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lysis of two different PEDOT:PSS
commercial products used as an interface layer in
Au/n-Si Schottky diode†
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The water based highly conductive transparent poly(3,4-ethylenedioxythiophene):poly(4-styrenesulfonate)

(PEDOT:PSS) polymer is a promising material for many optoelectronic device applications. Chemical

composition of PEDOT:PSS plays a key role to improve the performance of the devices. Two different

PEDOT:PSS commercial products (PH1000 and HTL Solar) have been used as an interface layer in

Au/PEDOT:PSS/n-Si Schottky barrier diodes (SBDs). The effective barrier height increased and the ideality

factor decreased with the increase of temperature. Such behavior is attributed to the inhomogeneity and

formation of interface dipole affecting electron injection at the interface. The Richardson constant value

was obtained from ln(I0/T
2) vs. 1000/T plot which is very low from the known theoretical value but the

modified Richardson plot ln(I0/T
2) � (qs0)

2/2(kT)2 vs. 1000/T gives the closer theoretical value of n-type

silicon. The Schottky parameters were extracted from temperature dependent I–V characteristics and

successfully explained by thermionic emission (TE) theory. The superiority of HTL Solar product in

Au/PEDOT:PSS/n-Si SBDs could be associated for stronger inversion or better passivation on silicon

surface compared to PH1000.
1. Introduction

Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) is a water-
based, high work function and p-type polymer. It is a suita-
ble material for many semiconductor device application1,2 due
to its excellent optoelectronic properties such as high conduc-
tivity,3 high transparency,4 thermal stability5 and can be easily
deposit by any solution process6,7 at room temperature. The
fascinating properties of PEDOT:PSS have led scientists to have
tremendous motivation to explore the possibilities of using
these properties for technological applications. Nowadays, the
application of PEDOT:PSS thin lms are not limited only to
organic devices but also extend to organic/inorganic hybrid
semiconductor devices.8,9,10 Metal-polymer-semiconductor
(MPS) Schottky diodes are the simplest devices to fully under-
stand the nature of the electrical behavior of the polymer. Lin
et.al.11 proposed that a higher quality Schottky junctions are
formed on n-Si using spin-coating PEDOT:PSS as the metal
electrode. Here spin coated PEDOT:PSS (PH1000 and HTL Solar)
polymer thin lms are used as an interface layer between gold
and n-type Si. However several research groups are working on
different conducting polymers as an interface layer to improve
e Physics and Material Science), 1/AF
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their device performance.12,13,14 Attempts have so far to enhance
the rectication properties of Au/PEDOT:PSS/n-Si Schottky
device by induce a stronger inversion layer or to nicely passivate
the silicon surface is a recent challenge to the researcher.
Therefore changing the chemical composition, morphology and
conductivity of PEDOT:PSS thin lm will possible to improve
the performance the devices.

In this present work, the comparative compositional and
structural study on both PEDOT:PSS (PH1000 and HTL Solar)
thin lms and then it's used as an interface layer between gold
and n-type silicon. Chemical composition and surface structure
of spin coated PEDOT:PSS thin lms were characterized by XPS,
SEM and AFM techniques. Fabricated Au/PEDOT:PSS/n-Si SBDs
were characterized by I–V measurement under reverse and
forward bias conditions to understand the current conduction
mechanism as well as their performance under the temperature
ranging from 290 K to 380 K. Different electrical parameters
namely ideality factor (n), barrier height (fb0), series resistance
(Rs), activation energy (Ea) and Richardson constant (A*) are
calculated and discuss.
2. Experimental
2.1 Device fabrications

Double side polished n-type oat zone c-Si (100) wafers were
used as a substrate. Resistivity and thickness of the wafers were
2.5 U cm and 280 mm respectively. The wafers were cleaned by
standard RCA cleaning and dipped in 1% HF acid during
RSC Adv., 2017, 7, 47125–47131 | 47125
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1 minute for native oxide removal. Two different PEDOT:PSS,
HTL Solar and PH1000 solutions (Heraeus Clevios, USA) were
deposited by spin coating technique with a spanning rate
1000 rpm for 60 seconds. Aer that the lms were annealed at
130 �C for 30 minutes in nitrogen atmosphere. To make
a Schottky contact a high purity gold was deposited by thermal
evaporation process through a shadow mask. At the end more
than 1 mm thick aluminum was thermally evaporated as a back
ohmic contact.

