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of clean energy. In recent years, there has 
been considerable progress in the develop-
ment of conducting polymers (CPs) for TE 
applications and the performance of p-type 
CPs is comparable to that of inorganic TE 
materials.[1–3] Despite their promise, one 
critical issue with the implementation of 
organic TE materials is that they tend to 
exhibit inefficient n-doping and unstable 
electron transport in most n-type poly-
mers, significantly limiting their applica-
tion, as both efficient p-type and n-type 
materials with comparable performance 
are required for practical TE applica-
tions.[4–6] Thereby, further development of 
efficient n-type materials is needed for the 
advancement of the field.

During the last decade, composite and 
hybrid organic/inorganic materials have 
been developed in an attempt to mitigate 
the difficulties of enhancing the TE per-
formance arising from the interrelation 
of the electrical conductivity (σ), Seebeck 
coefficient (S), and thermal conductivity 
(κ) through the charge carrier concen-
tration (n).[7] These hybrid systems can 
not only inherit the individual strengths 
of each component, such as the high σ 

and S of inorganic materials and the low κ of organic mate-
rials, but they also possess interesting interfacial effects 
at the soft-hard interface that enables decoupling of the 
thermal and electrical transport, offering the opportunity 

Hybrid organic/inorganic materials have emerged as promising thermoelec-
tric (TE) materials since they inherit the individual strengths of each com-
ponent, enabling rational materials design with enhanced TE performance. 
The doping of hybrid TE materials via post-treatment processes is used to 
improve their performance, but there is still an incomplete understanding of 
the elicited effects. Here, the impact of different doping methods on the thin 
film TE performance of p-type Te/poly(3,4-ethylenedioxythiophene):poly(styre
nesulfonate) (PEDOT:PSS) and n-type Ag2Te/PEDOT:PSS hybrid materials is 
investigated. Primary doping through acid–base and charge transfer pro-
cesses using H2SO4 and tetrakis(dimethylamino)ethylene, respectively, and 
the effects of secondary doping using ethylene glycol is examined. Through a 
combination of Hall effect measurements, hard X-ray photoelectron spectros-
copy, and Raman spectroscopy, variations in the charge carrier concentration, 
mobility, and overall TE performance are related to the morphological and 
chemical structure of the hybrid materials. This study provides an improved 
understanding of the effects that different post-treatments have on hybrid 
materials and shows that the impact of these post-treatments on pure 
PEDOT:PSS does not always apply to hybrid systems. These new insights 
into post-treatment effects on hybrid materials is expected to facilitate further 
enhancement of their performance as electronic materials in general and 
thermoelectric materials in particular.
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1. Introduction

Thermoelectric (TE) materials that can directly interconvert 
heat and electricity are promising candidates for the production 
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to rationally design materials with high figures of merit 
(zT = σS2T κ−1).[8–10]

In particular, hybrid materials composed of tellurium (Te) 
nanowires (NWs) embedded in poly(3,4-ethylenedioxythiophen
e):poly(styrenesulfonate) (PEDOT:PSS) have been prominently 
studied after Yee et al. reported that their TE performance could 
be tuned by varying the length of the NWs and modulating the 
amount of PEDOT:PSS incorporated into the system. In this 
way, they were able to achieve a power factor (PF = σS2) close to 
100 µW m−1 K−1.[8,11] Furthermore, this system offers the oppor-
tunity to modulate the composition of Te NWs by having a con-
trolled growth of heterostructures within the Te/PEDOT:PSS 
hybrid through a simple aqueous technique.[12]

In this regard, we demonstrated the production of high-
performing p-type and n-type AgxTe/PEDOT:PSS hybrids 
from the same Te/PEDOT:PSS parent material by varying the 
silver molar ratio added to the reaction.[13] In this work, we 
synthesized n-type Ag2Te/PEDOT:PSS materials with good 
performance. We determined that the majority charge carrier 
concentration transitions from holes (h+) to electrons (e−) as a 
result of transport in the NWs and the inclusion of PEDOT:PSS 
substantially increases the conductivity. Nevertheless, further 
investigations are needed to enhance the performance of the 
n-type Ag2Te/PEDOT:PSS hybrid material to bring its PF to 
values near those of its p-type counterpart.

It is well established in the literature that the overall TE 
performance of CPs can be considerably enhanced when sub-
jected to post-treatment processes with different solvents.[14–18] 
The electronic and optical properties of CPs are related to the 
formation of polarons and bipolarons that represent single 
and double charged quasiparticles, respectively.[19] It is gener-
ally accepted that the transport properties strongly depend on 
the creation of polaron/bipolaron clusters dispersed through 
the polymer matrix and that their concentration and mobility 
are dependent on the oxidation level and the degree of crystal-
line (lamellar) domains.[20,21] To that end, there are two main 
categories of post-treatment used to alter the electronic and 
optical properties of CPs.

The first category, denoted as chemical or primary doping, 
can be achieved by two processes: 1) A charge transfer (CT) pro-
cess that relies on the addition of a redox active molecule like 
tetrakis(dimethylamino)ethylene (TDAE) to the CP, where the 
doping mechanism is based on a CT process between donor 
and acceptor. This modifies the charge carrier density of the 
CP. 2) An acid–base (A+-B−) process that relies on adding a 
protonic acid, such as sulfuric acid (H2SO4), where the protons 
released by the acid can enter the backbone of the polymer 
without modifying the number of electrons present, but the 
number of positive charges can be increased.[22–26] The second 
category, regarded as secondary doping, relies on the addition 
of a polar solvent (e.g., dimethyl sulfoxide or ethylene glycol 
(EG)) that only affects the morphological conformation (crys-
tallinity) of the CP chains, and therefore the mobility, without 
affecting their oxidation level.[20,21,27]

The most commonly employed method for following 
changes in the oxidation level of PEDOT is ultraviolet-visible-
near infrared (UV–vis–NIR) spectroscopy, as it provides a good 
understanding of the majority of charge carriers (polarons 
or bipolarons) present in the structure.[19,28] However, when 

