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Band-like Charge Transport in Phytic Acid-Doped 
Polyaniline Thin Films

Marco Ballabio, Tao Zhang,* Chen Chen, Peng Zhang, Zhongquan Liao, 
Mike Hambsch, Stefan C. B. Mannsfeld, Ehrenfried Zschech, Henning Sirringhaus, 
Xinliang Feng,* Mischa Bonn,* Renhao Dong,* and Enrique Cánovas*

We explore the charge transport properties of phytic acid (PA) doped poly-
aniline thin films prepared by the surfactant monolayer-assisted interfacial 
synthesis (SMAIS). Structural and elemental analysis confirms the inclusion 
of PA in the thin films and reveals a progressive loss of crystallinity with the 
increase of PA doping content. Charge transport properties are interrogated 
by time-resolved terahertz (THz) spectroscopy. Notably, independently of 
doping content and hence crystallinity, the frequency-resolved complex con-
ductivity spectra in the THz region can be properly described by the Drude 
model, demonstrating band-like charge transport in the samples and state-
of-the-art charge carrier mobilities of ≈1 cm2V−1s−1. A temperature-dependent 
analysis for the conductivity further supports band-like charge transport and 
suggest that charge carrier mobility is primarily limited by impurity scat-
tering. This work highlights the potential of PA doped polyaniline for organic 
electronics.
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reversibly, more than thirteen orders of 
magnitude under chemical doping and de-
doping cycles.[1,2] The enhancement of the 
conductivity in these materials comes from 
the generation of extended states in doped 
molecules, that are generally attributed to 
the creation of quasiparticles (e.g., solitons 
and polarons), a view supported by optical 
spectroscopy and magnetic measure-
ments.[3,4] The charge carrier transport in 
polymers is commonly described as a ther-
mally activated process, a hopping mech-
anism associated with localized charge 
carriers. Thermally activated transport is 
enabled by charge carrier motion along 
the conjugated backbone (i.e., intra-chain, 
dominating at higher frequencies), and 
inter-chain processes between conduc-
tive domains dominating the long-range 

transport macroscopically (i.e., towards the DC limit). Within 
this picture, most work over the past decades has been devoted 
to engineering band-like charge transport in conducting poly-
mers. To achieve that, both inter- and intra-molecular overlap 
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1. Introduction

Conducting polymers are attractive electroactive materials 
for organic electronics since their conductivity can be tuned, 

M. Ballabio, M. Bonn, E. Cánovas
Max Planck Institute for Polymer Research
55128 Mainz, Germany
E-mail: bonn@mpip-mainz.mpg.de; enrique.canovas@imdea.org
T. Zhang, P. Zhang, X. Feng, R. Dong
Center for Advancing Electronics Dresden (cfaed) and Faculty of  
Chemistry and Food Chemistry Chair of Molecular Functional Materials  
Technische Universität Dresden Mommsenstraße 4
01069 Dresden, Germany
E-mail: xinliang.feng@tu-dresden.de; renhaodong@tu-dresden.de
T. Zhang
Key Laboratory of Marine Materials and Related Technologies
Zhejiang Key Laboratory of Marine Materials and Protective Technologies
Ningbo Institute of Materials Technology and Engineering
Chinese Academy of Sciences
Ningbo 315201, P. R. China

E-mail: tzhang@nimte.ac
T. Zhang
School of Chemical Sciences
University of Chinese Academy of Science
Beijing 100049, China
C. Chen, H. Sirringhaus
Optoelectronics Group
Cavendish Laboratory
JJ Thomson Avenue, Cambridge CB3 0HE, UK
Z. Liao, E. Zschech
Fraunhofer Institute for Ceramic Technologies and Systems (IKTS)
Maria-Reiche-Strasse 2, 01109 Dresden, Germany
M. Hambsch, S. C. B. Mannsfeld
Center for Advancing Electronics Dresden (cfaed) and Faculty of 
Electrical and Computer Engineering
Technische Universität Dresden
01062 Dresden, Germany
E. Cánovas
Instituto Madrileño de Estudios Avanzados en Nanociencia 
(IMDEA Nanociencia)
Madrid 28049, Spain© 2021 The Authors. Advanced Functional Materials published by 

 Wiley-VCH GmbH. This is an open access article under the terms of the 
Creative  Commons Attribution License, which permits use, distribution and 
 reproduction in any medium, provided the original work is properly cited.