2.2 Characterizations

Chemical composition of deposited PEDOT:PSS thin lms were
characterized by X-ray photospectrometry (XPS) scans (SPECS
system, Phoibos 150 detector, Germany) at 3 � 10�9 mbar from
a PEDOT:PSS/n-Si substrate using a nonmonochromatic Al-Ka
source (1486.6 eV). The microstructure image of PEDOT:PSS
thin lms were studied using a scanning electron microscope
(FESEM, Model: JEOL JSM-5800 Scanning Microscope). Atomic
Force Microscopy (AFM) images were obtained in non contact
mode using a MultiMode Nanoscope (Agilent, 5500 Atomic
Force Microscope, USA). Ultrasharp tips (Noncontact “Golden”
Silicon cantilevers, NSG10S) were used. The current–voltage
(I–V) measurements were performed by a Keithley 2400 source
meter at a temperature range between 290 K and 380 K using
temperature controller.

3. Results and discussion
3.1 Structural characterizations

3.1.1 XPS. X-ray photospectrometry is determined the
surface chemical composition and their oxidation states of
PEDOT:PSS lms deposited using the same spin coating
conditions on silicon substrate. Fig. 1(a) shows the general scan
of XPS of high-resolution core level spectra of uorine, carbon,
Fig. 1 Chemical composition analysis of the PEDOT:PSS(PH1000 and H
XPS of high-resolution core level spectra, (b–d) deconvolution of C 1s, O

47126 | RSC Adv., 2017, 7, 47125–47131
oxygen and sulfur in both PH1000 and HTL Solar. High-
resolution peak areas and intensities of O 1s, C 1s and S 2p
core level spectra are presented in Fig. 1(b–d). Almost identical
spectra are obtained for the PH1000 and HTL Solar PEDOT:PSS
lms. However observed changes in relative signal are analyzed
to deduce the elements which are involved to use for analysis.
For C 1s spectra of both PEDOT:PSS lms are the strongest peak
at 284.8 eV originates C–C bonds. Other two peaks are at
286.2 eV and 287.7 eV related to C–O–C and C–S bonds
respectively.15 In comparing to C 1s spectra, obtained for
PH1000 have reduced its intensity as well as C–S bond is shied
to 0.5 eV than that of HTL Solar. The O 1s peaks of PH1000 and
HTL Solar, the spectra reveal three major peaks at 531.8 eV,
533.2 eV and 535.3 eV corresponding to S]O, O–H, and C–O–C
bonds respectively16 assigned to functional groups on the
PEDOT and PSS chains are exactly in the same position. But the
intensity of all three peaks of HTL Solar is signicantly higher
than PH1000 product. For this reason the charge distribution
through S]O, O–H and C–O–C bonds of PEDOT are better for
HTL Solar which is responsible to enhance the electrical prop-
erty that observed from I–V measurement. On the other hand
O–H bonds could help to passivate silicon interface by acting as
a diffusion barrier to minimize the surface oxidation which
reduced the leakage current and increase rectication behavior.
The deconvolution of S 2p peak at 168.2 eV and 164.2 eV are
assigned to the sulfur signal from the PSS and PEDOT chains.
Each peak from a spin-split doublet are distinguishable, cen-
tred at 164.2 eV and 168.5 eV, each with a spin–orbit splitting of
1.2 eV and a peak area ratio (2p3/2/2p1/2) of 2 : 1. From the
integrated peak areas of each component of PSS and PEDOT are
calculated. The ratio of PSS/PEDOT of PH1000 and HTL Soar is
1.9 and 2.4 respectively. Since an excess of PSS in HTL Solar
product leads to increase the work function of PEDOT:PSS.17 As
a consequence there is a substantial shi in work function of
TL Solar) thin film using X-ray photospectrometry: (a) general scan of
1s and S 2p core level of PH1000 and HTL Solar PEDOT:PSS thin films.

