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Abstract 

The electrical tuning of the nonlinear absorption of materials has promising application 

potential, while studies remain rare. In this work, we show that the third-order nonlinear 

absorption of poly(3,4-ethylenedioxythiophene) chemically doped with poly(styrene 

sulfonic acid) [PEDOT:PSS] can be effectively modulated by external voltage. The 
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nonlinear absorption of the film can be varied between reverse saturable absorption 

(RSA) and saturable absorption (SA) via voltage control with laser excitation at 800 

nm, and corresponding nonlinear absorption coefficient can be tuned in the range -1590 

to 518 cm GW-1. The doping level and energy structure of PEDOT are modulated with 

different voltages. The undoped film affords two-photon absorption and accordingly 

the RSA response. A moderately doped sample has two polaron levels, and Pauli 

blocking associated with these two polaron levels results in SA. The bipolaron level in 

heavily doped PEDOT leads to excited state absorption and therefore RSA behavior. 

The approach reported here can be applied to other semiconductors, being a convenient, 

effective, and promising method for the electrical tuning of the optical nonlinearity.  
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1. Introduction 

Dynamical modulation of materials’ property, especially via electric stimulus, is 

the fundamental principle of a variety of application, including data storage, signal 

process, display, communication, etc. The electrical modulating of optical nonlinearity 

is attracting intensive attention, due to the wide application range of laser.1,2 Study 

concerning the electrical modulation of optical nonlinearity can be traced back several 

decades, but a high electrical field (kilovolts/cm) is necessary to induce noticeable 

modulation.3 The electrical field has been remarkably reduced recently because 
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advanced nano-machining enables fine control over the size and arrangement of active 

materials. The nonlinear optical (NLO) responses have been electrically modulated in 

a series of nanostructure, including the plasmonic structures of gold,4–7 graphene,8 and 

silicon,9 as well as two-dimensional layered structures (WSe2,10 MoTe,11 MoS2,12 

graphene13), CdS nanobelt,14 organic conjugated polymer,15 etc. However, most efforts 

have been devoted to modulate the frequency conversion of laser, which is a parametric 

NLO response.  

In a nonparametric NLO process, the transfer of electrons from one real level to 

another level occurs, and nonlinear absorption is a typical nonparametric NLO process 

that has extensive application.16–19 The modulation of nonlinear absorption by external 

stimuli has been demonstrated. One of us has modulated the nonlinear absorption 

properties of a series of Ru-based molecular inorganic compounds by electrochemical 

treatment.20–23 Hou and Song et al. have tuned the nonlinear absorption of Rhodamine 

B salicylaldehyde hydrazone metal complex by UV irradiation.24 However, these 

studies focused on molecules dispersed in solution. The dynamical tuning of the 

nonlinear absorption of a solid film is highly desirable for on-chip optoelectrical 

application, while it has not been reported so far. 

In this work, the electrical modulation of the nonlinear absorption of a thin film of 

poly(3,4-ethylenedioxythiophene) chemically doped with poly(styrene sulfonic acid) 

[PEDOT:PSS] is studied. PEDOT:PSS is a conductive polymer becoming a subject of 

intense interest (e.g. organic electrochemical transistors25, electrochromic devices26, 

neural electrodes27, surface switch devices28, electronic plants,29 etc.), because it can be 
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coupled with ionic and electronic charge species to control the electronic, physical, and 

chemical properties of material.30 We show here that the nonlinear absorption of the 

PEDOT:PSS film can be varied between reverse saturable absorption (RSA) and 

saturable absorption (SA) via voltage control with laser excitation at 800 nm, and 

corresponding nonlinear absorption coefficient (βeff) can be tuned in the range -1590 to 

518 cm GW-1. An electrochemical process occurs during the variation of applied 

voltage (VA), resulting in different doping states of PEDOT:PSS (undoped, moderately 

doped, and heavily doped). The RSA is ascribed to two-photon absorption (TPA) in the 

undoped state and excited-state absorption (ESA) in the heavily doped state, and the 