Adv. Funct. Mater. 2021, 2105184

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.202105184&domain=pdf&date_stamp=2021-08-06


www.afm-journal.dewww.advancedsciencenews.com

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH2105184 (2 of 9)

of frontier orbitals is required to form a delocalized electronic 
band.[5,6] With this target in mind, many efforts have aimed at 
exploiting methods for improving the long-range ordering/crys-
tallinity of conducting polymers, thereby hoping to maximize 
charge carrier delocalization within the polymer backbone.[7]–[10]  
Indeed, state-of-the-art results in terms of conductivity and 
mobility figures in conducting polymers are often linked with 
high crystalline samples. [11,12]

In this work, we prepare ordered thin films of quasi two-
dimensional polyaniline (q2D-PANI) with phytic acid (PA) as a 
dopant during surfactant monolayer assisted interfacial synthesis 
(SMAIS).[12] This singular dopant does have six phosphate groups 
that could release more than one proton per molecule; further-
more, PA is expected to enable the coordination of multiple ani-
line sites, acting then as a bridge between adjacent conductive 
domains to improve long-range transport in the samples. [13]

Following SMAIS synthesis, we observed that PA concen-
trations as low as 3  mM in PANI produced an optical density 
at 800  nm, generally assigned to the polaron band, which is 
commensurate to the one obtained in q2D-PANI samples 
doped with up to 1 M HCl. Moreover, structural and composi-
tional characterization for the PA doped PANI films (PA-PANI) 
revealed a reduced crystallinity when compared with HCl-
doped PANI, [12] indicating that the PA dopant is perturbative 
towards crystal structure. Increasing the PA dopant concentra-
tion from 3 mM to 75 mM, the PANI film becomes increasingly 
amorphous. To study the impact of PA doping on the sample´s 
conductivity, we characterized the frequency-resolved complex 
conductivity in the THz region by time-resolved THz spectros-
copy (TRTS). The results demonstrated that, remarkably, Drude-
like band conduction in all samples independently of doping 
content, and then, independently of their degree of crystallinity. 
Even the most-doped, least-crystalline, analysed samples revealed 
the highest charge carrier scattering rates and corresponding the 
highest mobility (1 cm2V−1s−1) and conductivity (ca. 93 S cm−1). 
This counterintuitive result indicates that while PA seems to pro-
mote structural disorder, it does increase energetic order;, e.g., 
this could be eventually linked with PA promoting cross-linking 
between conductive domains in PA-PANI. Cross linking could be 
able to enable long-range charge transport even in poorly crystal-
line samples, a result that might align with the findings of pre-
vious reports where high mobility have been observed in highly 
disordered or even amorphous samples.[14] Finally, temperature-
dependent experiments reveal a scattering rate barely affected by 
temperature, indicating that impurity scattering is the limiting 
mechanism in the mobility for the PA doped PANI samples.

2. Results and Discussion

The synthesis procedure for PA-PANI by SMAIS is similar to 
the one described previously and summarized in Figure  1.[12] 
In brief, a surfactant (sodium oleyl sulfate) monolayer was pre-
pared on the water surface in a glass well (50 mL, Ø  =  6 cm), 
followed by the addition of aniline monomers (11.5 µL in 1 mL 
water) in the water sub-phase. The glass well was then covered 
with a petri dish and kept under 1°C. After 24 h, hydrochloric 
acid (HCl, 0.02 M), phytic acid (PA), and ammonium persulfate 
(APS, 2.5 mg in 1 mL water) were successively injected into the 
water sub-phase to trigger the polymerization. After a certain 

polymerization time (12-48 h), a uniform and continuous 
polymer film with a dark green color appeared on the water 
surface. The PA concentration was tuned on different samples 
as 3 mM, 15 mM and 75 mM, yielding the PA-doped PANI film 
samples named hereof as PA3-PANI, PA15-PANI and PA75-
PANI, respectively. As a contrast, we also synthesized HCl-
doped PANI by the same protocol and controlled the doping 
content of HCl with 3 mM and 1 M, respectively.

