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changes in a transistor structure, typically 
called an organic electrochemical tran-
sistor (OECT) (Figure 1a).[15] OECTs operate 
within relatively small voltage windows 
(±1  V vs Ag/AgCl) with high transcon-
ductance (gm), which is a result of their 
volumetric doping/de-doping when gated 
with an electrolyte solution.[16,17] Typi-
cally, OECTs utilize the polymer blend of 
poly(ethylenedioxythiophene):poly(sty
rene sulfonate) (PEDOT:PSS) exploiting 
its high electronic and ionic mobilities 
(≈1–2 cm2 V−1 s−1 and 1 × 10−3 cm2 V−1 s−1, 
respectively),[18,19] high transconductance 
(gm),[20] ease of processing, and commercial 
availability. PEDOT:PSS achieves mixed 
conducting behavior by blending two poly-
mers which act, broadly speaking, as the 
electronic (PEDOT) and ionic (PSS) con-
ducting materials.

Although PEDOT:PSS performs exceptionally well as an 
OECT,[21] one of its main drawbacks is that it operates in deple-
tion mode; the transistor channel is initially doped (conduc-
tive) and a gate voltage must be applied to lower the channel 
conductivity. This intrinsic doping leads to high operating cur-
rents (≈ mA) and requires the use of a high static gate voltage 
(VG  ≈  +0.8  V vs Ag/AgCl) to keep the device in its off state. 
This high VG can lead to instability for devices operated in an 
aqueous electrolyte and often results in parasitic reactions with 
water and oxygen[22,23] leading to device degradation. Instead, 
enhancement-mode devices which have negative threshold volt-
ages[24,25] (Vth) would help mitigate these issues. Thus, it would 
be favorable to shift the operating voltage range for PEDOT:PSS 
OECTs to lower the channel current, leading to reduced power 
consumption when implemented in bioelectronic systems, as 
well as to avoid parasitic reactions.

The operating voltage range of OECTs have previously been 
tuned by utilizing vapor de-doping with polyethyleneimine 
(PEI),[12,23,26] altering the gate to a high reduction potential 
redox couple,[27] or by synthesizing entirely new polymer 
channel materials.[28] However, each of these processes falls 
short for simple fabrication and scalability of OECT and other 
OMIEC based devices. PEI vapor de-doping results in high 
device-to-device variance and would require an additional time-
consuming chemical vapor deposition step. In addition, we 
have previously shown that vapor deposited PEI is susceptible 
to leaching out leading to poor device stability.[23] Changing 
the gate electrode changes the voltage between the gate and 

Organic electrochemical transistors (OECTs) show great promise for 
flexible, low-cost, and low-voltage sensors for aqueous solutions. The 
majority of OECT devices are made using the polymer blend poly(ethylene-
dioxythiophene):poly(styrene sulfonate) (PEDOT:PSS), in which PEDOT is 
intrinsically doped due to inclusion of PSS. Because of this intrinsic doping, 
PEDOT:PSS OECTs generally operate in depletion mode, which results in a 
higher power consumption and limits stability. Here, a straightforward method 
to de-dope PEDOT:PSS using commercially available amine-based molecular 
de-dopants to achieve stable enhancement-mode OECTs is presented. The 
enhancement-mode OECTs show mobilities near that of pristine PEDOT:PSS 
(≈2 cm2 V−1 s−1) with stable operation over 1000 on/off cycles. The electron 
and proton exchange among PEDOT, PSS, and the molecular de-dopants are 
characterized to reveal the underlying chemical mechanism of the threshold 
voltage shift to negative voltages. Finally, the effect of the de-doping on the 
microstructure of the spin-cast PEDOT:PSS films is investigated.

Organic mixed ionic/electronic conductor (OMIEC) materials 
have recently shown promise as the active material in a wide 
range of bioelectronic devices and applications, including flexible 
biosensors,[1–4] electrophysiological recording electrodes,[5–8] cell 
monitoring,[9–11] and neuromorphic computing.[12–14] OMIECs are 
of interest because they can convert ionic inputs into conductivity 
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channel but does not alter the relative potentials with respect 
to ambient oxygen and water, and thus the channel material 
would still exhibit parasitic reactions. Developing new channel 
materials is promising, but new water-stable electrochemi-
cally active polymers are not yet commercially available while 
PEDOT:PSS has been developed commercially for over two 
decades. Ideally, the operating voltage range for PEDOT:PSS 
OECTs could be directly modified using commercially available 
materials without affecting the device performance. Recently, 
aliphatic amines have been demonstrated to efficiently reduce 
PEDOT:PSS via a cascading reaction of electrons and protons 
donated from the amine.[29] The ability of these amines to 
change the doping state in PEDOT:PSS makes them interesting 
candidates for tuning the operating voltage of PEDOT:PSS 
OECTs.