SA is ascribed to Pauli blocking in the moderately doped PEDOT:PSS. The approach 

introduced here is convenient and effective, and can be applied to the electrical tuning 

of the NLO response of other materials. 
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2. Results and Discussion 

2.1 Device Structure 

 

Figure 1. (a) Schematic of an open-aperture Z-scan setup. (b) Schematic structure of 
PEDOT:PSS device. (c) AFM image of PEDOT:PSS film and corresponding height 
profile. (d, e) SEM images of PEDOT:PSS film. 

The NLO response of the PEDOT:PSS film is modulated via electrochemical 

treatment, basing on the fact that electrochemical treatment will vary the electronic 

structure of the PEDOT:PSS. The experimental setup is illustrated by Figure 1a, 

composing an open-aperture Z-scan setup and a power supply applying a desirable 
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voltage to the PEDOT:PSS film. The PEDOT:PSS loaded onto a fluorine-doped tin 

oxide (FTO) substrate acts as a working electrode, and was assembled into a miniature 

electrochemical cell, with another FTO substrate serving as a counter electrode, and 

ionic liquid (IL) as an electrolyte. The IL used is 1-ethyl-3-methylimidazolium 

tetrafluoroborate (EMIM BF4). A Surlyn® membrane (60 μm thick) was used to space 

and bind two electrodes. A typical digital camera image of a device for the Z-scan 

measurement is shown in Figure S1 in the supporting information (SI). The charging 

state of the PEDOT:PSS film under positive voltage is schematically illustrated in 

Figure 1b. When voltage is applied the energy levels and/or bands of PEDOT will be 

varied due to the reduction or oxidation of PEDOT. Meanwhile, the occupation of these 

energy levels and/or bands will be also modified. The modification of energy 

levels/bands and their occupation will initiate different NLO responses, resulting in the 

electrochemical modulation of the NLO response of the PEDOT:PSS film.  

Atomic force microscopy (AFM) was used to characterize the quality and 

thickness of PEDOT:PSS film. Figure 1c and Figure S2 in SI show that the PEDOT:PSS 

film is smooth and homogeneous. A cross-sectional height profile near the scratch edge 

(inset of Figure 1c) indicates that the thickness of the film is ca 120 nm. Scanning 

electron microscopy (SEM) images confirm the homogeneity f PEDOT:PSS films 

(Figure 1d, and 1e). 
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2.2 Electrical Modulation of the NLO Response 

 
Figure 2. Z-scan curves of device at 800 nm under VA varying (a) from 2.5 V to -2.5 
V and (b) from -2.5 V to 2.5 V. The βeff values of the devices under VA varying (c) 
from 2.5 to -2.5 V and (d) from -2.5 to 2.5 V.  

The electrical modulation of the NLO response of devices was investigated by an 

open-aperture Z-scan setup. The voltage was applied to the cell for a sufficiently long 

time to achieve an equilibrium charging state (i.e. stable linear transmittance), and then 

Z-scan was carried out with the same VA. A series of VA were applied to the cell, with 

forward VA modulation referencing to decrease VA and backward VA modulation to 

increase VA. The VA was varied in the range -2.5 V to 2.5 V to avoid possible 

degradation of the IL. In each Z-scan experiment, the normalized transmittance (TNL) 

of the device was measured as a function of distance to the focal point of the lens (Z).  

The corresponding TNL(Z) curves are plotted in Figure 2a and 2b, which show that 

the NLO response of the PEDOT:PSS film can be controllably modified via VA. In both 
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forward (Figure 2a) and backward VA modulation (Figure 2b), three VA regions can be 

defined according to the NLO response of PEDOT:PSS. For forward VA modulation 

The PEDOT:PSS film shows RSA response with VA in the range 2.5 to -0.5 V (Region 

I), in which the TNL(Z) decreases with sample closer to the focus of laser (i.e. larger 

laser intensity). The PEDOT:PSS film exhibits SA behavior in VA region II (-1 to -2 V). 

