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ABSTRACT

Poly(3,4-ethylenedioxythiophene): poly(4-styrenesulfonic acid) (PEDOT:PSS) is a common material of hole
injection layer used in polymer light emitting diodes (PLEDs) and organic solar cells. It can improve the efficiency of the
charge collection at the anode. It has been reported that adding glycerol to PEDOT:PSS could increase the conductivity
and improve the efficiency of PLEDs and organic solar cells. However, it is less noticed that the conductivity could be
improved when the solution of PEDOT was heated before deposition. Here we experimented different concentrations of
glycerol into PEDOT:PSS to make G-PEDOT:PSS solution, and heated the G-PEDOT:PSS solution at different
temperatures before deposition. The solutions are then spin-coated on the glass and annealed at 140 °C. The conductivity
was then measured and compared. The experiments showed that the conductivity of pure PEDOT:PSS slightly increased
for 2-3 times, while the G-PEDOT:PSS increased over two orders of magnitudes. The conductivity increased with the
heating temperature before deposition. The enhancement of the conductivity of the G-PEDOT:PSS film was higher than
that of the pure PEDOT:PSS film. The overall conductivity increase for over three orders of magnitude. The reason is
because the high temperature causes the glycerol and PEDOT:PSS to mix evenly. This is helpful for the swelling and
aggregation of colloidal PEDOT-rich particles, forming a highly conductive network. When G-PEDOT:PSS resistance is
reduced, it may not only increase the hole collection ability, but also replace ITO as the anode layer due to its advantages
of low production cost and high work function.
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INTRODUCTION

Conductive polymeric materials have highly attracted attention over the past several years mainly due to their potential
advantage of low-cost, large-area, light-weight and vacuum-free fabrication [1,2]. Conductive polymeric materials not
only replace lots of metal and inorganic conducting materials but also become the critical key in the modern industry and
advanced technology.

PEDOT:PSS or Poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) is used as a conducting polymer. This
compound is generally applied as a dispersion of gelled particles in water. A conductive layer on glass is obtained by
spreading a layer of the dispersion on the surface usually by spin coating and driving out the water by heat [3]. The
advantage of PEDOT:PSS layer is virtually transparent , colorless, high conductivity (10° to 10" S-cm-1) , good
environment stability , thin film of easy process , preventing electrostatic discharges during film rewinding, and reducing
dust buildup on the negatives after processing. It is an ideal material with applications that include polymer light-
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emitting diodes (PLEDS), thin-film transistors, electrochromic devices [4,5], super-capacitors [6], actuators [7],
biosensors.[8], and photo diodes.

Indium tin oxide (ITO) is the material of choice for a high-work function transparent conducting electrical contact in the
majority of cases. But ITO has disadvantage of inequalities in the surface. It is usually covered by a thin buffer layer of
the oxidatively doped, cationic conductive polymer PEDOT:PSS in order to smooth the ITO surface, to decrease the hole
barrier, the leakage current, and to increase current injection.

However, the conductivity of commonly used PEDOT:PSS (Baytron P) is five orders of magnitude lower than ITO.
When the electric hole passes to the PEDOT:PSS level, the power conversion efficiency (PCE) decreases if the
resistance of PEDOT:PSS is high [ 9 ]. Decreasing the resistance of PEDOT:PSS has attracted considerable attention due
to the performance for Organic photovoltaic devices (PVs).

The conductivity of PEDOT:PSS can increase by decreasing the concentration of PSS in the PEDOT:PSS solution [10].
Decreasing the concentration of PSS would make the quality of PEDOT:PSS film worse and damage the performance of
device. Recently, processing PEDOT:PSS with polyalcohols or other inert secondary dopants leads to an enhancement of
conductivity of up to 2 orders of magnitudes. High conductivity can decrease the series resistance (Rs) and increase the
short current of devices [11], but it has a disadvantage of decreasing work function of PEDOT:PSS [12] and it increases
leakage current with increasing polyalcohol. Besides, the quality of PEDOT:PSS film would be worse.

In this paper, we fixed the amount of glycerol which was doped into PEDOT:PSS, and then heated the solution which
had PEDOT:PSS and glycerol. We found this way can make the conductivity of doped PEDOT:PSS have a large
elevation . The doped PEDOT:PSS after heating leads to an enhancement of conductivity over three orders of magnitude,
and its film quality was better than solution without heating.

EXPERIMENT

First, four sets of solution were fabricated. For solution set 1(S1), the PEDOT:PSS (Baytron P) is pristine without
glycerol. For solution set 2(S2), 30mg glycerol was doped in 1 ml PEDOT:PSS . For solution set 3(S3), 60mg glycerol
was doped in 1 ml PEDOT:PSS . For solution set 4(S4), 90mg glycerol was doped in 1 ml PEDOT:PSS. We stirred the
solutions with different doping concentrations of glycerol in the PEDOT:PSS about one hour and deposited the solution
on glasses by spin coating at 4000 rpm and dried at 140 °C for 10 min.