The resultant  PA-PANI  film on water was robust enough to 
be transferred intact onto different substrates for morphological 
and structural characterizations. For instance, the PA-PANI film 
after 12 h polymerization could be suspended over large holes of 
≈ 400 µm2 on a TEM grid. (Figure 2a). Under the optical micro-
scope, the PA3-PANI (prepared in 3 mM PA solution) transferred 
onto SiO2/Si is homogenous, and the edges of the film are clearly 
visible (Figure  2b). Atomic force microscopy (AFM) measure-
ment at film edges reveals an average thickness of 59±3 nm for 
12-h reaction (Figure  2c). In the following studies, the reaction 
time for the preparation of the PA-PANI films was set as 12 h.

X-ray photoelectron spectroscopy (XPS) reveals that the PA3-
PANI films contain carbon, nitrogen, phosphorus, chlorine, and 
oxygen in a ratio of 56.4%, 6.74%, 6.32%, 0.46%, and 30.09% 
(Figure  2d and Table S1), respectively. Two prominent peaks of 
N1s at 401.9  eV and 399.8  eV can be attributed to two types of 
nitrogen (-NH+- and = NH-) in PA3-PANI (Figure 2e). The peak 
at 134.1  eV belongs to the -PO4H2 moiety of PA (Figure  2f). 
The three peaks of C1s signal can be assigned to C1s of C-C at 
284.8 eV, C = C at 284.8 eV, C-N at 286.5 eV, and C-N at 288.2 eV 
(Figure S1), respectively. Fourier transform infrared spectroscopy 
of PA3-PANI shows the characteristic bands of quinoid and ben-
zenoid rings at 1575 and 1498 cm−1 (Figure S2). Bands at 1302 
and 1242 cm−1 arise from the C–N stretching of the secondary 
aromatic amine and C–N stretching vibration in the polaron 
structures, respectively. Meanwhile, the band at 1647 cm−1 is 
attributed to the stretching frequencies of the P = O groups. Con-
focal Raman characterization on the PA3-PANI film also sup-
ports the formation of PA-PANI (details shown in SI, Figure S3).

The UV-Vis spectra of PA3-PANI film reveals a similar 
absorbance with that of HCl-doped PANI (Figure S4).[1,15,16] 
The feature at 400 nm (≈3 eV) is generally assigned to the π-π* 
transition of the benzenoid ring.[15] On the low energy side, the 
asymmetric absorption band peaking around 800 nm (≈1.5 eV) 
is attributed to the transition from the π level to a polaron 
state, which is generally considered for the fingerprint of the 
protonated, conductive emeraldine salt.[3,4,15] Note that the peak 
(around 800  nm) disappeared completely when the film was 
dedoped by 1 M NH4OH (Figure S5). However, in comparison 
to the 1M HCl doped q2D-PANI, the polaron band of PA3-
PANI seems to extend towards the IR, which can be an indi-
cator of more delocalized conductive states.[16] Furthermore, it 
is remarkable how the absorption strength for the polaron band 
of just 3mM doped PANI is comparable with the one made by 
1M HCl doping, a possible consequence of PA promoting a 
more efficient doping per molecule.

Figure  2g shows the representative selected area electron 
diffraction (SAED) patterns of PA3-PANI along the [001] axis, 
which reveals a hexagonal lattice with the [1010] and [0110] 
reflections at 3.06 nm−1, corresponding to in-plane spacing of 
a = b = 0.38 nm (Figure S6). This SAED patterns were repro-
ducible at different positions in the PA3-PANI film (Figure S7). 
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Grazing-incidence wide-angle X-ray scattering (GIWAXS) shows 
that the PA3-PANI film is polycrystalline at a microscopic 
scale with out-of-plane c  = 1.31  nm (Figure  2h-i). As such, 
the molecular structure of the PA3-PANI can be proposed as 
shown in Figure 1f, where the adjacent PANI chains along the 
in-plane direction are bridged by the phosphate groups of the 
PA dopant. Note that the same SMAIS protocol employed for 
developing HCl doped PANI samples led to highly ordered, 
quasi two-dimensional samples with square symmetry.[12] That 
is, despite following almost the same synthetic approach, the 

addition of PA in PANI samples was perturbative upon the 
crystallinity of the final film.