In this case, the TNL(Z) increases as the sample closer to the focus. In region III (-2.5 

V) the NLO response of PEDOT transforms to RSA. It will be discussed below that 

different NLO responses are associated with different structures and doping features of 

PEDOT in the film. In backward VA modulation, there are also three regions (Figure 

2b), while the VA range is different from those in forward VA modulation. As shown in 

the Figure S3 in the SI, the variation of TNL(Z) of a bare device (a device assembled by 

two bare FTO substrates and injected with IL) with different VA is negligible in 

comparison with the PEDOT:PSS device, confirming that the variation of optical 

nonlinearity comes exclusively from the VA modulation of PEDOT:PSS. 

The effective third-order nonlinear absorption coefficient (βeff) was derived from 

TNL(Z) curves via data fitting (Experimental section). The results are shown in Figure 

2c for forward VA modulation and Figure 2d for backward VA modulation. The βeff can 

be monotonically modulated via VA between the maximum and the minimum. For 

forward VA modulation, the βeff firstly increases from 100 to 300 cm GW-1 with 

decreasing VA to 1 V, and then βeff monotonically decreases to -1415 cm GW-1 with 

further VA decreasing to -1.5 V. Beyond this value the βeff increases with decreasing VA. 

The backward VA modulation shows a similar feature. The close correlation between 
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βeff and VA enables the on-demand modulation of the NLO performance of the PEDOT. 

The largest value of βeff from modulated PEDOT:PSS film is -1590 cm GW-1 achieved 

with a VA of -1.4 V (Figure S4a in the SI). The βeff of typical semiconductor materials 

showing SA response are listed in Table 1. It is shown that the maximum value of the 

βeff of PEDOT:PSS is larger than those of most semiconductors with laser excitation at 

800 nm wavelength. Meanwhile, the Z-scan experiments were carried out with the VA 

repeatedly varied between -1.4 V and 1 V (Figure S4b in the SI), demonstrating that the 

modulation of βeff is reversible. 

Table 1. NLO parameters of typical semiconductors  

Materials λ (nm) βeff (cm GW-1) Type of NLO 

ITO31 1240 ~ -7500 SA 
Cu2−xS32 1300 -161 SA 

ITO-533 1500 -51.40 SA 

ITO-1233 1300 -47.03 SA 

Bi2O2Se34 800 -2910 SA 

Bi2O2Se34 1500 -648 SA 

CuS35 1030 −1.015 ± 0.007 SA 

WS2
36 800 -397 ± 40 SA 

Black Phosphorus37 800 -0.0138 SA 

MoS2
38

 800 −(4.60 ± 0.27) × 10–3 SA 

graphene39 800 -20 SA 

graphene oxide39 800 -40 SA 

AgInSe2 nanorods40 800 -0.29 SA 

Au nanorods41 800 -1.5 SA 

PEDOT:PSS (this work) 800 -1590 SA 
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The PEDOT shows hysteresis in βeff -VA characteristics when the VA was swept in 

sequential forward and backward VA modulation. This is a typical hysteresis effect 

occurring in electric double layer charged transistor or liquid gate transistor, which 

arises from the slow electrochemical process PEDOT associated with VA modulation.42 

2.3 Process during Electrical Modulation 

 
Figure 3. (a,b) In-situ Raman spectra of PEDOT:PSS film for VA varying in the range 
-2.5 to 2.5 V. (c) The shift of Raman peaks with VA. (d) CV of PEDOT:PSS.  
 