Subsequently, we take the pristine PEDOT:PSS, the PEDOT:PSS doped 30mg/c.c. glycerol, and the PEDOT:PSS doped
60mg/c.c. glycerol divided into five, respectively. We set the solutions from five to nineteen (S5-S19). S5, S6, S7, S8, S9
are pristine. PEDOT:PSS. S10, S11, S12, S13, S14 are PEDOT:PSS doped 30mg/c.c. glycerol. S15, S16, S17, S18, S19
are PEDOT:PSS doped 60mg/c.c. glycerol. After stirring the solutions for one hour, we sealed the solution and heated
the solutions with different temperature for 30 min. S5, S10, S15 was not heated (R.T. = 20°C). S6, S11, S16 were
heated at 40°C. S7, S12 and S17 were heated at 80 °C. S8, S13 and S18 were heated at 120 °C. S9, S14 and S19 were
heated at 160 °C. Then we deposited the solution on glasses by spin coating at 4000 rpm and dried at 140 °C for 10 min.

The resistance of PEDOT:PSS was measured by four-point probe station and a Keithley 2400 source-measure unit. The
thickness of the film was measured by a-step. Besides, we measured the transmissions of S5 to S9 and S15 to S19.
Finally, we compared the difference of transmissions with different heating temperatures and different doping
concentrations of glycerol in the PEDOT:PSS.

RESULT

The resistivities and thicknesses of sets 1 to 4 are presented in Tablel. The sheet resistances are 2.4*106Q/o,
1.6*104Q/0, 8.3 *103Q/0, 5.9*103Q/0, the thicknesses are 90 nm, 80nm, 75nm, 72nm, and the resistivities are 21.6Q-
cm, 0.128Q-cm, 0.062Q-cm, 0.0425Q-cm, respectively. It shows that the conductivity increased and the thickness
decreased with the increasing concentration of glycerol in PEDOT:PSS. In figurel, we plotted the resistivity against the
concentration of glycerol in the PEDOT:PSS. It shows that few glycerol doped in PEDOT:PSS can increase many
conductivities.
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The resistivities and thicknesses of sets 5 to 19 are presented in Table2. The sheet resistances of sets 5 to 9 heated at
different temperatures are 2.4*%10°Q/o, 1.83*10°Q/o, 1.62*10°Q/o, 1.42*10°Q/o, 1.26%10°Q/o, respectively. The
thickness is 90 nm, 91nm, 95nm, 98nm, 100nm, respectively, and the resistivity is 21.6Q-cm, 16.8Q-cm, 15.4Q-cm,
13.8Q-cm, 12.6Q-cm, respectively. The results of sets 5 to 9 show that the conductivity slightly increases and the
thickness slightly decreases with the heating temperatures of solutions.

The sheet resistances of sets 10 to 14 heated at different temperatures are 1.6*10*Q/o, 1.1*¥10°Q/o, 8.1%10°Q/o,
5.75%10°Q/0, 4.25*10°Q/0, respectively, for all thickness of about 80 nm, which corresponds to resistivities of 0.128Q-
cm, 0.085Q-cm, 0.064Q-cm, 0.046Q-cm, 0.034Q-cm, respectively.

The sheet resistances of sets 15 to 19 heated at different temperatures are 8.3*10°Q/o, 4.5%10°Q/o, 3*10°Q/o,
2.3*%10°Q/o, 1.8%10°Q/0o, respectively, for all thickness of about 75 nm, which corresponds to resistivities of 0.062Q-cm,
0.034Q-cm, 0.022Q-cm, 0.017Q-cm, 0.014Q-cm, respectively. The results of sets 10 to 19 show that the conductivity
increases with the heating temperatures of solutions more than the pristine PEDOT:PSS. Besides, thicknesses of these
samples do not differ from each other.

We plotted the resistivity against the heating temperatures with different G-PEDOT in figure 3, 4 and 5 As shown in the
figures, the resistivities decrease fast when the solution heating at 40 *C and 80 ° C, then it reduced slowly with
increasing temperatures.

The resulting transmittance spectra on glass, together with the heating temperatures are shown in figure 5 and 6. Note
that the transmittance decreases at high heating temperature, and it obviously reduces at 40 “C to 80 “C and 80 “C to 120
°C. Figures 5 and 6 also show that the transmittance at long wavelengths (800 nm-1100 nm ) reduced more than at short
wavelengths (300 nm-600 nm ). Besides, the transmittance of doped PEDOT:PSS was higher than of pristine
PEDOT:PSS by heating temperature.