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Room temperature (290 K) current–voltage characteristics of
Au/P1000/n-Si and Au/HTL Solar/n-Si SBDs.
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PEDOT:PSS and in electron affinity of silicon. The shi of D is
consider to the band bending (BB) and formed a dipole at the
interface between PEDOT:PSS and n-Si.11,18 Due to large shi of
D is responsible to increase the band banding of
PEDOT:PSS(HTL Solar)/n-Si junction. Therefore large number
of charge carriers are accumulated at the interface and formed
a stronger dipole compare to PEDOT:PSS(PH1000)/n-Si junc-
tion. Thus the rectication property of HTL Solar is better than
that of PH1000 discuss later. Subsequently contact angle of HTL
Solar is less due to the excess of PSS content.19 Therefore HTL
Solar product could be uniformly deposit on hydrophobic
silicon surface in a large area without using any surfactant.

3.1.2 SEM and AFM. Surface morphology of both
PEDOT:PSS thin lms are shown in Fig. 2(a and b). From the
morphology, it is clear that the lms are smooth, continuous
and uniform without cracks and holes on a large scale. The
lms are composed of PEDOT:PSS nanoparticles are closely
packed with each other to form a chain matrix. AFM measure-
ment was used to observe surface topology at high-resolution
the three-dimensional view of PEDOT:PSS thin layers of
PH1000 and HTL Solar shown in Fig. 2(c and d). The AFM image
suggest that the PEDOT:PSS nanoparticles are associated with
each other and thoroughly distributed all over the lm surface.
The estimated surface roughness of PEDOT:PSS lms are found
to vary within the range from 2 to 3 nm.

3.2 Electrical characterization

Fig. 3 shows the room temperature (290 K) current–voltage
characteristic of Au/PEDOT:PSS/n-Si Schottky barrier diodes
(SBDs) for both PEDOT:PSS compound. They are showed
a rectifying behavior of the Schottky diodes. The rectication
ratio at 1 V of HTL Solar product has increased 5 times more
compared to PH1000 product. Better rectication property
Fig. 2 Structural characteristics of the PEDOT:PSS thin films: (a)
scanning electron micrographs of PEDOT:PSS (HTL Solar) thin film on
a large scale and (b) PEDOT:PSS (PH1000) thin film on a small scale,
three-dimensional atomic force microscopy view of both PEDOT:PSS
layers (c) PH1000 and (d) HTL Solar.

This journal is © The Royal Society of Chemistry 2017
suggests that the surface property of interface layer plays an
important role to determine the ideality factor and actual
barrier height of the Schottky junction. The charge trans-
portation through the interface layer caused by well passivated
and strong interface dipole in uniform and sub-atomic struc-
ture of HTL Solar product could be responsible for the transi-
tion of the low leakage current compared to PH1000. The
leakage current of Au/HTL Solar/n-Si SBDs is 10 times less than
that of Au/PH1000/n-Si SBDs shown in the inset of Fig. 3.

Current–voltage characteristics of SBDs at forward and
reverse bias (neglecting series and shunt resistance) is
expressed by20,21

I ¼ AA*T2exp

��qfb0

kT

��
exp

�
qV

nkT

�
� 1

�
(1)

where A is the area of diode (A ¼ 0.1256 cm2), fb0 is the barrier
height, q is the electron charge, k is the Boltzmann constant. T is

the absolute temperature, A* ¼ 4pqm*k2

h3
is Richardson's

constant and the value is 120 A cm�2 K�2 for n-type Si.22 The
ideality factor and barrier height of the Schottky barrier diodes
are describe the deviation of the experimental temperature
dependent I–V data is expressed as:23,24

fb0 ¼
kT

q
ln

�
AA*T 2

I0

�
(2)

n ¼ q

kT

dV

dlnI
(3)

Fig. 4 shows the semi-logarithmic forward and reverse bias
I–V characteristics of the Au/PH1000/n-Si and Au/HTL Solar/n-Si
SBDs in the temperature ranging from 290 K to 380 K. From
intercept and slope of ln I vs. V plot at each temperature gives
the fb0 and n respectively. The experimental value of n and fb0

are obtained from depending on temperature. The range of fb0

and n for Au/PH1000/n-Si SBDs are from 0.680 eV and 4.63 at
RSC Adv., 2017, 7, 47125–47131 | 47127
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Fig. 4 Forward and reversed bias current–voltage (I–V) characteristics
of Au/PEDOT:PSS/n-Si SBDs in the temperature range 290–380 K.