The βeff-VA characteristic of PEDOT:PSS film should be associated with the 

modulation of the electron state PEDOT, and both electrostatic doping or 

electrochemical doping might possibly modulate the electron state of PEDOT. In 

electrostatic doping, an electric double layer forming at the interface of dielectrics and 

solid functions as a nanoscale capacitor that charges and/or discharges the solid via a 

non-faradaic process. Differently, the charging and discharging are accomplished by 
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the oxidation and reduction of material during electrochemical doping. The in-situ 

Raman experiment, cyclic voltammetry (CV), and Vis-NIR spectroscopy suggest that 

the VA-related NLO response of the PEDOT:PSS film arises from the electrochemical 

doping of the PEDOT. 

 The structural variation of PEDOT under different VA is indicated by in-situ 

Raman spectra. The in-situ Raman spectra are shown in Figure 3a and Figure 3b for 

backward VA modulation, and the spectra are plotted in the wavenumber range of 1300 

to 1600 cm-1 to show clearly the shift of Raman peaks. When a VA of -2.5 V was applied, 

Cα=Cβ antisymmetric vibrations and Cα=Cβ symmetric vibrations were located at 1548 

cm-1 and 1422 cm-1,43 respectively. With the VA gradual increasing, both Cα=Cβ 

antisymmetric vibrations and Cα=Cβ symmetric vibrations were shifted toward larger 

wavenumber. Finally, the Cα=Cβ antisymmetric vibrations and Cα=Cβ symmetric 

vibrations were shifted to 1568 and 1453 cm-1 for a VA of 2.5 V. Meanwhile, the peaks 

corresponding to positive VA are much weaker than those corresponding to negative 

VA. This is associated with the electronic screen of photons resulting from the high 

conductivity of positive charged PEDOT.44 The detailed variation of the Cα=Cβ 

antisymmetric vibrations and Cα=Cβ symmetric vibrations are plotted in Figure 3c, 

showing clearly the linear variation of the Raman peaks with the VA. The in-situ Raman 

spectra in backward VA modulation (Figure S5 in the SI) is identical to that in forward 

modulation. The variation of Raman peaks evidences that the structure of PEDOT was 

modified due to external VA. These changes are consistent with the transformation of 



 

12 
 

the benzoid structure into quinoid one upon doping, because in this case the C𝛼𝛼=C𝛽𝛽 

force constant will decrease. 45  

CV experiment confirms the redox process of the PEDOT. Figure 3d shows the 

cyclic voltammograms of the PEDOT:PSS film. The cyclic voltammograms of IL on a 

bare device (Figure S6a in the SI) show that no apparent redox peak can be found, 

indicating that the redox peaks found in Figure 3d are associated with the oxidation and 

reduction of the PEDOT. The oxidation peak near a VA of -0.3 V and the reduction peak 

near a VA of -0.7 V suggest that the redox process occurs during VA variation. The 

oxidation peak near a VA of 1.1 V and the reduction peak near a VA of 1 V suggest 

another redox process. In the oxidation cycle, the first peak (-0.3 V) corresponds to the 

removal of the first electron from the polymer, and thus to the generation of polaron-

dominated mid-gap states.46 The second peak (1.1 V) corresponds to the removal of the 

second electron with the generation of bipolaron-dominated states. In the oxidation 

cycle, two peaks also correspond to bipolaron and polaron state, respectively. The 

repeated cyclic voltammograms of the PEDOT (Figure S6b in the SI) show that the 

oxidation and reduction of the PEDOT is highly reversible.  
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Figure 4. Absorption spectra corresponding to different doping levels of PEDOT: (a) 
undoped (-2.5 V), (b) moderately doped (-1.5 V), and (c) heavily doped (0 V). (d) A 
proposed schematic of energy level of PEDOT for different doping levels.  

The band structure variation during electrochemical doping can be derived from 

steady-state absorptance spectra corresponding to different doping states. Figure S7a 

and S7b in the SI show the Vis-NIR absorption spectra of the PEDOT:PSS film with 

forward and backward VA modulation, respectively. Similar to those suggested by 

Raman spectra, the absorption spectra show prominently hysteretic characteristics. 