In this work, we use aliphatic amine de-dopant molecules to 
demonstrate enhancement-mode PEDOT:PSS OECTs cast from 
a single aqueous solution (Figure  1a,b). The resulting devices 
show a shift in the Vth by approx. −0.35  V and a decreased 
source-drain current (ISD) by a factor of 15–20  ×  at VG  =  0  V 
versus Ag/AgCl (Figure  1b), reducing the operating currents 
of the transistor. Importantly, the devices show stable device 
operation for over 1000 on/off cycles (Figure  1c,d), which is a 
significant improvement compared to PEI de-doped devices 
which suffer from cycling instability.[23] We uncover the under-
lying chemical mechanisms that cause the shift in operating 
voltage of de-doped PEDOT:PSS OECTs. Then, we investigate 
the effect of de-dopant concentration and molecular structure 
on the device performance metrics and materials microstruc-
ture to optimize the performance of PEDOT:PSS enhancement-
mode OECTs.

To understand how molecular de-doping affects the device 
performance, we fabricated OECTs using PEDOT:PSS disper-
sion mixed with either diethylenetriamine (DETA), N-methyl-
2,2′-diaminodiethylamine (DEMTA), or tris(aminoethyl) amine 
(TAEA) at concentrations ranging from 4.8% v/v to 50% v/v (see 
Experimental Section). These de-doping agents were selected 
due to their inclusion of a structural motif required for strong 
de-doping as described in previous work[29] as well as their com-
patibility with the aqueous PEDOT:PSS dispersion (see Text S1, 
Supporting Information). The thickness-normalized transfer 
curves (Figure  2a–c) show that all de-doped PEDOT:PSS 
channels can be operated as enhancement-mode OECTs 
with threshold voltages just below 0  V ranging from approx. 
−5 to−100 mV. The transfer curves are normalized by thickness 
in order to more accurately compare the materials properties 
rather than the device properties (e.g., transconductance and 
conductance) which are thickness dependent. From the transfer 
curves of five samples at each concentration, we quantify the 
average Vth and thickness-normalized peak transconductance (at 
VDS = −0.6 V, W L−1 = 1) gm/t for each de-doping concentration 
and find no correlation with the de-dopant concentration in the 
range between 4.8% v/v and 50% v/v (Figure 2d). To compare 
the performance of de-doped PEDOT:PSS channels, we meas-
ured the conductivity of both the as de-doped film (Figure 2e) 
and the film that was electrochemically cycled from 0.5 to −0.4 V, 
and back to 0.5 V versus Ag/AgCl (Figure 2f). As expected, we 
observed a large decrease in the “as de-doped” film conductivity 
(≈102× to 103× decrease) due to the lower carrier concentration as 
the de-dopant concentration is increased. In contrast, the cycled 
films did not show a strong dependence between de-dopant 
concentration and conductivity, with all conductivity values 
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between ≈1–5 S cm−1. We also compared the hole mobility (μh+) 
(Figure  2g), which was measured using a previously reported 
current pulsing technique[30] (see Figure S1, Supporting Infor-
mation). Interestingly, μh+ increases with increasing de-dopant 
concentration up to 33% v/v for all molecules used, with peak 
mobilities in the range of 1–2  cm2  V−1  s−1, approaching that 
of pristine PEDOT:PSS devices, which were measured to be 
≈4.5  cm2  V−1  s−1. These results confirm the effectiveness of 
amine de-doping to lower Vth while retaining near-pristine 
mobilities. To understand the similarity in Vth for each of the 
three amines across a wide range of concentrations, we investi-
gated the origin of the shifted OECT characteristics.

We previously proposed a mechanism whereby de-doping 
with aliphatic amines involves a series of proton and electron 
transfer reactions to leave PEDOT:PSS in its de-doped state.[29] 
Therefore, we studied both filling of PEDOT electronic states 
(electron transfer) and acid–base reactions with PSS (proton 
transfer) using ultraviolet–visible–near-infrared (UV–vis–NIR) 
absorption spectroscopy (Figure  3a–d) and x-ray photoelec-
tron spectroscopy (XPS) (Figure  3e–h), respectively. From 
UV–vis–NIR, we observe an increase in the neutral-chain 
absorption band and a decrease in the polaron absorption 
band with increasing de-dopant concentration for each of the 
tested de-dopant molecules (Figure  3d). The decrease in neu-