Fig. 5 Temperature dependence of ideality factor (n) and barrier
height (f) of Au/PEDOT:PSS/n-Si SBDs.
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290 K to 0.835 eV and 2.73 at 380 K. In addition for Au/HTL
Solar/n-Si SBDs are from 0.692 eV and 3.25 at 290 K to
0.834 eV and 2.36 at 380 K respectively. Calculated fb0 value
increase and n decrease with the increasing temperature
(shown in Fig. 5) due to an inhomogeneity occurs in between
MS interface which becomes more pronounced with the
increases of temperature. This suggests that the use of
PEDOT:PSS as an interface layer modies the effective barrier
height as well as its occurs inhomogeneity at the interface
between gold and silicon. It is observed that the barrier height
of Au/HTL Solar/n-Si SBDs is slightly higher and ideality factor
is lower than that of Au/PH1000/n-Si Schottky diodes at room
temperature measurement. This could be attributed to better
rectication property of HTL Solar product than that of PH1000.
The presence of HTL Solar layer on Au/n-Si Schottky contact
exhibited to decrease the ideality factor as compare to PH1000.
The calculated barrier height and ideality factor at each
temperature of Au/PH1000/n-Si and Au/HTL Solar/n-Si SBDs are
shown in Table 1 in the ESI.†
47128 | RSC Adv., 2017, 7, 47125–47131
Cheung model25 is used to accurately determine the Schottky
parameters such as ideality factor and barrier height of
Au/PEDOT:PSS/n-Si SBDs and simultaneously evaluate the
series resistance (Rs) of the SBDs. Calculated values of n, fb0 and
Rs are shown Table 1 in the ESI.† It is observed that the series
resistance of Au/HTL Solar/n-Si Schottky junction is three times
less compared to the Au/PH1000/n-Si Schottky junction at
290 K. The Rs value is decreased with increase of temperature
and comes close at high temperature for both Schottky junc-
tions. The variations of series resistance with temperature are
shown in Fig. 6. As the series resistance value is less in HTL
Solar, it could be better enhance the ll factor (FF) of an
organic/inorganic solar cell than that of PH1000.

In order to nd out the voltage dependent barrier height in
forward bias I–V region is to make use of activation energy and
Richardson constant can be written as:26

ln

�
I0

T2

�
¼ lnðAA*Þ � qfb0

kT
(4)

A conventional Richardson plot of ln(I0/T
2) vs. 1000/T is

shown in Fig. S2 in the ESI.† The activation energy and
Richardson constant values are determined from the slop and
intercept of the experimental Richardson plot and the values are
much smaller than the known theoretical value for n-type Si.
The above experimental results reveal that the low value of
Richardson constant may be affected by the lateral inhomoge-
neity of the Gaussian distribution of barrier height. The above
abnormal behavior can be explained using an analytical
potential uctuation model based on inhomogeneous barrier
heights at the interface layer of PEDOT:PSS thin lms between
gold and n-type Si. Let us assume that the double Gaussian
distribution of apparent BH (fap) with a mean barrier height
(fb0) and standard deviations (ss) can be expressed by the
following relations:27,28

fap ¼ fb0ðT ¼ 0Þ � qs2
s

2kT
(5)
This journal is © The Royal Society of Chemistry 2017
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Table 1 Activation energy and Richardson constant calculated from Richardson and modified Richardson plot

SBDs

Richardson plot Modied Richardson plot

Ea (eV)
A*
(A cm�2 K�2) fb0 (eV) ss Ea (eV)

A*
(A cm�2 K�2)

Au/PH1000/n-Si 0.20 3.75 � 10�7 1.30 0.181 1.25 33.60
Au/HTL Solar/n-Si 0.24 1.93 � 10�6 1.38 0.174 1.31 233.84

Fig. 6 Variation of series resistance with temperature determined
from the Cheung equation.
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It is conceded that the mean BH, fb0 and ss are linearly bias
dependent on Gaussian parameters which may depend on
temperature and quantify the voltage deformation of the barrier
height distribution. Fitting of the experimental data into the
eqn (5) Thus, we have attempted to draw a fap vs. 1000/T plot
(Fig. S3 in the ESI†) to obtain the fb0 and ss at zero bias of
Fig. 7 Modified Richardson ln(I0/T
2) � (qs)2/2(kT)2 vs. 1000/T plot of

Au/PEDOT:PSS/n-Si SBDs of both PH1000 and HTL Solar products.