Three typical absorption spectra are shown in panel a, b, and c of Figure 4, and a 

proposed schematic of energy level is drawn as Figure 4d corresponding to each doping 

state. With a VA of -2.5 V, the PEDOT:PSS show a peak near ~2 eV (Figure 4a) that 

can be ascribed to the π- π* electron transition (T0) of the undoped sample. The 

corresponding energy is referenced as the bandgap energy (Eg) of PEDOT.47 With VA 

increasing, transition in addition to π- π* electron transition can be found because of 
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the presence of polaron or bipolaron levels located in the bandgap, and the absorption 

associated with π-π* electron transition decreases. 47 With a VA of -1.5 V, the absorption 

spectrum of PEDOT:PSS shows an apparent shoulders centered at 1.33 eV (Figure 4b). 

This transition is denoted as T1, which can be associated with the transition of the first 

polaron level to the second polaron level because the first polaron level is semi-filled. 

48 Meanwhile, the electron initially located at the valance band can also be excited to 

the first polaron level. This transition is denoted as T2 (< 0.5 eV), 49,50 while it cannot 

be detected in our experiment due to the wavelength range of our instrument. With the 

VA further increasing, the polaron levels are transformed to the bipolaron states in 

heavily doped PEDOT. 51 For a heavily doped sample which exhibits two bipolaron 

states, the only excitation from valence band to the second bipolaron level can be 

detected (T3, 1.44eV), and transition between two bipolaron states is absent because the 

first bipolaron state is nearly empty. 48 The transition of valance band electron to the 

first bipolaron level is denoted as T4, which was below 0.5 eV and cannot be detected 

here.49,50 It is worth noting that the VA range of the oxidation/reduction of PEDOT:PSS 

suggested by UV-Vis experiment to some extend deviates from that shown in Figure 3d. 

The deviation is associated with the fact that in UV-Vis spectroscopy the voltage was 

applied to the sample for a sufficiently long time, while in CV experiment the variation 

of VA is much faster. 
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2.4 Mechanism of the Electrical Tuning of Optical Nonlinearity 

 

Figure 5. (a) The π-π*, polaron, and the bipolaron absorptivity of the PEDOT:PSS film, 
as well as the NLO absorption coefficient of PEDOT:PSS film with forward VA 
modulation; (b) The relationship of ΔT0 and laser pulse energy (E) in log-log scale for 
the PEDOT:PSS film with the VA of -2.5 V and 0 V, respectively. The data are recorded 
in the forward VA modulation. 

In order to correlate the NLO response of the PEDOT:PSS film with different 

voltages to the electronic state of the PEDOT, the linear absorptivity at the wavelengths 

corresponding to π-π* transition, polaron-related transition, and bipolaron-related 

transition are shown together with βeff as a function of VA in forward VA modulation 

(Figure 5a). In region I (VA in the range 2.5 V to -0.5 V) the PEDOT shows an RSA 

response, and in this case, the linear absorption comes primarily from T3 associated 

with the transition of π electrons to the second bipolaron state/band. With the VA in the 

range -1.0 and -2.0 V (region II), strong SA can be detected. In this region the 

contribution of polaron transition becomes prominent. In region III (a VA of -2.5 V), 

the sample shows again RSA response. Only π-π* transition can be found in the 

absorption spectra. The relationship between NLO response and the absorptivity at the 

wavelengths corresponding to π-π* transition, polaron-related transition, and 

bipolaron-related transition in backward VA modulation (Figure S8 in the SI) resembles 
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well that in forward modulation. The NLO response in region I and III confirms that π-

π* transition and bipolaron-related transition would be responsible for the RSA, while 

SA can be ascribed to polaron-related transition. The compromise between polaron-

related transition and π-π* transition at the boundary between region II and region III 

and that between polaron-related transition and bipolaron-related transition at the 

boundary between region I and region II result in the smallest βeff (strongest SA) in the 

center of region II.  