Table 1. The characteristic of PEDOT:PSS which was doped with different concentrations of glycerol.

sample | glycerol/PEDOT | sheet resistances | thickness | resistivity
(mg/c.c.) (Q/o) (nm) (Q-cm)
S1 0 2.4%10° 90 21.6
S2 30 1.6%10" 80 0.128
S3 60 8.3 *10° 75 0.062
sS4 90 5.9%10° 72 0.043
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Fig. 1. This figure is the resistivity of solutions with different doping concentrations of glycerol in the PEDOT:PSS .

Table 2. The characteristic of layers which were made of pristine PEDOT:PSS or different concentrations G-PEDOT .

sample | glycerol/PEDOT | temperature | sheet resistances thickness | resistivity
(mg/c.c.) C) (/o) (nm) (Q-cm)
S5 0 RT 2.4*10° 90 21.6
S6 0 40 1.83*10° 91 16.8
S7 0 80 1.62*10° 95 15.4
S8 0 120 1.42%10° 98 13.8
S9 0 160 1.26*10° 100 12.6
S10 30 RT 1.6%10* 80 0.128
S11 30 40 1.1 *10* 80 0.085
S12 30 80 8.1¥10° 80 0.064
S13 30 120 5.75*%10° 80 0.046
S14 30 160 4.25%10° 80 0.034
S15 60 RT 8.3 *10° 75 0.062
S16 60 40 4.5%10° 75 0.034
S17 60 80 3 *10° 75 0.022
S18 60 120 2.3%10° 75 0.017
S19 60 160 1.8 *10° 75 0.014
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Fig. 2. This figure is the resistivity of pristine PEDOY:PSS heated at different temperature.
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Fig. 3. This figure is the resistivity of PEDOT with 30 mg/c.c. glycerol heated at different temperature.
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Fig. 4. This figure is the resistivity of PEDOT with 60 mg/c.c. glycerol heated at different temperature.
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Fig. 5. This figure is the transmittance of sets 5 to 9. Note that the transmittance decreased at high heating temperature, and
it obviously decreased at 40 “C to 80 "C and 80 "C to 120 °C. The transmittances decreased 4-6% at long wavelengths
(800 nm-1100 nm ) while decreased 2-4% at short wavelengths (300 nm-600 nm ).

Proc. of SPIE Vol. 7052 70521B-6



—— Room Temperature
———————— 40 °C
80 °C
1004 ] 120 °C
—-=160 °C
951
N
3
© 901
©
=
g 851
n
[
©  80-
—
754

300 400 500 600 700 800 900 1000 1100
Wave length (nm)

Fig. 6. This figure is the transmittance of sets 15 to 19. Note that the transmittance decreased at high heating temperature,
and it obviously decreased at 40 " C to 80 “C and 80 °C to 120 *C. The transmittances decreased 3-5% at long
wavelengths (800 nm-1100 nm ) while decreased 1-3% at short wavelengths (300 nm-600 nm ). The average
transmittance Tavg is larger than sets 5 to 9.

DISCUSSION

The resistivity of the pristine PEDOT:PSS is twice more than that of the heated PEDOT:PSS. The resistivity of
PEDOT:PSS doped 90mg/c.c. glycerol is 500 times higher than that of the pristine PEDOT:PSS. Heating the
PEDOT:PSS solution doped glycerol can reduce the resistivity five times. Doping and heating the solution makes the
conductivity 2000 times higher than pristine PEDOT:PSS.

The improved conductivity of doped PEDOT:PSS is due to swelling and aggregation of the colloidal PEDOT-rich
particles, forming a highly conductive network [10]. The reason of improved conductivity by heating PEDOT:PSS is
because the high temperature causes the glycerol and PEDOT:PSS to mix evenly. This is helpful for the enhanced
swelling and aggregation of colloidal PEDOT-rich particles, forming a higher conductive network than pristine
PEDOT:PSS.

Heating the solution can increase the conductivity of the PEDOT:PSS film, but it decreases some transmittance. With
heating treatment, the transmittance of doped PEDOT:PSS is less than that of pristine PEDOT:PSS. Although the high
temperature reduced transmittances, the average transmittance 7avg for the limited absorption range of most materials
between 300 and 800 nm could still be sufficient.

CONCLUSION

In comclusion, we demonstrate that heating doped PEDOT:PSS solution can reduce the resistivity to 1.4¥107Q-cm. Its
resistivity is 70 times higher than ITO, whose resistivity is 2*10*Q-cm. When the G-PEDOT:PSS resistance is reduced,
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it may not only increase the hole collection ability, but also replace ITO as the anode layer due to its advantages of low
production cost and high work function.
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