PEDOT-based hybrid materials are investigated, their UV–vis–
NIR spectra can be complex, and the PEDOT signature can be 
masked by strong absorption from the inorganic component, 
making it necessary to implement different techniques for 
their characterization. X-ray photoelectron spectroscopy (XPS) 
is a suitable alternative as it provides information about the 
doping level via the intensity ratio between PEDOT and the 
stabilizing counter-ion.[14,29] Nevertheless, when determining 
the doping level through XPS, one has to consider the nature 
of the counter-ion used to stabilize PEDOT, since the informa-
tion obtained could indicate only the quantity of the counter-
ion and not the oxidation level of PEDOT.[30] For instance, when 
a polymeric counter-ion (e.g., PSS) is used, a small portion of 
negatively charged sulfonate groups (PSS−) may not interact 
with PEDOT chains, instead interacting with, e.g., impurities 
such as Na+. In this case, all of the PSS− would contribute to 
the respective XPS signal intensity, but not all would contribute 
to the doping effect. On the other hand, when a small counter-
ion (e.g., tosylate (Tos)) is used, only the amount necessary to 
neutralize the doping charge in PEDOT is introduced into the 
system, and a change in their intensity ratio is directly related 
to the oxidation level.[14,31] Additionally, Raman spectroscopy is 
a powerful complementary characterization technique as it pro-
vides information about the structural arrangement of mole-
cular systems and their chemical surroundings.[32] It has been 
shown that the doping level of PEDOT can be approximately 
estimated by following the changes of the Raman mode asso-
ciated with the CαCβ symmetric stretching mode of the five-
membered thiophene ring. This signal is known to redshift as 
the oxidation level decreases.[33–37]

Even though there are many reports in the literature focused 
on analyzing the effects of post-treatment on the TE perfor-
mance of pure PEDOT systems,[20,21,23,26,38–41] there is a lack of 
systematic analysis of the effects of post-treatments on PEDOT-
based hybrid organic/inorganic materials. In this work, we 
investigate the impacts of primary and secondary doping on 
the performance of p-type Te/PEDOT:PSS and n-type Ag2Te/
PEDOT:PSS hybrid TE materials in their thin-film configu-
ration through application of TDAE, H2SO4, and EG post-
treatments. By analyzing the materials with a combination of 
transmission electron microscopy (TEM), X-ray diffraction 
(XRD), Raman spectroscopy, hard X-ray photoelectron spec-
troscopy (HAXPES), and Hall measurements, we determine 
the impact that the post-treatments have on the morphological 
and chemical structure of the PEDOT:PSS constituent, as well 
as details and changes to the composition of the inorganic com-
ponent. This study provides an improved understanding of the 
effects that post-treatments have on hybrid electronic materials, 
which will enable further enhancement of their thin film TE 
performance.

2. Results

2.1. Synthesis and Structural Characterization

To synthesize Te/PEDOT:PSS and Ag2Te/PEDOT:PSS NWs, 
we performed a two-step synthetic procedure, in which hybrid 
Te/PEDOT:PSS NWs are synthesized in the first step and then 
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AgNO3 is added in the second step in order to transform the 
Te/PEDOT:PSS into Ag2Te/PEDOT:PSS NWs. XRD results 
(Figure S1a, Supporting Information) confirm the successful 
synthesis and transformation of hexagonal Te/PEDOT:PSS 
NWs into monoclinic Ag2Te/PEDOT:PSS NWs without any 
residual unreacted Te. However, we observe diffraction signals 
corresponding to elemental hexagonal and cubic Ag. As seen 
from TEM, the Te/PEDOT:PSS hybrid material exhibits an elon-
gated NW morphology and is generally single crystalline with 
a length/diameter aspect ratio of ≈26 (Figure S1b, Supporting 
Information). After the second step of the synthesis, there is an 
evident change in morphology as the NWs pass from a rigid Te 
structure to a curved Ag2Te structure (Figure S1c, Supporting 
Information). A detailed description of the transition from Te 
to Ag2Te as the Ag molar ratio is increased can be found in 
ref. [13]. The TEM images represent the pristine hybrid mate-
rials, which were deposited as films. The p-type Te/PEDOT:PSS 
and n-type Ag2Te/PEDOT:PSS were subsequently exposed to 
different post-treatment processes with TDAE, H2SO4, or EG.

2.2. Thermoelectric Characterization

To evaluate the effect that the post-treatment through both 
primary and secondary doping has on the TE properties of 
the hybrid materials, each pristine sample was first evalu-
ated by measuring two heating/cooling cycles between 20 and 
120  °C. They were then subjected to different post-treatment 

processes and measured again in the same temperature region. 
Figure 1 shows an example of the TE characterization of Ag2Te/
PEDOT:PSS in its pristine state and after post-treatment with 
a few drops of the redox-active molecule TDAE (TDAE(d)). 
The complete TE characterization of all samples with the dif-
ferent post-treatments can be found in Figures S2–S8 in 
the Supporting Information. The details of thermoelectric 
measurement error calculations and accompanying discussion 
can be found in the Supporting Information. From the changes 
observed in σ, S, κ, PF, and zT, the percentage variations rela-
tive to the pristine values were calculated. Figure 2a–c shows 
the σ, S, and κ percentage variations, respectively, for all sam-
ples and all post-treatment methods used. Since the percentage 
variations remain mostly constant throughout the whole tem-
perature range, Figure 2 only reports the percentage variations 
at 20 °C. The complete percentage variations covering the entire 
investigated temperature range can be found on Figure S10 in 
the Supporting Information. From this point onward, we will 
focus only on the three main TE properties (σ, S, and κ) and 
not discuss the PF and zT variations, as they depend on the 
variations obtained from σ, S, and κ.

