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Polymeric materials have gained great importance in electron devices. There has been considerable number of studies on 

block copolymers due to enhanced features that appear after co-polymerization. In this study, poly (propylene glycol)-b-

polystyrene block copolymer has been synthesized and Schottky barrier diodes (SBDs) have been fabricated with this block 

copolymer. Current-voltage (I-V) measurements have been conducted at room temperature in order to investigate electrical 

characteristics and current conductions governing in these SBDs. Series resistance and shunt resistance of the SBDs have been 

calculated using Ohm’s law. Ideality factor, reverse saturation current and zero-bias barrier height of the SBDs have been 

extracted from the forward-bias I-V data. Fabricated SBDs exhibited high rectifying ratio of the order 104. Also, current conduction 

mechanisms and the density of interface states in the SBDs have been investigated. Calculated values of density of interface states 

in the SBDs are on the order of 1013 which is acceptable for this kind of SBDs having polymeric interfacial layer. 
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1 Introduction 

Polymeric materials are used in many optoelectronic 

applications since these materials can be prepared in 

the form of film by easy processing techniques such as 

electrostatic spraying, spin coating, dip coating, sol–

gel, solution casting etc
1-14

. Also, one of the advantages 

of polymeric materials is that physical, chemical and 

electrical properties of these polymeric materials can 

be controlled by addition of some reagents into the 

polymer solution. Besides conventional coating 

methods, polymers can be coated on surfaces through 

electrostatic spraying. This method allows formation of 

polymeric nanofibers and these fibers can enhance the 

efficiency due to increasing electrical and optical 

interaction with the nanofiber surface. For this reason, 

there are many studies in the literature which cover 

investigation of commercial polymers
3-16

. Nevertheless, 

electro-optical properties of synthesized polymers and 

possible applications of them in device technologies 

have become an attractive investigation area for the 

researchers.  

Block copolymers have been used in various 

applications of humidity sensor, biomedical, plastic 

research, hydrophobic/hydrophilic surface, injectable 

drug-delivery systems, optoelectronics and Schottky 

barrier diodes
16-23

. Especially, polystyrene-b-

poly(ethylene glycol) (PS-b-PPEG) and polystyrene-b-

poly (propylene glycol) (PS-b-PPG) block copolymers 

were studied by various researchers in the last decade
22-25

. 

These polymers can be prepared by various types of 

macro initiators through radical and ionic polymerization. 

Macro initiators generating radicals can be classified as 

macro-azo-initiators, azo peroxidic initiators, redox 

macroinitiators
26,27

 and macrophotoinitiators
28

. Macro-

azo-initiators which can be prepared by the condensation 

reactions of a prepolymer with azobis-isobutyronitrile
29-33

, 

4, 4_azobis (4-cyanopentanoyl chloride)
34

, 

4,4_azobiscyanopentanol
35

, provide useful means of 

preparing amphiphilic block copolymers via radical 

process.  
 

In our previous studies, we investigated electrical 

parameters of metal-polymer-semiconductor (MPS) 

structure having poly (propylene glycol)-b-polystyrene 

(PPG-b-PS) block copolymer layer under UV and 

visible illumination
36,37

. PPG-b-PS block copolymer 

proved itself suitable for MPS structures, in this study 

we prepared SBDs with PPG-b-PS and with PPG-b-PS 

dispersed with HAuCl4. Since PPG-b-PS was found 

promising material for MPS structures, we also aimed to 

investigate possible current conduction mechanisms in 
————— 
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SBDs having PPG-b-PS interfacial layer. Therefore, we 

fabricated Au/PPG-b-PS/n-Si (MPS1) and Au/PPG-b-

PS (HAuCl4 dispersed)/n-Si (MPS2) SBDs. Besides its 

utility in biomedical and plastic research areas, this 

study aims to explore further the utility of PPG-b-PS in 

SBDs in terms of current conduction mechanisms. 
 