After the preliminary characterization that confirms the inclu-
sion of PA acid molecules in the ordered structure of PA3-PANI, 
we characterized the effect of doping content on the samples. 
Figure 3a shows the absorbance spectra of PA-PANI thin films 
samples doped with 3, 15, and 75mM of PA. The amplitude of 
the absorption band peaking around 800nm  increases signifi-
cantly with the increase of added concentrations of PA. XPS 
spectra in Figure 3b show that the element ratios of P:N in the 

Figure 1. Schematic illustration of the synthesis procedure for PA-PANI. a) Addition of the surfactant (sodium oleyl sulfate, SOS) solution on water 
surface. b) Formation of surfactant monolayer after the evaporation of solvent. c) Addition of the aniline (ANI) monomer into the water sub-phase, in 
which aniline monomers can adsorb onto the surfactant monolayer due to electrostatic interactions and hydrogen boning. d) Oxidative polymerization 
triggered by ammonium persulfate (APS), phytic acid (PA), and HCl. e) Transfer of the film onto the substrate. f) Scheme of the proposed arrangement 
between phytic acid and the polyaniline chains. g) Polymerization reaction mechanism of aniline monomers.
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resultant PA-PANI films are 0.46 (3 mM), 0.64 (15 mM), and 0.94 
(75 mM), respectively. In addition, high-resolution N1s core level 
spectra show that the contents of doped/charged N in PA-PANI 
films are 53.80%, 59.48%, and 83.44%, respectively, which are an 
estimate for the doping level of the samples (Figure 3c). These 
results demonstrate that the doping level of PA-PANI can be 
controlled by increasing PA concentrations during the SMAIS 
synthesis. The dedoped sample (by 1 M NH4OH) was charac-
terized by an absorption band centered at ≈650  nm (≈1.9  eV, 
Figure S5), which can be attributed to the HOMO-LUMO tran-
sition of the emeraldine base, a non-conductive form of poly-
aniline.[17] Furthermore, GIWAXS results show that the increase 
of PA content leads to a decrease in structural order in the PA 
doped PANI films (Figure  3d), which we attribute to a large 

steric effect of PA molecules as well as the strong interaction 
between PA and PANI chains.

TRTS is an all-optical, contact-free method capable of 
addressing the nature of charge transport in a given sample by 
providing the complex photoconductivity in the THz frequency 
region. In a conventional measurement, we photo-excite the 
sample with a 50 fs laser pulse centered at 800  nm. After the 
absorption of the pump beam, a THz probe pulse interrogates the 
photoconductivity of the sample in a non-invasive way. The THz 
pulse is generated by the same laser system via optical rectifica-
tion in a ZnTe crystal providing a bandwidth of 0.3-2.5 THz[18]– .[20]  
By definition, we can express the photoconductivity in the sample 
as Δσ  =   − e ΔN μ, where e is the electron charge, ΔN the varia-
tion in charge carrier density induced by the pump, and μ is the 

Figure 2. Characterization of PA3-PANI films. Optical microscopy images of  PA3-PANI film a) suspended over a copper grid and b) transferred 
onto SiO2/Si wafer. c) Atomic force microscopy (AFM) image and thickness value of PA3-PANI after the 12-h reaction. d) XPS spectrum and e) high-
resolution N1s and f) P2p core level spectrum of PA3-PANI. The fitting in (e) was performed with a set of Voigt peaks. g) SAED pattern of PA3-PANI 
along the [0001] axis, the [1010] and [0110] reflections are at 3.06 nm−1. h) GIWAXS pattern of PA3-PANI on a Si wafer. i) In-plane and out-of-plane 
projections from (g). Scale bars: (a-b) 20 µm; (c) 2 µm; (g) 2 nm−1.
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sample’s mobility. Following an optical pump-THz probe scheme 
(OPTP), we can obtain sub-ps dynamics linked with photoin-
duced changes for the real and imaginary components of the con-
ductivity. In Figure 4a, we plot the real part of conductivity as a 
function of pump-probe delay for the set of PA doped samples 
shown in Figure 3 (all samples are ≈100nm in thickness, photon 
excitation intensity of 4.4·1019 photons/m2 at 1.55eV). Under the 

employed experimental conditions, we find that all PA doped 
samples are characterized by an abrupt rise in photoconduc-
tivity induced by the pump, which is followed by a decay that 
can be phenomenologically modeled with a double exponen-
tial function. The best fit to the data returns lifetime values of  
t1 = 0.8±0.1 ps and t2 = 52±2 ps for the fast and slow components, 
respectively. The obtained dynamics resemble those reported 

Figure 3. Characterizations of PA-PANI films with different PA contents. a) UV-Vis-NIR absorption spectra of PA-PANI prepared with 3 mM (blue), 
15 mM (green) and 75 mM (red) PA, respectively. b) XPS survey spectra of the samples in (a), from which the element ratio of P:N in PA-PANI films 
can be calculated: 0.46 (3 mM), 0.64 (15 mM), and 0.94 (75 mM), respectively. c) High-resolution N1s core level spectra of the PA-PANIs in (a), from 
which the ratios of doped/charged N in PA-PANI can be calculated: 53.80% (3 mM), 59.48% (15 mM), and 83.44% (75 mM), respectively. d) The typical 
GIWAXS pattern of the 75PA-PANI film.