2.2.1. Electrical Conductivity (σ) Variations

A summary of the percentage variations of the electrical con-
ductivity after the different post-treatments can be found 
in Figure  2a. It can be seen that the H2SO4 post-treatment 

Figure 1.  Thermoelectric characterization of pristine and TDAE(d) post-treated Ag2Te/PEDOT:PSS. a) Electrical conductivity, b) Seebeck coefficient,  
c) thermal conductivity, d) power factor, and e) zT for two heating/cooling cycles between 20 and 120 °C. Filled squares correspond to heating cycles 
and open squares correspond to cooling cycles.
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presents a pronounced σ enhancement for both hybrid systems 
of ≈140% and 120% for Te/PEDOT:PSS and Ag2Te/PEDOT:PSS, 
respectively. In contrast, in the case of EG post-treatment, 
the σ of the Te/PEDOT:PSS sample suffered a 40% decrease, 
while that of the Ag2Te/PEDOT:PSS sample was increased by 
10% after EG post-treatment. The results of the H2SO4 post-
treatment are expected, as it is known that acid–base doping 
can increase the charge carrier concentration. However, the EG 
post-treatment results are not as expected, as it is known that 
for pure PEDOT:PSS, secondary doping with EG can increase σ 
by two orders of magnitude.[39]

When the Ag2Te/PEDOT:PSS sample was treated with 
a few drops of TDAE (TDAE(d)), its σ increased by 35%, and 
surprisingly, when treated with TDAE vapor (TDAE(v)), the σ 
was decreased by 15%. We posit that the discrepancy in σ vari-
ations may be caused by the penetration depth of the dopant 
within the polymer domain of the hybrid material according to 
the different post-treatment methods used. To corroborate that 
the reduction of PEDOT:PSS differs within the TDAE(v) and 
TDAE(d) post-treatment, we post-treated Te/PEDOT:PSS with 
TDAE(v) and TDAE(d). As seen on Figure S4 in the Supporting 
Information, the σ of the TDAE(v) post-treated Te/PEDOT:PSS 
sample decreased from 13.13 ± 1.25 to 0.48 ± 0.04 S cm−1, and 
when it was treated with TDAE(d) (Figure S5, Supporting Infor-
mation) it decreased from 18.5  ±  1.84 to 0.14  ±  0.01  S  cm−1, 
corresponding to a 95% and 99% decrease, respectively. The 
drastic decrease of σ is attributed to the reduction of PEDOT 
by TDAE(v) and TDAE(d) since the electronic transport of the 
Te/PEDOT:PSS hybrid occurs predominantly through the 
PEDOT:PSS component.[42] This is supported vide infra with 
Hall measurements.

In our previous work, we demonstrated that if the 
PEDOT:PSS portion is replaced by polyvinylpyrrolidone (PVP), 
the AgxTe/PVP hybrids have limited conductivities while the Te/
PEDOT:PSS hybrids have similar conductivity values to that of 
neat PEDOT:PSS. This demonstrates that the inorganic com-
ponent of the hybrids only has a small contribution to σ.[13] 
Based on this, we attribute the observed σ variations to changes 
to the oxidation level and morphological conformation of the 
PEDOT:PSS fraction of the hybrids, as will be discussed in 
Section 3.

2.2.2. Seebeck Coefficient (S) Variations

Figure  2b shows the percentage variations of S for all post-
treated samples. Of the post-treatment methods employed, 
Te/PEDOT:PSS samples post-treated with EG, TDAE(v), and 
TDAE(d) resulted in an increased |S| by 15%, 110%, and 175%, 
respectively. Also the Ag2Te/PEDOT:PSS samples post-treated 
with TDAE(v) and TDAE(d) resulted in an increased |S| by 
≈25%. In contrast, the Te/PEDOT:PSS sample post-treated 
with H2SO4 resulted in a 25% decrease in |S|, and the Ag2Te/
PEDOT:PSS samples post-treated with EG and H2SO4 resulted 
in a decreased |S| by 10% and 50%, respectively. An increase in 
the |S| is known to correlate with a decrease in the charge car-
rier concentration, n, and vice versa.

2.2.3. Thermal Conductivity (κ) Variations

Figure 2c shows the variations of κ for all post-treated samples. 
For the Te/PEDOT:PSS samples treated with H2SO4 and EG 
and all of the Ag2Te/PEDOT:PSS samples, the variations of κ 
are within the instrumental error given by the manufacturer 
(10%).[43] However, Yang et  al. demonstrated that the thermal 
conductivity of Te/PEDOT:PSS hybrids is dominated by the 
inorganic portion and that the electrical conductivity is domi-
nated by PEDOT:PSS, making it possible to decouple charge 
and heat transport,[42] which is the reason we do not observe an 
increase of κ after increasing the σ of our hybrids. In the case 
of the Te/PEDOT:PSS samples, the post-treatment with TDAE(v) 
and TDAE(d) resulted in a decrease of κ by 25% and 30%, 
respectively, which can be explained by the drastic decrease 
(96% and 99%, respectively) of σ, which in turn decreases the 
electronic contribution to κ.

2.2.4. Hall Effect Measurements

The variations observed in σ, S, and κ can be explained by 
changes induced in the charge carrier concentration and 
mobility (n and µ, respectively) by the different post-treatment 
methods. It is well known that σ and κ follow a direct relation 

Figure 2.  a) Conductivity, b) Seebeck coefficient, and c) thermal conductivity percentage variations at 20  °C for Te/PEDOT:PSS (black) and 
Ag2Te PEDOT:PSS (gold) samples post-treated with H2SO4, EG, and TDAE.

Adv. Electron. Mater. 2023, 2300076
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to n, while S presents an inverse relation to n.[7] To understand 
the changes of σ, S, and κ after post-treatment, Hall effect 
measurements were conducted on the pristine and post-treated 
samples to follow changes in n and µ; Table 1 summarizes 
the results obtained. Representative raw data from Hall effect 
measurements are presented on Appendix S1 in the Supporting 
Information.

As seen in Figure 3a,b, the post-treatments follow the same 
trend in both Te/PEDOT:PSS and Ag2Te/PEDOT:PSS samples. 
In the case of the H2SO4 post-treatment, both samples present 
an increased n and a decreased µ. For the EG post-treatment, 
the n of both samples is slightly increased, however, the differ-
ence is within the experimental uncertainty. Similarly, the µ of 
both samples is decreased, with a more pronounced decrease 
for the Te/PEDOT:PSS sample.

In the case of TDAE(v) post-treatment, the Te/PEDOT:PSS 
sample shows a substantial decrease of n, while its µ remains 
constant. For the Ag2Te/PEDOT:PSS it appears that there is a 
decrease of n and an increase of µ; however, the observed dif-
ferences are within experimental uncertainty. The effects of 
the TDAE(d) post-treatment are similar to those of the TDAE(v) 
for both samples. The n of Te/PEDOT:PSS sample is greatly 
decreased while the µ is enhanced. For the Ag2Te/PEDOT:PSS 
sample, similarly to the TDAE(v) post-treatment, the variation of n 
is within error. In this case, there is a pronounced increase of µ.