2 Experimental Details 

For the synthesis of block copolymer, PPG-b-PS, 

4,4′-Azobis-4-cyanopentanoic acid (ACPA) was 

purchased from Fluka AG, poly (propylene) bis (2-

aminopropyl ether) (PPG-NH2) (amine groups at both 

ends of each chain) of average MW 400 and MW 2000 

was purchased from Aldrich and Styrene was 

purchased from Merck. Moreover, utilized solvents and 

other reagents were chosen among extra pure 

commercial products for reliable results. Styrene was 

dried with Na2SO4 and freshly distilled under reduced 

pressure before use. 4,4′-azobis-4-cyanopentanoyl 

chloride (ACPC) was prepared by the reaction of 

ACPA with phosphorus penta chloride which was 

carried out in benzene at room temperature. For the 

synthesis of macro azo initiator, a solution of 2.0 g 

(6.3 mmol) of ACPC in 50 mL CHCl3 was added to the 

mixture of 25.24 g (12.6 mmol) of poly(propylene) bis 

(2-aminopropyl ether) (PPG-NH2-2000) and 10 mL of 

aqueous NaOH (20 wt%) and stirred for 24 h at room 

temperature. The molar ratio of ACPC to PPG-2000 

was 1:2. After the reaction, the mixture was washed 

with water three times to ensure the removal of salts 

and ACPA from the product. The organic phase was 

dried with Na2SO4 overnight at 0 °C. Later, solvent 

was evaporated and viscous liquid was dried under 

vacuum and stored at 0 °C until use. For the synthesis 

of PPG-b-PS block copolymer, a given amount of 

styrene and the macro initiator (MI-PPG) were charged 

into a Pyrex tube. Nitrogen was introduced through a 

needle into the tube to expel the air. The tightly capped 

tube containing a small magnet was put in an oil bath at 

80 °C for 5 h. Subsequently the contents of the tube 

were dissolved in chloroform and then precipitated in 

methanol. The co polymeric sample obtained was dried 

in vacuum at room temperature for 24 h. For the 

fabrication of SBDs, n-type (P-doped) single crystal 

silicon wafer with <100> surface orientation, 500 µm 

thickness, with 2" diameter and 1-10 Ω.cm resistivity 

was chosen as semiconductor material. Following the 

chemical cleaning process, details
35,36

, back surface of 

the n-Si was deposited with high purity Ag metal 

(99.999 %) 250 nm thick from the tungsten filament in 

vacuum environment of 1×10
-6 

Torr. For obtaining 

good ohmic behavior, the evaporated Ag was annealed 

at 500 °C for 30 min. Later, front side of the wafer was 

cleaned with 20% HF solution to remove the thin oxide 

layer formed during annealing. Then, the wafer was cut 

into 2 pieces. For the electrostatic spraying process, 

poly (propylene glycol)-b-polystyrene block copolymer 

was prepared as 5% in N,N-Dimethylformamide 

(DMF) solution in two tubes and later a drop of 

HAuCl4 as % 0.2 in DMF solution was dispersed in 

one of the tubes. After, prepared polymeric solutions 

were sprayed onto the front side of the Si wafer pieces 

through an electrostatic spraying (Inovenso, Turkey) 

system. The solutions for spraying was loaded into a 10 

mL hypodermic stainless steel syringe with a nozzle 

(0.8 mm in diameter) connected to a digitally-

controlled pump which provides a constant flow rate of 

0.8 mL/h. The Si wafer was placed on the collector 

distance from the metal nozzle was kept at 15 cm. 

Upon applying a high voltage of 28 kV to the nozzle, a 

fluid jet was ejected from the nozzle. Later, using a 

metal mask, polymeric face of the substrate was 

deposited with high purity Au metal (99.999%) having 

thickness of 250 nm from the tungsten filament in 

vacuum environment of 1×10
-6 

Torr. Schematic 

diagram of the fabricated SBDs with chemical structure 

of PPG-b-PS block copolymer is shown in Fig. 1. 

For the morphology of polymeric films, a FEI 

QUANTA FEG Scanning Electron Microscope 

(SEM) is used. Current-voltage (I-V) measurements of 

the SBDs were held by a Keithley 2400 source-meter 

at room temperature. 
 

3 Results and Discussion 
 

3.1 Analysis of SEM micrographs 

SEM micrographs of the polymer interfacial 

surfaces are presented in Fig. 2(a) and (b). The 

average fiber diameter for PPG-b-PS nanofibers is 

about 300 nm. As seen in Fig. 2(b), average fiber 

diameter is about same suggesting that HAuCl4 

dispersal does not create a prominent effect on fiber 

size. Regarding other SEM results of various 

polymers in other studies utilizing electrostatic 

 
 

Fig. 1 — Schematic diagram of the SBDs with chemical structure 

of poly (propylene glycol)-b-polystyrene 
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spraying
3-8

,
 

we can reach the conclusion that 

electrostatic spraying method is successful in 

fabricating polymeric nanofibers from PPG-b-PS 

because nanofiber formation is almost homogeneous 

for both SBDs.  
 