Figure 4. a) Photoconductivity from optical pump-THz probe on 3, 15 and 75 mM PA doped PANI sample (blue lines) under a photon intensity of 
4.4·1019 m−2. b) Real (positive red traces) and imaginary (negative blue traces) parts of the time-resolved photoconductivity in 75 mM doped PANI as 
a function of excitation density.

Adv. Funct. Mater. 2021, 2105184
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previously in THz studies in other conventional organic semi-
conducting polymers,[21,22] where the fast initial decay is generally 
assigned to charge trapping and/or to the condensation of quasi-
free charges that thermalize into bound, neutral excitons. In both 
scenarios, the fast decay represents pump-induced species that do 
not contribute to the photoconductivity beyond 1ps. On the other 
hand, the long-lived 50  ps component strongly suggests that a 
significant fraction of photo-induced species are conductive, that 
is, they are not falling immediately into bound states. Note that 
this holds independently of sample crystallinity.

To further understand the nature of the observed charge 
dynamics and investigate whether excitons are present in 
the samples beyond 1ps,  we analyze the dependence of the 
photoconductivity as a function of impinging photon flux 
for the 75 mM  doped PANI sample (the analysis for the low-
doped samples can be found in Figure S9-10). Figure  4b pre-
sents a summary of the OPTP data obtained as a function of 
photon intensity (in the range between ≈6·1017 and ≈6·1019 
photons/m2). The negative signals represent the dynamics for 
the imaginary component of the pump-induced conductivity, 
monitored by following pump-induced phase shifts in the THz 
waveform as a function of time. Changes in the phase of the 
propagating THz probe are linked to the imaginary conductivity 
component and are indicative of polarizable neutrally charged 
excitons in the samples. As evident from Figure 4b, imaginary 
dynamics are defined by only an ultrafast decay that completely 
vanishes within 2  ps, independently of adopted fluence. This 
behaviour is consistent with a lack of polarizable excitons in 
the samples. The observed timescale of the imaginary conduc-
tivity deactivation matches fairly well the short lived component 
resolved for the real conductivity in the samples as a function 
of time and can be tentatively interpreted in terms of free pho-
toexcited species that undergo ultrafast charge trapping.[23] On 
the other hand, the long-lived real conductivity should be attrib-
uted to a residual population of delocalized free charge car-
riers in the sample. Fluence dependence analysis for the real 
conductivity component in Figure  4b also shows an onset for 
the appearance of the long-lived component above an excita-
tion density of ≈1019 photons/m2, which can give an indication 
about the number of active traps in the material, that is, the 
emergence of the signal could be linked with trap filling effects.

The previous analysis on carrier dynamics inferred from 
TRTS strongly indicates that free delocalized charge carriers are 
the main products in the samples for excitations above ≈1019 m−2 
and timescales above ≈2ps.  We can corroborate whether these 
findings are correct by addressing the nature of charge transport 
in the samples, this can be accomplished by analysing the fre-
quency-resolved complex conductivity of the signals in our THz 
spectral window (between 0.3 and 2.3 THz, limited by the output 
of our ZnTe emitter). In Figure 5 we present the conductivity 
spectra of all PA-PANI samples analyzed in this work, obtained 
by the Fourier transform of the time domain transmitted pulses. 
In these experiments, the excitation fluence equals 4.4·1019 m−2; 
conductivity traces were collected 10 ps after the photoexcitation. 
Independently of the doping content, we resolved a decreasing 
real and increasing imaginary conductivity component with fre-
quency within the probed THz region. Remarkably, all traces 
can be described fairly well by the Drude model:[24]