2.3. HAXPES Characterization

2.3.1. Effect of Post-Treatment on Te and Ag2Te NWs

HAXPES allows probing of the chemical, electronic, and mole-
cular structure near the surface of a material. As this technique 
entails irradiating the probe with X-rays to excite photoelec-
trons, special measures were taken to prevent degradation of 
the light-sensitive organic component of the samples during 
this process (see the Experimental Section for more details). 
The HAXPES survey spectra of the pristine and post-treated Te/
PEDOT:PSS and Ag2Te/PEDOT:PSS samples, as well as some 
reference compounds, are presented in Figure S11 in the Sup-
porting Information and are used to investigate the elemental 
composition near the surface of the samples. As expected, the 
spectra of the Te/PEDOT:PSS samples consist mainly of signa-
ture Te-, C-, O-, and S-derived lines. In addition to these core 
levels, the spectra of the Ag2Te/PEDOT:PSS samples show Ag-
related signals. (Detailed spectra of the C 1s, O 1s, N 1s, and Ag 
3d for these sample series are found in Figures S12 and S13, 
Supporting Information).

To evaluate any compositional changes induced by post-treat-
ments of the Te and Ag2Te, the energy region of the (Ag 3p/)
Te 3d core levels of the Te/PEDOT:PSS and Ag2Te/PEDOT:PSS 
hybrids were analyzed in detail and are shown in Figure 4a,b, 

Table 1.  Charge carrier concentrations (n) and mobilities (µ) obtained by Hall measurements for the pristine and post-treated Te/PEDOT:PSS and 
Ag2Te/PEDOT:PSS samples at 20 °C. Thickness values used for the calculation of n correspond to the pristine samples and the sample thickness 
was not observed to be affected by the post-treatments. Negative n values correspond to electrons (e−) and positive values correspond to holes (h+).

Sample Thickness
[nm]

Treatmenta) Pristine Post-treated

n
[x1019 cm−3]

µ
[cm2 V−1 s−1]

n
[x1019 cm−3]

µ
[cm2 V−1 s−1]

Te/PEDOT:PSS 229 ± 62 H2SO4 15.74 ± 4.24 0.78 ± 0.30 188.95 ± 51.65 0.15 ± 0.06

933 ± 136 EG 11.22 ± 1.64 0.40 ± 0.08 12.12 ± 1.77 0.22 ± 0.05

1205 ± 115 TDAE(v) 10.88 ± 1.04 0.51 ± 0.07 0.43 ± 0.04 0.45 ± 0.06

334 ± 70 TDAE(d) 12.75 ± 1.27 0.62 ± 0.09 0.01 ± 0.002 2.18 ± 0.04

Ag2Te/PEDOT:PSS 2332 ± 293 H2SO4 −1.22 ± 0.15 11.20 ± 1.99 −4.14 ± 0.52 7.55 ± 1.34

1607 ± 155 EG −0.87 ± 0.08 16.78 ± 2.30 −1.12 ± 0.11 14.73 ± 2.02

1511 ± 193 TDAE(v) −0.75 ± 0.10 16.67 ± 3.01 −0.59 ± 0.08 20.50 ± 3.71

1292 ± 198 TDAE(d) −1.20 ± 0.18 13.00 ± 2.82 −0.79 ± 0.12 28.25 ± 6.12

a)Sulfuric acid (H2SO4), ethylene glycol (EG), tetrakis(dimethylamino)ethylene vapor (TDAE(v)) and drop (TDAE(d)).

Figure 3.  Charge carrier density (n, black) and mobility (µ, red) percentage variations at 20 °C for a) Te/PEDOT:PSS and b) Ag2Te PEDOT:PSS samples 
post-treated with H2SO4, EG, and TDAE.
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respectively. The binding energy (BE) values determined for 
the Te 3d5/2 core levels are presented in Figure 4c. From here, 
it can be seen that the BE for the pristine Te/PEDOT:PSS 
sample is 572.93 ± 0.05 eV, corresponding to a Te(0)-like chem-
ical environment;[44] the fact that the BE does not change after 
post-treatment indicates that the chemical state is not signifi-
cantly affected. A minor signal can be detected in the spectra 
of all Te/PEDOT:PSS samples at a BE of 576.6  ±  0.1  eV (see 
Figure  4a), which can be attributed to Te oxides.[45] However, 
due to the low intensity of this contribution [i.e., 2%  ±  1% of 
the total Te 3d signal] and the air exposure of samples during 
preparation and post-treatment steps (see the Experimental 
Section for more details), no direct conclusions can be drawn 
regarding the effect of the post-treatments on the formation of 
this (minor) Te chemical species. Additionally, we analyzed a 
reference Te/PVP sample to assess the effect that the nature of 
the polymer has on the organic/inorganic interface. As seen in 
Figure 4c, the BE of the Te 3d5/2 of the Te/PVP sample is found 
at 573.21 ± 0.05 eV. We posit that this 0.3 eV shift toward higher 
BE of the Te/PEDOT:PSS samples is due to the formation of an 
electron-rich interface, supporting the notion of the templating 
effect model proposed by Kumar et al.[10] A detailed discussion 
regarding the templating effect is given below in the discussion 
section.

In the case of the Ag2Te/PEDOT:PSS, all samples have a Te 
3d5/2 BE of 572.64  ±  0.05  eV, as shown in Figure  4c, which is 
consistent with reported values for Ag2Te nanocrystals;[46] the Ag 
3p3/2 line for these samples is found at a BE of 573.44 ± 0.05 eV, 
corresponding to Ag+ present in Ag2Te.[13] Moreover, based on 
the measured Ag 3p/Te 3d spectra, all Ag2Te/PEDOT:PSS sam-
ples showed an HAXPES-derived [Ag]:[Te] composition ratio 

of 2:1, consistent with the nominal stoichiometry of the NWs 
(Figure S14, Supporting Information). Together, these results 
indicate that the post-treatments do not modify the chemical 
composition of the Ag2Te NWs substantially (note: Differences 
in the O 1s, Ag 3d, and C 1s energy regions of the investigated 
Ag2Te/PEDOT:PSS samples were detected. For more details, 
see Figure S13, Supporting Information).