tral chain absorption at high Camine observed for DEMTA and 
TAEA is attributed to the dilution of the absorber (PEDOT) in 
the film, which could explain the observed drop-off in mobility 
at high de-dopant concentrations (Figure 2g). The UV–vis–NIR 
results reveal a strong dependence between the concentration 
of de-dopant molecule and the degree of filling of the PEDOT 
neutral states and matches the trend for the conductivity of 
the “as de-doped” films (Figure 2e). Using XPS, we measured 
the nitrogen 1s (N1s) core electron energy level to determine 
the localized charge state of the amine functional groups. We 
observe distinct peaks at binding energies of ≈400 and ≈402 eV 
corresponding to neutral and positively charged amine func-
tional groups, respectively[23,31] (Figure  3e–g). By fitting the 
respective peaks, we find that the concentration of charged 
amine functional groups in the de-doped PEDOT:PSS films 
is ≈19.6  ±  1.4 mol% for all samples and de-dopant concentra-
tions, while the concentration of sulfonate groups from PSS 
is ≈18.9  ±  4.9 mol%, indicating roughly a 1:1 ratio between 
charged amine functional groups and PSS units within the 
error of measurement (Figure 3h; Text S1, Supporting Informa-
tion). This result indicates that the reaction is in an excess of 
amine at all measured concentrations; thus, the negative charge 
of most PSS units in the as-cast de-doped PEDOT:PSS films 
will be compensated by a positively charged amine group.
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We propose the following mechanism to explain the behavior 
of the de-doped PEDOT:PSS blends: First, when the amine 
de-dopant is mixed with PEDOT:PSS solution, the sulfonate 

and amine groups undergo an acid–base reaction followed 
by the formation of a cation–anion pair complex (Figure  4a). 
This reaction is evidenced by the release of heat following the 
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addition of the amine de-dopant and gelation at low amine 
concentrations (<4% v/v) (Figure S2, Supporting Information).  
The solution is then spin-coated and the resulting films are 
heated to 120  °C for 20 min. During heating, the electron 
transfer process from the neutral amine group to PEDOT is 
activated resulting in a rapid color change from a semi-trans-
parent to a dark blue film (see Video S1, Supporting Informa-
tion). Positively charged amine moieties formed following 
electron donation then compensate the negative charges of 
sulfonate groups which were previously compensating holes on 
PEDOT (Figure 4b). While the exact amine species generated by 
the electron donation reaction are not identified (see Figure S3, 
Supporting Information, for hypothesized structures based on 
ref. [29]), the XPS results suggest that positively charged amine 
groups are prevalent in the de-doped film.

Interestingly, during the first operation cycle, holes are not 
injected into the film until VG reaches approx. −0.25 V, where the 
remaining unreacted amines oxidize completely; following the 
amine oxidation, holes are then injected into PEDOT causing 
an increase in drain current (Figure S4, Supporting Informa-
tion). After the first electrochemical operation cycle, threshold 
voltages and conductivities of all de-dopants and concentrations 
remain similar (Figure 2d,f), indicating that a small concentra-
tion of holes remain on the PEDOT backbone following cycling 
(Figure 4c). These results indicate that after the first cycle the ini-
tial degree of de-doping of the as-cast films does not determine 
the resulting OECT device properties. However, the highest 
occupied molecular orbital (HOMO) level of the cycled films 
remains deeper than the HOMO level of pristine PEDOT:PSS, 
as observed by the shift in both the ultraviolet photoelectron 
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spectroscopy (UPS) spectra (Figure  4d) and the onset oxida-
tion potential in cyclic voltammetry (Figure  4e). The shift in 
HOMO also explains the voltage shift in the transfer character-
istics: as the gate voltage is swept from positive to negative, the 
mobile charges are not energetically favored until more nega-
tive potentials are reached compared to pristine PEDOT:PSS 
(Figure 4f). Furthermore, the tail of the valence states near the 
Fermi level in the de-doped PEDOT:PSS samples could indi-
cate an increase in trap states following de-doping.[32] Based on 
the experimental results, we hypothesize that the shift in the 
OECT threshold voltage is due to the compensation of sulfonate 
groups (dopants) by positively charged amine functional groups. 
The lower charge density of the polyanion (PSS) decreases the 
effective doping level of PEDOT. However, we found that the 
shift to enhancement-mode behavior cannot be achieved using 
a strong Brønsted–Lowry base alone (Figure S5, Supporting 
Information), indicating that the electron transfer reaction must 
also occur to achieve enhancement-mode OECTs. This result is 
consistent with previous work showing a more complicated cas-
cading reaction, rather than a single proton transfer or electron 
transfer, is responsible for de-doping of PEDOT:PSS.[29]