1 *
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Where ωp is the plasma frequency, N is the charge density, 
e the elementary charge, m* is the effective mass for the moni-
tored charge carriers, ε0 is the vacuum permittivity, and τ is the 
mean averaged scattering time. The Drude model is sufficient 
for all doping concentrations to explain the data. As such, we 
can conclude that the long-lived signals in OPTP dynamics 
refer unambiguously to free, delocalized charge carriers popu-
lating PA-doped PANI samples. It is worth mentioning here 
that Lee et  al. have previously reported band-like Drude-like 
behavior in highly crystalline PANI samples doped with cam-
phor sulphonic acid. [11] In that case, they derived the real con-
ductivity from Kramers-Kronig analysis on reflectivity spectra, 
in a frequency range limited above 500 cm−1 (>15 THz). The 
traces shown in Figure  5 reveal Drude responses from fits to 
the complex-valued conductivity and for frequencies as low as 
≈10 cm−1 (0.3 THz). This allows us to fully rule out an eventual 
drop for the conductivity towards the DC limit, an aspect that is 
generally a fingerprint for charge carrier localization.[25]

From the best fit of our data to Eq.1, we can estimate a scat-
tering time τ < 10 fs for the samples doped by 3 and 15 mM PA, 

Figure 5. Frequency resolved photoconductivity of PA-PANI doped by a) 3 mM, b) 15 mM and c) 75 mM of phytic acid, measured 10ps after photoex-
citation. Full and empty symbols denote the real and the imaginary parts of the complex photoconductivity, respectively. Red solid and dashed lines 
represent the best fit to the data, according to the Drude model.
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and a τ of 29  ± 3 fs for the 75  mM PA doped sample. This 
observation reveals that the mobility of the samples is affected 
by doping content within the analyzed range. That is, doping 
affects not only the charge carrier density available for con-
duction but also their mobility. In previous reports scattering 
rates of 22–27 fs were reported in state-of-the-art PANI samples 
doped by camphor sulphonic acid.[11,26] Interestingly, we obtain 
the longer carrier scattering time for the sample that presents 
the lowest degree of crystallinity. While these observations may 
seem counterintuitive, they can be rationalized by taking into 
account that structural order and energetic order are not neces-
sarily unequivocally correlated. Note that state-of-the-art mobili-
ties up to ≈1 cm2 V−1 s−1 have been recently reported also in 
materials displaying low crystallinity or even, in some cases, 
of amorphous nature; for example, within these reports, high 
mobilities have been attributed to a network of tie chains pro-
viding interconnecting transport pathways between conducting 
domains.[6,14,27] This crosslinking effect might be suppressed 
in highly ordered structures (see Figure S12). Furthermore, 
if a specific dopant is perturbative towards morphology (e.g., 
improves polymer chain planarity), it might have a beneficial 
role towards intra-chain conductivity, provided that torsional 
effects along the backbone are well known to produce local-
ized states.[28,29] It is worth to note that the PANI doped by 
75  mM PA (i.e., 75PA-PANI) gives an electric conductivity of 
≈93 S cm−1 (Figure S18), which is superior to the highly crystal-
line PANI doped by 1 M HCl with 23 S cm−1, further demon-
strating the powerful doping effect of PA.[30]

The scattering time, together with the effective mass, is the 
quantity that determines the electrical mobility following the rela-

tion 
m

µ τ
= ∗

e
. According to most of the literature, there are two 

scenarios that have been linked with Drude-like responses in 
PANI samples, the presence of free band-like charge carriers or 
polarons,[11,31,32] the main difference regarding mobility estimates 
between both scenarios resides on the assumed effective mass for 
the populating charge carriers. Note that their spectral response 
in the THz region is not easily distinguishable.[33] If we assume 
that polarons (rather than free electrons) are the conductive spe-
cies that are linked to the monitored Drude responses, we can 
estimate the mobility of PA75-PANI as 0.91 ± 0.09  cm2V-1s-1 (or, 
30 ± 3 cm2V-1s-), where an effective mass of Mpol =  56me is consid-
ered for polarons,[31] (alternatively, m* ≈ 1.7me for free electrons).[11]