2.3.2. Effect of Post-Treatment on PEDOT:PSS

To confirm compositional changes induced by post-treatments 
on the PEDOT:PSS component of the hybrid materials, the 
S 1s core level was investigated via HAXPES. Figure 5 shows 
the S 1s spectra for pristine and post-treated Te/PEDOT:PSS 
(Figure 5a) and Ag2Te/PEDOT:PSS (Figure 5b) samples, along 
with curve fit results. The chemical structure of PEDOT:PSS 
gives rise to three main S 1s signals, corresponding to the 
sulfonic acid (PSSH) at 2477.70  ±  0.05  eV, the sulfonate 
anion (PSS−) at 2477.55  ±  0.05  eV, and the thiophene ring at 
2471.62 ± 0.05 eV.[47] By evaluating the intensity of these signals, 
i.e., (thiophene)/[(PSSH) +  (PSS−)], it is possible to determine 
the approximate PEDOT-to-PSS ratio near the surface of the 
investigated samples by HAXPES. As seen in Figure 5a, when 
the pristine Te/PEDOT:PSS hybrid is formed, the thiophene 
peak intensity is greater than that of the pure PEDOT:PSS 
signal, indicating that during the synthesis procedure there is 
an intrinsic removal of PSS, changing the PEDOT-to-PSS ratio 
from (0.42 ± 0.05) to (0.67 ± 0.05), as shown in Figure 5c. When 
Te/PEDOT:PSS is post-treated with EG, the PEDOT-to-PSS 
ratio is increased to (0.89 ±  0.05) indicating a greater removal 

Figure 4.  HAXPES spectra of the a) Te 3d and b) Ag 3p3/2/Te 3d energy regions of pristine and variously post-treated Te/PEDOT:PSS and Ag2Te/
PEDOT:PSS samples, respectively. Curve fit results are included in (b). Determined BE values of the c) Te 3d5/2 lines of the investigated samples. 
Spectra are normalized to background intensity, with vertical offsets added for clarity. BE ranges of Te 3d5/2 for reference compounds reported in the 
literature are shown as gray-filled boxes in (a) and (c).[45] In (a), a BE range has been magnified (x10, inset) for all spectra to make the detected (minor) 
secondary Te contribution more apparent.
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of PSS. When it was post-treated with H2SO4, the PEDOT-to-
PSS ratio is (0.74  ±  0.05), signifying that only a small portion 
of PSS is removed by H2SO4. Moreover, for the EG and H2SO4 
post-treated samples, there is an additional (minor) peak at 
2470.00  ±  0.05  eV (SIV). While there is limited literature con-
taining HAXPES S 1s data from reference compounds, due to 
the BE position of this minor peak, we can infer that it most 
likely results from a species in which S has a −2 oxidation 
state.[48,49] The origin of this signal is discussed further vide 
infra.

As seen in Figure 5b, the intensity of the thiophene peak of 
the pristine Ag2Te/PEDOT:PSS sample remains unchanged 
relative to the pristine Te/PEDOT:PSS from the first part of 
the synthesis, having a PEDOT-to-PSS ratio of (0.65  ±  0.05) 
(Figure 5c). The constant ratio indicates that there is no further 
decrease of the PSS content during the second step of the syn-
thesis. Similarly, when the Ag2Te/PEDOT:PSS sample is post-
treated with EG, the PEDOT-to-PSS ratio remains unchanged, 
indicating that there is no further decrease in the PSS con-
tent. When it is post-treated with H2SO4, there is an apparent 
increase of the PSS content, resulting in a PEDOT-to-PSS ratio 
of (0.52  ±  0.05). At first glance, these results suggest that the 
effect of EG and H2SO4 post-treatments are different for the Te/
PEDOT:PSS and Ag2Te/PEDOT:PSS samples. Nevertheless, the 
calculated PEDOT-to-PSS ratios change when considering the 
contributions of signals SIV and SV (BE 2469.1  ±  0.05  eV), as 
will be discussed in the following section.

When the Ag2Te/PEDOT:PSS sample was treated with 
TDAE(v), the PEDOT-to-PSS ratio was slightly reduced to 
(0.60 ±  0.05) and the contribution of the PSSH peak is greatly 
reduced, leaving the majority of the PSS in its PSS− form. More-
over, when it was treated with TDAE(d) the PEDOT-to-PSS ratio 
was further reduced to (0.57 ± 0.05) and the PSS portion only has 
a contribution from the PSS− form, as the signal from the PSSH 

is completely diminished. Additionally, for both TDAE(v) and 
TDAE(d) post-treatment, the thiophene signal is slightly shifted 
toward higher BE (ΔBE ≈0.15 eV), indicating a modification of 
the oxidation level of PEDOT, similar to the results of Bubnova 
et  al. for PEDOT:Tos samples treated with TDAE.[14] Further-
more, all of the Ag2Te/PEDOT:PSS samples show an SIV signal 
at 2470.10 ± 0.05 eV in significantly higher intensity compared to 
the Te/PEDOT:PSS series and, in the case of TDAE post-treated 
Ag2Te/PEDOT:PSS samples, there is an additional contribution 
at BE 2469.1 ± 0.05 eV (i.e., peak SV), indicating the presence of 
additional sulfur contributions with −2 oxidation states.

The origin of signals SIV and SV is not fully understood and 
the following mechanisms can be proposed:[48]

1.	 Some thiophene groups are chemisorbed onto the surface of 
the NWs.

2.	 Thiol groups are formed via thiophene ring-opening or the 
reduction of SO3 and are physisorbed and/or chemisorbed 
onto the surface of the NWs.

According to Okamoto et  al.,[48] the peak at 2470.1  eV may 
arise from the interaction of thiols formed by either the cleavage 
of the thiophene ring or the reduction of SO3 with Ag2Te, and 
the peak at 2469.1  eV may arise from the interaction of the 
thiols with elemental Ag nanoparticles. However, when Ag NPs 
were synthesized without the presence of Te, the S 1s spectrum 
of Ag/PEDOT:PSS (Figure  5b) does not show the additional 
SIV and SV peaks. Additionally, we were not able to observe the 
characteristic Raman signals that would be expected to arise 
from thiols absorbed on Ag surfaces between 650 and 700 cm−1 
(data not shown).[50] Based on this, we propose another plau-
sible origin of the SIV and SV peaks.