To understand the difference in device performance among 
varied de-dopant concentrations, we used grazing-incidence 

wide-angle X-ray scattering (GIWAXS), atomic force microscopy 
(AFM), and Raman spectroscopy to study the molecular struc-
ture of the resulting films (Figure  4). From GIWAXS, we 
found that after de-doping the π–π stacking distance (≈1.8 Å−1) 
expanded by 3.4–7.7% while the lamellar ethylenedioxy stacking 
(≈0.7  Å−1) distance contracted by 21–22% for high de-dopant 
concentrations (33% v/v) (Figure  5a,b). This result is con-
sistent with previous studies that have shown that ionic doping 
can lead to the opposite result (contracting π–π stacking and 
expanded lamellar stacking) in thiophene-based semiconduc-
tors.[33,34] AFM phase contrast imaging showed more discrete 
phase boundaries as well as increased surface roughness when 
de-dopant molecules are included in solution (Figure S6 and 
Table S1, Supporting Information), which could lead to the 
lower mobilities observed for de-doped PEDOT:PSS OECTs.

Raman spectroscopy was used to investigate the structure 
of PEDOT (Figure  5c) using a 785  nm excitation laser which 
is off resonance with the neutral PEDOT chain (Figure S7, 
Supporting Information). We observe a prominent peak at 
≈1400–1450  cm−1 which we assign to the CC stretch of the 
PEDOT thiophene backbone.[35] Pristine PEDOT:PSS exhibits a 
combination of quinoid (polaron) and benzoid (neutral chain) 
structures for the thiophene ring,[36] resulting in a broad CC 
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stretch vibration around 1425 cm−1, and a CC stretch around 
1370  cm−1. Upon addition of de-dopant at low concentration, 
the CC peak first shifts to lower wavenumbers, but as the de-
dopant concentration is increased from 4.8% v/v to 50% v/v, the 
peak shifts to higher wavenumbers. This behavior is similar to 
the Raman shifts observed for PEDOT with in situ spectroelec-
trochemical spectroscopy.[36] The shift in the Raman spectrum 
is therefore attributed to the decrease in hole concentration on 
the PEDOT chains following molecular de-doping.

In this work, we have demonstrated a straightforward 
method to make enhancement-mode OECTs using a de-doped 
PEDOT:PSS channel cast from a single solution and a standard 
Ag/AgCl gate electrode. By utilizing a heat activated electron 
transfer de-doping mechanism, the channel material can be 
processed while PEDOT is still in its oxidized state, avoiding 
issues with solubility and processability associated with 
intrinsic (undoped) PEDOT. We show that all de-dopant con-
centrations used in this work give a similar shift in threshold 
voltage but optimizing the concentration results in improved 
transport of electronic charges and OECT performance. Fur-
thermore, we show that by selecting the de-dopant molecular 
structure, we can improve the resulting film microstructure for 
improved electronic transport. The best performing enhance-
ment-mode OECTs demonstrated here show a hole mobility of 
2.17 ± 0.06 cm2 V−1 s−1 (33% v/v DEMTA) and normalized peak 
transconductance 74  ±  15  S  cm−1 (20% v/v TAEA), which are 
not significantly lower than the performance metrics obtained 
with pristine PEDOT:PSS OECTs (4.52  ±  0.19  cm2 V−1  s−1 and 
296 ± 42 S cm−1, respectively).

The presented work demonstrates that amines can readily be 
used to adjust the operating potential of PEDOT:PSS OECTs by 
lowering the organic semiconductor HOMO level with respect 
to vacuum. We show that in order to shift PEDOT:PSS OECTs 
to enhancement-mode, the doping sulfonate units on the PSS 
component must be charge-compensated and electrons must be 
donated to neutralize the PEDOT backbone. Here, we only test 
small molecular weight amines as de-dopants, but it is expected 
that the same type of effect can be achieved using longer chain 
polyamines such as PEI. In future work, the molecular struc-
ture of de-dopants could be further optimized to enhance the 
microstructure of the spin-cast film by adjusting the relative 
solubility in the hydrophobic (PEDOT) and hydrophilic (PSS) 
phases of the polymer blend. Furthermore, the polymer/de-
dopant blend could be optimized to shift Vth to larger negative 
voltages, lowering the channel current at VGS  =  0  V, for fur-
ther improved enhancement-mode OECTs. Finally, we expect 
the de-doping strategy in this work to be generally applicable 
to organic semiconductor systems for either compensating 
p-type doping or for achieving n-type doping in other OMIEC 
materials.