To better understand the nature of the transport in the PA-
PANI samples, we performed a temperature-dependent TRTS 
analysis. Figure  6a, shows the impact of temperature on the 
time-resolved real part of the conductivity. The data reveal an 
increase in the monitored photoconductivity as the sample 
temperature is reduced from 300K to 77K (Figure  6a). This is 
an exceptional behavior for conductive polymers that usually 
exhibit thermally activated transport.[34] In Figure  6b, we pre-
sent the frequency-resolved conductivity for the upper and 
lower limit tested temperatures for a 75mM  doped PA-PANI 
sample (rest of the data can be found in Figure S13-14). For 
cooling the sample, it must be contained in a cryostat under 
vacuum. Under vacuum, the Drude response seems to be 
modified to a Drude-Smith (DS) response, [19] possibly from the 
degassing of the sample. The DS model accounts for Drude-
like free carriers which experience some degree of preferen-
tial backscattering (see SI for further details). In any case, the 
data in Figure  6b reveals that the conductivity of the sample 
improves with decreasing temperature, also in the DC limit 
(when ω→0). The frequency-resolved complex conductivity 
spectra collected at every temperature show a clear free-carrier 
response. From fits to the DS model (solid and dashed lines in 
Figure  6b), we can obtain the variation of scattering rate and 
plasma frequency as a function of temperature and then scru-
tinize the origin for the unexpected increase in conductivity at 
reduced temperatures. Figure  6c summarizes the parameters 
obtained from the DS fits for two different samples of PA-
PANI doped with 75 mM. The data reveals that the scattering 
rate is barely dependent on temperature, an observation that is 
in line with previous reports on band-like transport in PANI 
(see Figure S16) and suggests impurity scattering as a lim-
iting factor for the charge carrier mobility.[35] Furthermore, the 
plasma frequency increases by approximately a factor of 2 from 
290 to 77K. The increase in plasma frequency seems to explain 
alone the observed increase in conductivity at lower tempera-

tures. An increase in plasma frequency 
2

0
ω

ε
=






∗
Ne

m
p  could be 

rationalized with either an increase in photo-induced carrier 
density (N, where N = ξ·A·Nhv, where A refers to the fraction 
of absorbed photons and ξ is the photon to free carrier yield) 
and/or a reduction in free carrier effective mass. Provided 
that the amount of absorbed photons Nhv does not change 
with temperature (see Figure S11, S17), we speculate that an 

Figure 6. a) Time-resolved photoconductivity as a function of temperature b) Complex-valued photoconductivity spectra at 77K (blue circles) and 290K 
(red triangles); solid lines are the real and imaginary components from Drude-smith fits. c) Scattering times (left) and plasma frequencies (right) 
obtained from Drude-Smith analysis as a function of temperature for 2 sets of samples.

Adv. Funct. Mater. 2021, 2105184



www.afm-journal.dewww.advancedsciencenews.com

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH2105184 (8 of 9)

enhanced yield could be related with trap filling effects induced 
by a T-dependence of the background doping. Alternatively, a 
decrease in effective mass by reducing T has been suggested 
theoretically as a fingerprint of weak e-ph coupling in rubrene 
crystals displaying band-like transport signatures.[36,37] At this 
stage we are unable to conclude the dominant mechanism, in 
any case, these observables do not alter the main conclusion 
derived from the T dependent analysis: impurity scattering 
limits free charge carrier motion in the samples. An observable 
which seems reasonable taking into account the non-crystalline 
nature of the analysed samples.

3. Conclusion

In conclusion, we investigated the charge transport proper-
ties of polyaniline thin films achieved by SMAIS doped with 
a novel phytic acid dopant. Structural and elemental analysis 
confirms the inclusion of PA in the thin films and confirms a 
progressive loss of structural order as the PA doping content 
is increased. Independently of doping content, the frequency-
resolved complex conductivity spectra can be explained by the 
Drude model, revealing band-like transport in the samples. We 
found enhanced charge carrier mobilities for higher doping, 
despite the samples being notably less crystalline. This anti-
correlation between conductivity and the degree of order in the 
samples indicates that while PA seems to promote structural 
disorder, it does increase energetic order (e.g., by enabling long-
range charge transport between adjacent conductive domains). 
Finally, the temperature-dependent conductivity does not show 
any sign of thermally activated charge transport, in line with 
the notion of band-like conduction and loosely bound charge 
carriers.

4. Experimental Section
Material: Aniline, sodium oleyl sulfate (SOS), phytic acid aqueous 

solution (w/w:50%), Ammonium hydroxide solution (w/w:28%) and 
hydrochloric acid (37%) were obtained from Sigma-Aldrich. Ammonium 
persulfate and chloroform were purchased from Alfa Aesar. Aniline was 
purified by reduced pressure distillation before using, and the other 
chemicals were used as received.