In the first step of the synthesis, during the growth of the 
Te NWs, PEDOT:PSS acts as a structure directing agent that 

Figure 5.  HAXPES spectra of the S 1s energy region of pristine and variously post-treated a) Te/PEDOT:PSS and b) Ag2Te/PEDOT:PSS samples, 
including curve fit results. c) Surficial HAXPES-determined PEDOT-to-PSS ratio of the investigated samples, the open symbols correspond to the 
calculated PEDOT-to-PSS ratios considering signals SIV and SV as thiophene contributions.
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promotes the formation of the NWs. According to molecular 
dynamics (MD) simulations and density functional theory 
(DFT) calculations done by Kumar et  al.,[10] due to the higher 
interaction energy of PEDOT over PSS with the NWs surface, 
PEDOT chains tend to self-align in a planar configuration at the 
NW surface promoting the formation of an electron-rich inter-
face, and causing an electron density transfer from π orbitals to 
σ orbitals in the PEDOT. We posit that during the electron rear-
rangement, the S atom of the thiophene ring becomes more 
readily available to interact with the surface of the NWs, causing 
the appearance of the additional SIV contribution, which corre-
sponds to the thiophene ring with modified electronic density 
rather than the cleavage of the ring and formation of thiols. In 
other words, the SIV species relates to the polymer directly at 
the nanowire interface.

During the formation of Ag2Te during the second step of 
the synthesis, the templating effect is maintained, which is 
why we also observe the presence of the SIV signal in these 
samples. We theorize that the reason for the increased inten-
sity of the SIV signal for all the Ag2Te/PEDOT:PSS samples is 
that the absorption energy of PEDOT on the Ag2Te surface is 
greater than the absorption energy on Te. A similar phenom-
enon was reported for PEDOT on Cu1.75Te versus Te.[10] This 
theory is supported by the appearance of a minor shoulder 
detected for all post-treated Ag2Te/PEDOT:PSS samples on the 
Ag 3d5/2 spectra at BE ≈368  eV (see Figure S13c, Supporting 
Information), which suggests the formation of new AgS and/
or AgO bonds. Furthermore, we stipulate that the SV signal 
observed for only the TDAE(v) and TDAE(d) post-treated samples 
correspond to the thiophene moieties interacting with residual 
TDAE, as no other samples show this additional contribution. 
The presence of residual TDAE on the post-treated samples is 
confirmed by the N 1s spectra (Figure S13b, Supporting Infor-
mation), where the peak at 401.33  ±  0.05  eV corresponds to  
TDAE2+.[51]

By taking into consideration signals SIV and SV to calculate 
the PEDOT-to-PSS ratios, we get modified values for the H2SO4 
and EG post-treated Te/PEDOT:PSS samples, however, the new 
values are within error of the previous ratios. In contrast, for 
all of the Ag2Te/PEDOT:PSS samples, the PEDOT-to-PSS ratios 
are increased substantially with inclusion of the SIV and SV spe-
cies. In the case of the pristine sample, the ratio increases to 

(0.95 ± 0.08) indicating that during the second step of the syn-
thesis there is a greater removal of excess PSS. For the TDAE(v) 
and TDAE(d) samples, the values decrease, relative to the pris-
tine sample, to (0.89  ±  0.08) and (0.86  ±  0.08), respectively. 
These values are suggestive of an increased phase segregation 
between PEDOT and PSS. For the EG post-treated sample the 
ratio remains the same as in the pristine sample, indicating 
no further removal of excess PSS. For the H2SO4 post-treated 
sample, the ratio decreased to (0.78 ± 0.08) indicating a phase 
segregation between PEDOT and PSS, similar to that found for 
the Te/PEDOT:PSS sample. The recalculated PEDOT-to-PSS 
ratios that include contributions from the SIV and SV species 
are represented in Figure 5c as open symbols.

The observed changes near the surface PEDOT-to-PSS ratios 
are reflected as structural rearrangements of the PEDOT chains 
induced either by the removal of excess PSS or by phase seg-
regation, causing a change in the degree of crystallinity of the 
PEDOT chains. To further assess morphological conformation 
changes of PEDOT:PSS caused by the post-treatment methods 
and their effect on the TE performance of the hybrids, we per-
formed Raman spectroscopy.

2.4. Raman Characterization

Raman spectroscopy is a sensitive characterization technique 
that can provide information about changes in the structural 
arrangement of molecular systems and their chemical surround-
ings. Our results indicate that variations of the TE properties of 
p-type Te/PEDOT:PSS and n-type Ag2Te/PEDOT:PSS after post-
treatment arise from compositional and conformational changes 
of the PEDOT:PSS component, as no apparent changes were 
observed in the low-frequency region where the signals corre-
sponding to Te and Ag2Te appear, as shown in Figure S15 in 
the Supporting Information. To follow conformational changes 
in PEDOT:PSS induced by the different post-treatments, 
we first measured a pure PEDOT:PSS sample as reference. 
As shown in Figure 6a, the most intense band is located at 
1430  cm−1 and is assigned to the CαCβ symmetric stretch 
of the thiophene ring, and the two bands located at 1536 and  
1570  cm−1 correspond to the CαCβ asymmetric stretch. The 
band at 1371  cm−1 corresponds to the CβCβ stretch, and 

Figure 6.  a) Raman spectra of pure PEDOT:PSS. b) Deconvolution of the main CαCβ symmetric stretch of pure PEDOT:PSS. The inset on (a) cor-
responds to the schematic representation of the chemical structure of PEDOT.
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the band at 1260  cm−1 is attributed to the CαCα´ interring 
stretching.[33,52]

The oxidation level of PEDOT can be estimated by the 
position of the CαCβ symmetric stretch. When PEDOT is 
in its neutral state, the CαCβ symmetric stretch appears 
at ≈1415  cm−1, and as it gets oxidized, this band blueshifts to 
1445 cm−1.[36,53] In the same manner, the intramolecular delocal-
ization of π electrons along the path defined by the conjugated 
CC bonds along the polymer backbone, defined as the effec-
tive conjugation length (ECL), is affected by conformational 
distortions and/or intermolecular interactions.[54–56] Generally, 
as the ECL of polythiophenes increases, the collective sym-
metric vibration of the CC/CC skeleton is downshifted.[57,58] 
Similarly, a shift toward higher wavenumbers is an indication 
of the aromatization of PEDOT, suggesting a bipolaronic struc-
ture. Based on the HAXPES results in Figure 5a,b, we can infer 
that changes in the position of the CαCβ symmetric stretch 
of all samples, with exception of the TDAE post-treatments, 
are mainly due to modifications of the ECL through conforma-
tional distortions and/or intermolecular interactions and are 
not related to changes in the oxidation level of PEDOT as no 
shifts of the BE associated with the thiophene ring signal were 
observed.