Experimental Section
Materials and Device Fabrication: Device fabrication consisted of 

evaporating 5  nm Cr/50  nm Au on clean glass substrates (1 inch 
× 1 inch) using a stainless-steel shadow mask to define the channel 
area. Next, the commercial PEDOT:PSS (Hereaus, Clevios PH 1000) 
aqueous dispersion was modified by adding 6 wt% ethylene glycol (EG, 
Sigma Aldrich) to enhance morphology and 1 wt% (3-glycidyloxypropyl)

trimethoxysilane (GOPS, Sigma Aldrich) as a crosslinker. Molecular 
de-dopants DETA, DEMTA, or TAEA (Sigma Aldrich) were added to the 
PEDOT:PSS dispersion at concentrations ranging from 4.8% v/v to 50% 
v/v. The dispersion was spun on the gold-coated glass slide at 1000 RPM 
for 2 min and baked at 120 °C for 20 min. Polymer was removed from 
the substrate to define 1 mm × 1 mm channels. A polydimethylsiloxane 
well (2 mm diameter) was fixed to the substrate to contain the aqueous 
electrolyte solution (100 mm NaCl). For cyclic voltammetry and UV–vis–
NIR measurements, samples were coated onto transparent indium-tin 
oxide coated glass slides using the same conditions as above. For 
GIWAXS, Raman spectroscopy, and AFM measurements, samples were 
coated on n-doped silicon (2 cm × 2 cm) with a native oxide layer using 
the same conditions as above.

Transistor Characterization: Transfer and output curves were measured 
with a Keithley 2612B source-measure unit with custom LabView code 
using a silver/silver chloride (Ag/AgCl) pellet as the gate electrode. 
During transfer curves, the drain voltage VD was set to −0.1 V and the 
gate voltage VG was swept from 0.5 to −0.4 V back to 0.5 V versus Ag/
AgCl with voltage steps of 0.01  V at a sweep rate of 20  mV  s−1. This 
process was repeated three times to avoid artifacts in the data due to 
remaining unreacted de-dopant left in the film. During output curves, 
VD was swept from 0.1 to −0.6 V in increments of 0.01 V at a sweep rate 
of 50 mV s−1. This process was repeated for VG spanning from +0.5 to 
−0.4 V versus Ag/AgCl with increments of 0.05 V. The saturation regime 
transfer curves are plotted by taking the current at VD = −0.6 V for each 
VG of the resulting output curve.

UV–Vis–NIR Absorption Spectroscopy: UV–vis–NIR absorption 
spectroscopy was carried out using a Cary 6000i photospectrometer. 
The transmittance was measured in dual beam mode to correct for the 
variance in the lamp flux, and a blank substrate was used as a 100% 
transmittance reference sample. The wavelength was swept from 1800 to 
300  nm with 1  nm increments. Measurements were averaged until a 
signal-to-noise ratio of 104 was achieved.

XPS Measurements: XPS was carried out with a PHI Versaprobe III with 
an aluminum kα X-ray source focused to a spot size 200 µm × 200 µm 
under vacuum at a base pressure of 10−6 Pa. Films were pre-sputtered 
with an Argon Gas Cluster Ion Beam (GCIB) accelerated to 5  kV for 
5 min prior to measurement to measure at a depth of ≈80 nm below the 
surface of the film.

GIWAXS and GISAXS Measurements: GIWAXS experiments were 
carried out at Stanford Synchrotron Radiation Lightsource (SSRL) 
at beamline 11-3 using an area CCD detector (Rayonix MAR 225) at a 
distance of 316.386  mm (calibrated with LaB6 standard reference), 
an incident beam energy of 12.73  keV, and an incidence angle of 0.1°. 
The beam path was filled with helium to avoid air scattering between 
the sample and detector. The data reduction from 2D to 1D data was 
performed using Nika,[37] Irena,[38] and WAXStools,[39] and Gaussian 
peak fitting was performed using a least-squares fitting algorithm in 
MatLab.

Raman Spectroscopy: Raman spectra were taken using a Horiba 
XploRA confocal Raman microscope with a 785 and 638 nm excitation 
laser source. A 100  ×  0.6 NA objective was used to give diffraction-
limited spot sizes of ≈650  nm (785  nm laser) and ≈530  nm (638  nm 
laser). A laser power of 2.23 mW for the 785 nm laser and 0.121 mW for 
the 638 nm laser were used.

UPS Measurements: UPS was carried out on a multi-chamber 
ESCALAB II system, using −6  V bias and the HeI line (21.22  eV) for 
excitation.

Thickness Measurements: Sample thicknesses were measured 
using a Bruker Dektak XT profilometer with 1  mg of force and a scan 
rate of 35  µm  s−1. Sample thickness was averaged over five individual 
measurements at different locations of the film.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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