3.2 Analysis of current-voltage (I-V) characteristics 

I-V plots of the SBDs are given in Fig. 3. The inset 

of Fig. 3 provides the same data in the form of semi-

logarithmic forward and reverse I-V plots. Thus, it is 

possible to deduce a general idea about the various 

electrical parameters of the SBDs. At first look, it is 

obvious that both SBDs exhibit typical feature of a 

SBD; leakage current at very low levels and sudden 

increase in current in the forward bias region. 

Considering the I-V data in forward bias region, 

current increases almost linearly for MPS1 (see inset 

of Fig. 3) indicating ohmic conduction must be 

dominant in this region. Also MPS2, I-V curve bends 

in this region therefore MPS2 likely has higher Rs 

considering what was reported about these kind of 

structures in literature.
1,11-13,38

 
 

As can be seen in the semi-logarithmic plots, MPS1 

has lower leakage current values whereas it has higher 

current values in the forward bias region, hence it has 

higher rectifying ratio (RR). Calculated RR values for 

MPS1 and MPS2 are 7.1×10
4
 and 2.6×10

4
, 

respectively. MPS1 structure shows better rectifying 

feature depending on the SBD’s resistivity in the high 

forward and reverse bias regions. Therefore, it can be 

said that MPS1 and MPS2 exhibit fairly good 

rectifying feature compared with findings of other 

studies.
2,3,9,11-12,15,39

 

There are various methods for obtaining a SBD’s 

resistivity in the literature
40-42

. An easy and practical 

way of calculating shunt and series resistance is Ohm’s 

law where resistance (Ri) value is given by Ri=dV/dI. 

Figure 4 shows semi-logarithmic Ri-V plots of the 

SBDs. It is well known that Ri corresponds to Rs at 

sufficiently high forward bias voltages and Rsh at 

sufficiently high reverse bias voltages. Therefore, it can 

be said that MPS2 has lower Rsh and higher Rs 

compared to MPS1. The resistance values are given in 

Table 1, along with the other calculated electrical 

parameters. As can be seen in Table 1, obtained Rs 

values can be regarded as low considering the Rs values 

of various commercial organic material based devices 

in the literature.
11-13,15,39

 

 
 

Fig. 2 — SEM micrographs of (a) PPG-b-PS and (b) PPG-b-PS + 

HAuCl4 films 
 

 
 

Fig. 3 — I–V plots of the SBDs at room temperature. Inset shows 

the semi-logarithmic I–V plots 

Table 1 — Electrical parameters of the SBDs obtained from I-V 

plots 

 Rsh (MΩ) Rs (Ω) Io (pA) n ΦB0 (eV) 

MPS1 72.5 258 174 2.53 0.93 

MPS2 43.1 315 50 2.29 0.96 
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In Fig. 3, semi-logarithmic I-V curves of both 

SBDs exhibit a linear region between 0.5 V and 1 V 

by which some of the main electrical parameters can 

be obtained. When electrical characteristics of a SBD 

is considered, the relationship between current and 

applied bias voltage can be given through following 

equation on the basis of thermionic emission (TE) 

theory where V ≥ 3kT/q holds
2,9,11,12,15,39,43-45

: 
 

( )
exp 1

s

o

q V IR
I I

nkT

  − 
= −  

   
 … (1) 

 

Here, n is ideality factor, T is absolute temperature 

in Kelvin, k is Boltzmann constant, q is the electronic 

charge, Rs is series resistance and Io is reverse 

saturation current, respectively. Reverse saturation 

current is given by
2,9,11,12,15,39,43-45

: 
 

2 0exp B

o

q
I AA T

kT

∗ Φ 
= − 

 
 … (2) 

 

where A
*
, A and ΦB0 are effective Richardson constant 

(120 A/cm
2
K

2
 for n-Si), area of rectifying contact and 

zero-bias barrier height, respectively. 

Using Eq. (1), the values of n and I0 can be 

obtained from the slope and interception point of the 

line through the linear region between 0.5 V and 1 V. 