This journal is © The Royal Society of Chemistry 2017
a double Gaussian distribution of the BH. These results indicate
the presence of a double Gaussian distribution of BH in the
Schottky contact area. Now the modied conventional
Richardson plot can be expressed as:29

ln

�
I0

T2

�
� q2s2

0

2k2T2
¼ lnðAA*Þ � qfb0

kT
(6)

Thus the plot of modied activation energy according to eqn
(6) should give a straight line. Slope which directly yields the
mean barrier height (fb0) and intercept (¼ln AA*) at ordinate
determine A* for a given diode area A. In Fig. 7, the modied
ln(I0/T

2)� (qs)2/2(kT)2 vs. 1000/T plot gives fb0 and A* as 1.31 eV
and 233.84 A cm�2 K�2 respectively for Au/HTL Solar/n-Si SBDs.
It is cleared that the value of fb0 ¼ 1:31 eV obtained from the
modied activation energy plot is almost same as the value of
fb0ðT ¼ 0Þ ¼ 0:93 eV from fap vs. 1000/T plot. However the A*
value is less for Au/PH1000/n-Si compare to the known theo-
retical value of 120 A cm�2 K�2 of n-type Si.

Finally, to compare the charge transport behavior through
the interface layer of Au/PEDOT:PSS/n-Si SBDs can be obtained
from the log(I)–log(V) plot of the I–V measurements. The vari-
ation of log(I) with log(V) for Au/PEDOT:PSS/n-Si SBDs is shown
in Fig. 8. The curve shows three different regions of
Au/PEDOT:PSS/n-Si SBDs indicating different conduction
mechanisms in each region. In region (I), the injected effective
Fig. 8 Forward bias log(I)–log(V) characteristics of Au/PH1000/n-Si
and Au/HTL Solar/n-Si SBDs. ‘S’ is the slope of the curve.

RSC Adv., 2017, 7, 47125–47131 | 47129
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Fig. 9 (a) Schematic diagrams and (b) band diagram of Au/PEDOT:PSS/n-Si Schottky barrier diodes (SBDs) where BB is band bending, fM and fS

is the work function of meal and semiconductor, c is the electron affinity and D is the induced molecular dipole.
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charge carriers may be lower than the highly doped n-type Si.
Therefore at the very low bias voltage the slope is less than 1 and
the charge carriers are controlled by the trap. Thus the charge
transport through the PEDOT:PSS thin lm is controlled by the
trapped-charge-limited current (TCLC). In region (II), the slope is
greater than 1 and curve is a straight line that agrees with the
Ohm's law and the current conduction mechanism is character-
ized by Ohm's law in this region. On the other hand in region (III)
is characterized by power law where the slope is very high (>4). In
this region the injection of charge carriers through the trap from
the PEDOT:PSS is increased considerably because of the high bias
voltage and formed an interface dipole at the junction. Fig. 9
shown the schematic diagram and band structure of PEDOT:PSS/
n-Si Schottky junction. It is also found that the slope (region III) of
HTL Solar is more compare to PH1000 product that indicates
better rectication property justied the above explanation.

4. Conclusion

In summary, two commercial products of PEDOT:PSS solutions,
PH1000 and HTL Solar were investigated their chemical
composition, surface morphology and electrical properties. The
XPS analysis demonstrated the PSS content in HTL Solar is
more compared to PH1000 product, which was responsible for
better passivation and stronger interface dipole formed
between gold and n-type Si. The performance of Au/HTL Solar/
n-Si SBDs was better due to high rectication property, low
leakage current, less ideality factor, high barrier height and low
series resistance compared to Au/PH1000/n-Si SBDs. Therefore,
the excellence of HTL Solar product could enhance the perfor-
mance of other semiconductor device applications.
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26 D. E. Yıldız, Ş. Altındal and H. Kanbur, Gaussian
distribution of inhomogeneous barrier height in Al/SiO2/p-
Si Schottky diodes, J. Appl. Phys., 2008, 103, 124502.

27 A. Gumus, A. Turut and N. Yalcin, Temperature dependent
barrier characteristics of CrNiCo alloy Schottky contacts on
n-type molecular-beam epitaxy GaAs, J. Appl. Phys., 2002,
91, 245.
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