The main symmetric CαCβ stretching band is com-
posed of different contributions of the collective vibrations 
of PEDOT chains with different ECLs. Generally, vibrational 
modes related to short ECLs tend to appear at ≈1450 cm−1 and 
as the ECL is increased, the vibrations downshift.[45,46,74] The 
mixture of different ECLs that gives rise to the main sym-
metric CαCβ peak can be correlated to the charge carrier 
mobility (µ) of the hybrids. It has been reported for similar 
polythiophene systems that the ECL and position of the sym-
metric CαCβ peak is related to the chemical structure of the 
thiophene backbone.[55,59] As the neutral thiophene is oxidized 
into a radical cation (polaron), the thiophene oligomer tends 
to shift from a benzoidal to a quinodal conformation. As it 
is further oxidized, the formation of a dication (polaron pair) 
is promoted, resulting in a full quinoidization of the thienyl 
backbone due to the strong electrostatic repulsion between the 
positive charges confined in a relatively small molecule.[58–60] 
By deconvoluting the main symmetric CαCβ stretching 
band of the pristine and post-treated Te/PEDOT:PSS and 
Ag2Te/PEDOT:PSS samples, it is possible to estimate if the 
stretching band is composed of one or more ECLs, with the 
number of deconvoluted peaks corresponding to the number 
of ECLs in the polymer domain. At the same time, the full 
width at half maximum (FWHM) of the deconvoluted peaks 
gives an indication of the crystallinity of the domains, and the 
relative intensities reflect the contribution of each ECL to the 
whole.

Figure  6b shows an example of the deconvolution of the 
symmetric CαCβ peak of pure PEDOT:PSS. From here it 
can be seen that the main vibrational mode can be deconvo-
luted into five different contributions centered at 1394, 1411, 
1429, 1441, and 1457  cm−1. From this, it is evident that the 
pure PEDOT:PSS film consists of a mixture of different ECLs, 
having a considerable contribution of short ECLs located at 
higher wavenumbers.[61,62] In the same manner, the multiple 

contributions of the deconvoluted CαCβ asymmetric stretch, 
CβCβ stretch, and CαCα´ interring stretching correspond to 
the same vibrational modes of different sections of the PEDOT 
chain, e.g., central and terminal thiophene rings, with different 
ECLs.[63] Figures showing the deconvoluted Raman spectra 
of all Te/PEDOT:PSS and Ag2Te/PEDOT:PSS samples can be 
found in Figures S16–S25 in the Supporting Information and 
results from the deconvolution of the main symmetric CαCβ 
peak are summarized in Table 2, and addressed further in the 
discussion section.

3. Discussion

3.1. Pristine Hybrid Materials

Based on the surface PEDOT-to-PSS ratio derived from the 
HAXPES measurements, we see that during the synthesis 
of the pristine Te/PEDOT:PSS, there is an intrinsic removal 
of excess PSS relative to pure PEDOT:PSS. Additionally, we 
observed a shift of 0.3 eV of the BE of the Te 3d5/2 line when 
PEDOT:PSS was replaced by PVP (Figure  4c). We posit that 
the observed difference in BE is a direct measurement of the 
templating effect proposed by Kumar et  al.,[10] where an elec-
tron-rich interface is created between the Te NW surface and 
PEDOT chains, facilitating the planar alignment of the first few 
layers of PEDOT moieties over the inorganic surface. When the 
PEDOT:PSS fraction of the hybrid gets replaced by PVP, the so-
called pillow effect is suppressed,[64,65] preventing the formation 
of the electron-rich interface and shifting the BE of the Te 3d5/2 
of the Te/PVP hybrid to higher values. This result provides 
experimental evidence of the structural reordering (templating 
effect) of PEDOT chains that leads to their reorganization at 
the NW surface. This effect was previously proposed through 
MD and DFT calculations and highlighted the importance of 
the electron-rich interface and its role in high TE performance 
of Te/PEDOT:PSS hybrids.[10] It is noteworthy to point out that 
none of the post-treatments disrupted the templating effect as 
there is no shift of the BE of the Te 3d5/2 of the Te/PEDOT:PSS 
samples.

Additionally, there was no apparent change in the PEDOT-
to-PSS ratio during the second step of the synthesis, indicating 
that there is no further reduction of PSS content upon forma-
tion of Ag2Te/PEDOT:PSS hybrids. Nevertheless, when sig-
nals SIV and SV were used to calculate the ratio, there seems 
to be a great removal of excess PSS. Furthermore, relative to 
Te/PEDOT:PSS, Ag2Te/PEDOT:PSS showed a reduction in the 
number of contributions related to the vibrational mode of the 
symmetric CαCβ peak of the Raman spectrum. This indi-
cates that during the formation of Ag2Te/PEDOT:PSS there is 
a favorable morphological modification of the PEDOT chains 
that reduces the mixture of different ECLs. We speculate that 
the reduction of the diverse ECLs is related to the higher 
absorption energy of PEDOT over the Ag2Te NWs surface rela-
tive to Te NWs, causing the modification of the electron density 
of the thiophene rings. However, further DFT calculations that 
are beyond the scope of this study are needed to support this 
interpretation.
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Table 2.  Fitting parameters of the deconvoluted contributions of the symmetric CαCβ Raman signal of PEDOT:PSS, Te/PEDOT:PSS, and Ag2Te/
PEDOT:PSS samples. Different contributions correspond to different ECLs.

