becomes

Fig. 7. F (V) vs V at different temperatures of Au/PVA/n-Si/Al diode

Fig. 8 The current (I)–time (t) graph of PVA/n-Si photodiodes
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easier, resulting in a rapid increase in conductivity. Fig.
15d displays lnσac against 1000/T, each curve has two
straight line regions, the activation energy (Ea) values
were obtained from the slop at dissimilar voltages as seen
Fig. 15d. The activation energy is raised with growing
voltage. The higher activation energy that is detected in
the high-temperature area might be due to the summation
of energies required for the generation of charge carriers
and their motion into vacancies [46, 47].

The electrical conductivity σac and lnσac of Au/PVA/n-
Si/Al heterojunction diode was examined as a function of
frequency in a wide range of voltages (-2 V to 2 V) and
different temperatures. The σac versus frequency at dif-
ferent voltages is seen in Fig. 16 (a,b,c,d,e,f), it can be
seen that the electrical conductivity at each voltage has
two characteristic regions, the primary one is frequency
independent section and called dc conductivity compara-
tively in low frequencies. In this section, σac does not

Fig. 9 a, b, c Z’ vs f at different voltages and T = 30C°,-50, 90 respectively, d, e, f Z” vs f at different voltages and T = 30C°,-50, 90 respectively

Fig. 10 a, b, c Z’ vs f at different temperatures and V = 0,2,-2 v respectively, e, f, g Z” vs f at different temperatures and V = 0,2,-2 V respectively
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change with frequency, furthermore, it is understood that
the frequency self-governing section extends through the
upper frequencies with growing voltage values. The sec-
ond part of the σac is frequency-dependent and this re-
gion is called ac conductivity. In this section, the

conductivity increases with increasing frequency. Also,
both ac and dc conductivities rise with increasing voltage
as seen in Fig. 16 (d,e,f). Those are created by different
mechanisms of charge transport depending on frequency
and voltage factors. Here is a transition section between

Fig. 11 a, b, c Nyquist curves of Au /PVA/n-Si/Al at different voltages and fixed temperatures, d, e, f at different temperatures and fixed voltages

Fig. 12 a, b, c Z’ vs v at different frequencies and T = 30,-50,90 c° respectively, d, e, f Z” vs V at different frequencies and T = 30,-50,90 c° respectively
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those lined regions. The slope of those lined sections
provides us exponent s factor and this temperature reliant

on exponent s conduct clarifies us which transport mech-
anism takings place in the structure [48].

Fig. 13 a, b, c, d, e, f Z` Z`` vs T at different frequencies and voltages V = 0,2,-2 V respectively
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Fig. 14. a, b, c, d, e, f Z` Z`` vs V at different temperatures and f = 10,103,2 × 107 respectively

4642 Silicon (2022) 14:4633–4646



2 Conclusion

We reported that annealing of PVA at 450 K greatly en-
hances its electrical conductivity, making it a viable ma-
terial for electronic device manufacturing. We deposited
polyvinyl alcohol (PVA) on silicon wafer using spin coat-
ing technique, and studied its electrical and dielectric
properties. The ideality factor, barrier height, and series
resistance were investigated at different temperatures by

using different approaches as I-V, H(I), dv/dlnI-I, and
F(V). With the change of temperature, voltages, and fre-
quency, the Nyquist diagram, Ac electrical conductivity,
and real and imaginary components of the impedance (Z’,
Z“) were completely explored. The value of the imaginary
component of the impedance (Z”) can be positive or neg-
ative, but the novelty here is that Z” can only be positive
if the frequency is set to an extremely low value, such as
10 Hz. In addition to that, it was confirmed that PVA/n-Si

Fig. 15 a, b, c σ ac versus T at different voltages and constant frequencies,14d) lnσac versus 1000/T at voltages 0.5 V, -2 V
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photodiode is responsive to daylight illumination where
the photocurrent was observed when the light is switched

on; and a rapid decrease in the photocurrent occurred
when the light is switched off.

Fig. 16 a, b, c σac versus lnf at different voltages and fixed temperatures, (e, f, g) lnσac versus lnf at different voltages and fixed temperatures

4644 Silicon (2022) 14:4633–4646
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