In the VA region where the PEDOT shows SA response, the PEDOT exhibits 

intensive linear absorption at the wavelength of NLO measurement. In general, SA 

could arise from Pauli blocking with band filling and/or ground state depletion,52 or the  

red shift of absorption peak associated with electron temperature raising in the sample 

because of strong plasmon resonance absorption.31 Here the Pauli blocking would be 

the major origin of SA, because the linear absorption at 800 nm in this VA region has 

been associated with the transition from the lower polaron level to higher polaron level 

(T1 in Figure 4d). For moderately doped PEDOT, the density of polaron states is low, 

and the lower polaron level is semi-filled. The excitation will heavily deplete the 

electrons in the lower polaron level, and the band fill effect of the higher polaron state 

is prominent. These two effects both result in Pauli blocking and therefore SA. SA 

associated with ground-state depletion of in-gap states is in good accordance with those 

reported in Fe2O3 and WO3.53,54 

To confirm that the RSA in regions I and III are the third-order nonlinearity, the Z-

scan experiments were carried out with the laser excitation with different pulse energies. 
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The normalized transmittance changes (ΔT0, the depth of the valley of TNL(Z) curves) 

are plotted as a function of laser pulse energy (E) in the log-log scale (Figure 5b). Linear 

fitting results in a slope of 0.98 for a VA of -2.5 V and 1.14 for a VA of 0 V, indicating 

that the nominal TPA occurs with these VA and the responses indeed be the third-order 

optical nonlinearity.55,56 For the VA of -2.5 V, π-π* transition is dominant, and the Eg 

satisfies the relationship hν < Eg <2 hν, where h is Planck constant and ν is the frequency 

of the laser. Therefore, the RSA in the region III can be associated with a TPA process. 

The PEDOT:PSS film also shows an RSA response under VA where the bipolaron-

related excitation prevails (Region I). In this case, the energy of the incident photon (hν) 

is sufficiently large to excite π electrons in valence band (VB) to the second bipolaron 

level/band (T3 in Figure 4d), the absorption cross-section of second bipolaron 

level/band is larger than that of valence band so that the electron excited from VB to 

bipolaron level or band can be further excited to the conduction band (CB). Namely, 

ESA is responsible for RSA for heavily doped PEDOT.  

 

Figure 6. Proposed mechanism of the modulation of nonlinear absorption with voltage. 
Schematic of the density of state and molecular structure of PEDOT under different 
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doping states: (a) undoped, (b) moderately doped, and (c) heavily doped. 

With the nature of the electron state and the origin of the NLO process revealed, 

the mechanism responsible for the VA-related NLO response of the PEDOT:PSS film 

is proposed (Figure 6). With a VA of -2.5 V, the PEDOT presents in the undoped state, 

and exhibits benzoid structure. In this case, no in-gap state can be formed, and the 

PEDOT shows an RSA response that can be associated with the TPA mechanism 

(Figure 6a). When the PEDOT is gradually oxide, it transforms into quinoid structure, 

and two in-gap polaron levels are formed. The lower polaron level is half-filled so that 

the incident laser can induce a transition from the lower polaron level to the higher 

polaron level. In this case, the Pauli blocking effect is prominent and the PEDOT shows 

a SA response (Figure 6b). With the PEDOT was further oxidized, the PEDOT exhibits 

abundant bipolaron states, and the bipolaron states are nearly empty. 48 In this case, the 

higher bipolaron level/band acts as an effective intermediate state for ESA and results 

in RSA (Figure 6c).  

Although they are all located in the bandgap of PEDOT, polaron and bipolaron 

level/band result in different NLO responses, with SA for polaron-related NLO and 

RSA for bipolaron-related NLO. The difference arises from the detailed band structure 

and occupation feature of the polaron and bipolaron level. The number of polaron levels 

is much less than that of the bipolaron level, and the polaron level is half-filled while 

the bipolaron level is nearly empty.46 Consequently, the ground state depletion and/or 

band filling are prominent for the transition between two polaron levels because the 

number of occupied polaron states is relatively small. In contrast, the amount of empty 
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bipolaron levels is sufficiently large so that the band-filling effect is indistinct, and these 

empty bipolaron levels act as intermediate states that facilitate the RSA. Briefly, the 

amount and filling feature of in-gap states influence heavily NLO response.  