Synthesis of PA-PANI: The synthesis procedure is similar to our 
previous reports.12 The surfactant solution was obtained by dissolving 
SOS in chloroform (1  mg mL−1) and filtered by PFTE syringe filter 
(0.2 µm, 1–15 mL, ThermoFisher). 50 mL Millipore water in a crystalline 
dish (Ø = 60  mm) was placed in a refrigerator (Liebherr FKUv 1660 
Premium, Germany) at 1°C for 40  min. Then, 10  µL of the surfactant 
solution was spread onto the surface of the water. After the complete 
evaporation of chloroform, which lasts 30 minutes, 1  mL of aniline 
aqueous solution (11.5  µL mL−1, 0.13  mol L−1) was gently injected into 
the water subphase with a pipette. After 24h to allow for the diffusion and 
adsorption of monomers onto the air-water interface, a certain amount 
of phytic acid aqueous solution (e.g., 0.160–3.87 mL, w/w:50%) and 1 mL  
ammonium persulfate solution (10 mg mL−1, 0.044 mol L−1) were added 
into the subphase in 30 min, respectively. Finally, the reaction dish was 
covered by a glass slide in the refrigerator for oxidative polymerization. 
The solution turned gradually from dark blue to dark green in 48 hours, 
indicating a successful polymerization of aniline monomers into PANI. 
A shining and continuous film appears on the surface of water, which 
can be transferred onto arbitrary substrates. To remove unreacted 

monomers and excess phytic acid, the q2D PANI-PA film on substrate 
was rinsed for ≈1 h with chloroform (20  mL) and ethanol (20  mL), 
respectively.

Dedoping of PA-PANI: The q2D PANI-PA was dedoped in alkaline 
solution, which was prepared by dissolving 3 mL ammonium hydroxide 
solution (w/w:28%) in 40  mL ethanol-water solution (volume ratio, 
ethanol: water = 2:1). The synthesized PANI film was transferred onto 
surface of the alkaline solution with a coverslip, and the film turned from 
dark green to dark blue, indicating a completion of PANI dedoping.

Time-resolved THz Spectroscopy: The measurements were performed 
using a standard optical pump-THz probe setup driven by a titanium: 
sapphire laser amplifier system generating ≈100 fs width laser pulses with 
a central wavelength of 800 nm, and a repetition rate of 1 kHz. The laser 
output is used for the optical pump and for the THz generation by optical 
rectification on a 1mm slab of ZnTe cut along the (110) plane. This ensures 
a THz spectrum between 0.3 and 2.5 THz. The detection of THz pulses is 
performed via electro-optical sampling on an identical ZnTe crystal.

Other characterizations: The morphology and structure of the 
PA-PANI films were investigated by transmission electron microscopy 
(Zeiss, Libra 200 kV) and optical microscopy (Zeiss) with a Hitachi 
KP-D50 color digital CCD camera. GIWAXS measurements were 
carried out at the KMC-2 beamline at Helmholtz-Zentrum Berlin. 
The beam energy was 12.4  keV (λ  = 1 Å) and the detector-to-sample 
distance (342.2  mm) was verified using a LaB6 calibration standard. 
The beam incidence angle was 0.12° and the sample was exposed 
for 600 s to the beam.   XPS measurements were performed on a 
PHI-5000C ESCA system with a monochromatic Mg Kα X-ray source 
(hv  =  1253.6 eV), the C 1 s value was set at 284.6 eV for charge 
corrections. Raman spectra were measured on a NT-MDT confocal 
spectrometer with a 532 nm laser, and the spot size of the laser beam 
was ≈0.5 µm. Infrared spectra were recorded on a FT-IR Spectrometer 
Tensor II (Bruker) with an ATR unit. UV-Vis absorption spectra were 
obtained on an UV-Vis-NIR Spectrophotometer Cary 5000 at room 
temperature. Atomic force microscopy (AFM) images were recorded 
in air on a customized Ntegra Aura/Spectra from NT-MDT (Moscow, 
Russia) with a SMENA head in semi-contact mode. The probes have 
a typical curvature radius of 6 nm, a resonant frequency of 47–50 kHz, 
and a force constant of 0.35–6.10 N m−1. Height determination and 
calculation was performed with the software Nova Px 3.2.5 from 
NT-MDT and the free software Gwyddion.
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