Once Io is obtained, ΦB0 can easily be calculated using 

Eq. (2). Io, n and ΦB0 values of the SBDs are given in 

Table 1. As can be seen, MPS1 has higher Io and n 

values whereas it has lower ΦB0 value. Obtained n 

values are not very large, they can even be considered 

moderate for these SBDs with polymeric interfacial 

layer n values obtained for the studied SBDs are fair 

when compared with those obtained by various 

researchers in the literature
3,9,11-13,15,39,44,45

. 

It is reported that several type of current 

conduction mechanisms are governed in the forward 

bias region of these kind of SBDs
2,13

. In many studies, 

TE is used to extract the electrical parameters of the 

structure; however obtained results for these 

parameters may not be precise depending on how 

large the n value is. It is well known that n shows the 

conformity of I-V data to TE. Hence, it is an 

indication of deviation from TE to obtain n value 

larger than 1. For the purpose of investigating 

possible mechanisms, lnI-lnV plots of the SBDs are 

given in Fig. 5.  

As can be seen in Fig. 5, lnI-lnV curves of both 

SBDs have three linear regions. The slope of these 

regions yields the m value in the proportionality of 

IαV
m
. In Region 1, m value of MPS1 is close to 2.This 

means that the dominant current conduction 

mechanism (CCM) in this region is space charge-

limited current (SCLC)
13,46

. For the same region,  

m value of MPS2 is very close to 1, which means that 

CCM of the structure is almost ohmic conduction. In 

Region 2, m values of MPS1 and MPS2 are 10.8 and 

10.2, respectively. It is known that the CCM is trap-

filled SCLC when m value
13,46 

is larger than 2.
 

Therefore, in this region, current is transported by 

trap-filled SCLC. In Region 3, m value of MPS1 is 

1.39. This indicates that the dominant CCM in this 

region is ohmic conduction for MPS1. This result is 

also consistent with linear increase in current with 

applied bias in the high forward bias region for MPS1 

(see Fig. 3). On the other hand, m value of MPS2 in 

 
 

Fig. 4 — Semi-logarithmic Ri–V plots of the SBDs at room 

temperature 
 

 
 

Fig. 5 — lnI–lnV plots of the SBDs at room temperature 
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this region is 2.54, therefore it can be said that CCM 

in MPS2 deviates from SCLC to trap-filled SCLC. 

Density of interface states (Dit) in the studied SBDs 

were calculated using card and Rhoderick’s function
47 

which gives voltage dependent ideality factor, n(V), as 

a function of Dit as: 
 

( ) 1 ( )s
it

i D

d
n V qD V

W

ε

ε

 
= + + 

 
 … (3) 

 

where d, εi, εs and WD are thickness of polymeric 

layer, permittivity of polymeric layer, permittivity of 

semiconductor and depletion layer width. Calculated 

Dit values of the SBDs are presented in Fig. 6 as Dit – 

Ec-Ess plots. Details of calculating Ec-Ess values are 

given in elsewhere
1,11,12

.  

As can be seen in Fig. 6, Dit of both SBDs is on the 

order of 10
13

 eV
-1

.cm
-2 

this can be regarded moderate 

for couple reasons: (i) similar results were obtained 

for different types of SBDs with polymeric interfacial 

layer in the literature
11,12,15,39

 and (ii) obtained Dit 

value for both SBDs is lower than that of a Au/n-Si 

SBD
44 

. It is seen that Dit increases exponentially 

towards conduction band edge such that this suggests 

interface states in both SBDs are donor type. Also, it 

is seen that dispersing HAuCl4 in the block polymer 

caused the interface states localize further from 

conduction band into the band gap. 
 

4 Conclusions 
For the purpose of investigating usefulness of PPG-

b-PS in SBDs, MPS1 and MPS2 structures were 

fabricated and their I-V measurements were held at 

room temperature for electrical characteristics 

analysis. Experimental results showed that both SBDs 

perform good rectifying behavior with a RR value 

(~10
4
) thanks to high Rsh and low Rs values. Moderate 

n values were obtained for the SBDs, however larger 

values of n (than unity) indicated TE may not be the 

dominant CCM. It was found that several CCMs are 

dominant in the whole forward bias region utilizing 

lnI-lnV plots of the SBDs. When compared to SBDs 

with commercial interfacial polymer layer in the 

literature, use of PPG-b-PS block copolymer as 

interfacial layer leads to improvements in the 

electronic parameters of the structures. 
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