3. Conclusions 

To be concluded, the third-order nonlinear absorption of the PEDOT:PSS film was 

electrochemically modulated. The PEDOT:PSS film exhibits RSA or SA depending on 

the external bias. The corresponding βeff can be tuned in a range -1590 to 518 cm GW-

1. The doping level and energy structure of PEDOT vary with external voltage. The 

RSA is induced by TPA in the undoped sample, and ESA in heavily doped PEDOT, 

while the Pauli blocking in moderately doped PEDOT results in SA. The modulation 

of βeff is reversible. Our results provide a facile and applicable approach for the 

modulation of nonparametric optical nonlinearity. 
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Experimental  

Fabrication of PEDOT:PSS film: FTO substrates (Nippon Sheet Glass Co. Ltd.) were 

cleaned through successive ultrasonic treatment with detergent, acetone, ethanol, and 

deionized water each for 15 min. The clean FTO substrate was pretreated with UV-

ozone for 10 min. The PEDOT:PSS films were deposited onto the FTO substrate by 

spin-coating (2300 rpm, 30 s) a PEDOT:PSS aqueous dispersion (Clevios PH1000), 

and the sample was then baked at 120 ℃ for 15 min under ambient atmosphere. 

Assembly of device: The PEDOT:PSS film loaded onto the FTO substrate serves as a 

working electrode, and another FTO glass was mounted on the top of it using a Surlyn® 

membrane (DuPont). After that, the cavity was injected with ionic liquid (IL) of EMIM-

BF4 (Adamas Reagent Ltd.) and then sealed with UV-curing adhesive. The schematic 

structure of the PEDOT:PSS device is shown in Figure 1b.  

Characterization: AFM experiment was carried out on a Bruker Dimension ICON. A 

SU8010 was utilized in SEM experiment. Raman spectra measurements were carried 

out with a inVia™ confocal Raman microscope (Renishaw, UK). The excitation source 

is 532 nm laser with the excitation power of 0.5 mW for in-situ Raman spectra. 

Optical spectra and Z-scan measurement: Vis-NIR spectro-electrochemical 

experiments were performed using two fiber spectrometers (EK2000-Pro and EN1700, 

Choptics Instruments) and an electrochemistry working station (CHI760, CH 

Instruments). A bare device (a device assembled by two bare FTO substrates and 

injected with IL) was used as the back-bottom deduction to ensure that the measured 

data only reflect the optical absorption of PEDOT: PSS film. Single-beam nonlinear 
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transmittance measurements were performed on the sample through a Z-scan system. 

The normalized transmission of the sample was measured with a laser beam (34 fs, 800 

nm) with a spot diameter of ~ 36 μm. 

The effective nonlinear absorption coefficient (βeff) was calculated by using the 

following expression:57 

𝑇𝑇𝑁𝑁𝑁𝑁(𝑍𝑍) = �
[−𝑞𝑞0(𝑍𝑍)]𝑚𝑚

(𝑚𝑚 + 1)
3
2

,

∞

𝑚𝑚=0

 

𝑞𝑞0(𝑍𝑍) = 𝛽𝛽𝑒𝑒𝑒𝑒𝑒𝑒𝐼𝐼0𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒
1+( 𝑍𝑍𝑍𝑍0

)2
               

𝐿𝐿𝑒𝑒𝑒𝑒𝑒𝑒 =
1 − 𝑒𝑒−𝛼𝛼0𝑁𝑁

𝛼𝛼0
 

where Z is the sample coordinate, I0 is the on-axis irradiance at focus, Z0 is the 

diffraction length of the laser beam, α0 is the linear absorption coefficient of the sample, 

L is the thickness.  
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