PEDOT:PSS Centera) [cm−1] 1394.07 1411.73 1429.98 1441.68 1457.43

fwhm [cm−1] 22.19 35.73 31.51 21.96 29.78

I [a.u.] 0.12 0.34 0.69 0.18 0.17

rel. I [%] 7.99 22.54 46.01 11.87 11.59

Te/PEDOT:PSS
Pristine

Center [cm−1] 1399.66 1418.58 1427.23 1440.42

fwhm [cm−1] 33.22 16.76 18.27 21.41

I [a.u.] 0.17 0.36 0.69 0.12

rel. I [%] 12.42 27.05 51.56 8.97

Te/PEDOT:PSS + H2SO4 Center [cm−1] 1397.03 1424.18 1425.01 1443.21 1455.89

fwhm [cm−1] 24.25 17.14 13.69 15.59 18.24

I [a.u.] 0.05 0.79 0.16 0.04 0.10

rel. I [%] 4.71 69.15 14.36 3.14 8.63

Te/PEDOT:PSS + EG Center [cm−1] 1393.02 1425.84 1431.39 1454.52

fwhm [cm−1] 28.92 17.14 29.13 17.33

I [a.u.] 0.03 0.45 0.59 0.09

rel. I [%] 2.20 38.94 51.29 7.57

Te/PEDOT:PSS + TDAE(v) Center [cm−1] 1396.95 1424.19 1445.92

fwhm [cm−1] 32.18 24.79 33.13

I [a.u.] 0.06 0.95 0.07

rel. I [%] 5.87 87.29 6.84

Te/PEDOT:PSS + TDAE(d) Center [cm−1] 1397.59 1425.16 1453.53

fwhm [cm−1] 11.27 22.61 10.62

I [a.u.] 0.01 1 0.02

rel. I [%] 1.01 97.04 1.95

Ag2Te/PEDOT:PSS
Pristine

Center [cm−1] 1395.40 1425.43 1456.93

fwhm [cm−1] 21.24 26.47 18.98

I [a.u.] 0.07 0.97 0.05

rel. I [%)] 6.14 89.01 4.84

Ag2Te/PEDOT:PSS + H2SO4 Center [cm−1] 1400.74 1426.32 1430.53 1455.24

fwhm [cm−1] 35.64 22.46 8.18 17.79

I [a.u.] 0.15 0.89 0.07 0.04

rel. I [%] 13.06 77.03 6.35 3.56

Ag2Te/PEDOT:PSS + EG Center [cm−1] 1386.47 1402.53 1426.29 1454.45

fwhm [cm−1] 21.06 29.70 29.12 16.21

I [a.u.] 0.11 0.20 0.83 0.04

rel. I [%] 9.33 17.08 69.91 3.68

Ag2Te/PEDOT:PSS + TDAE(v) Center [cm−1] 1396.90 1427.26 1456.59

fwhm [cm−1] 16.43 24.20 22.77

I [a.u.] 0.05 0.98 0.03

rel. I [%] 4.46 92.62 2.92

Ag2Te/PEDOT:PSS + TDAE(d) Center [cm−1] 1426.72

fwhm [cm−1] 21.22

I [a.u.] 1.01

rel. I [%] 100

a)Keys: center, peak center; fwhm, full width at half maximum; I, intensity; a.u., arbitrary units; rel. I, relative intensity.
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3.2. H2SO4 Post-Treatment

It has been reported that H2SO4 can effectively induce the 
phase segregation between PEDOT and PSS.[66] It is known 
that concentrated H2SO4 undergoes autoprotolysis, where two 
H2SO4 molecules yield two ions: H3SO4

+ and HSO4
−. These 

ions stabilize the segregated phases of the positively charged 
PEDOT and negatively charged PSS−, resulting in a more crys-
talline conformation of the obtained PEDOT-rich domains.[24] 
Additionally, some of the protons generated after the dissocia-
tion of H2SO4 can be introduced into the thiophene backbone, 
thereby increasing the h+ concentration.[67] When comparing n 
and µ with the σ and S variations of the Te/PEDOT:PSS sample 
post-treated with H2SO4, it is evident that the increased n is 
responsible for the increase in σ and the decrease in S. How-
ever, the explanation of the reduced µ is somewhat compli-
cated, and the combination of HAXPES and Raman results is 
needed to understand it. From HAXPES measurements, it is 
possible to assume phase segregation and elimination of some 
excess PSS from the system, which would be ideally reflected 
as an improved crystallinity of the PEDOT-rich domains. Nev-
ertheless, results from Raman measurements indicate that as 
the n increases due to the inclusion of protons into the thio-
phene backbone, the mixture of ECLs also increases, resulting 
in greater contributions in the short ECL region and therefore 
deteriorating the π-stacking of PEDOT chains and reducing µ. 
Nonetheless, the adverse effects of the reduction of µ on σ get 
nullified by the more significant increase of n.

For the Ag2Te/PEDOT:PSS sample, there is also an increase 
of n with H2SO4 post-treatment, which is contrary to the 
expected results if the number of h+ is increased. In this case, 
we hypothesize that the H2SO4 post treatment causes the dis-
solution of AgO impurities present on the NWs (see Figure 
S26, Supporting Information) forming Ag+. This additional 
Ag+ can then enter the Ag2Te lattice,[68] increasing the overall 
concentration of interstitial Ag atoms, resulting in an increased 
concentration of e− (n).[13] In this case, the decreased PEDOT-to-
PSS ratio also suggests a phase segregation between PEDOT 
and PSS. Similarly to the Te/PEDOT:PSS sample, the reduction  
of µ can be explained by the increased mixture of ECLs with 
contributions in the short ECL region, relative to the pristine 
sample, as found via Raman spectroscopy.

3.3. EG Post-Treatment

When Te/PEDOT:PSS and Ag2Te/PEDOT:PSS are post-treated 
with EG, the PEDOT-to-PSS ratio is increased, indicating 
a removal of excess PSS. For Te/PEDOT:PSS, n remains 
unchanged and µ is decreased having a detrimental effect on 
σ. For the Ag2Te/PEDOT:PSS, n is slightly increased and µ 
is reduced, but in this case, the electronic transport through 
the inorganic component has a more significant contribu-
tion to the overall σ, which is why the reduction of µ does 
not have a detrimental effect on the σ.[13] The decrease in µ 
is surprising, since the phase segregation that is expected to 
accompany this post-treatment method normally results in an 
increase in µ for PEDOT-based materials.[21] We hypothesize 
that the observed decrease of µ in our case is directly linked to 

polymer morphology in the hybrid material. It has been found 
that PEDOT chains at the hybrid interface assemble with their 
π-structure against the inorganic material (i.e., the polymers 
lie flat). When the hybrid materials are post-treated with EG, 
there is a structural rearrangement of the polymer where the 
alignment of the polymer chains in the bulk-like PEDOT:PSS 
(thickness ≈6 nm, Figure S27, Supporting Information) that is 
not associated with the polymer layer at the hybrid interface is 
disrupted. Additionally, the assortment of ECLs for both sam-
ples and their increased FWHM indicate that the crystallinity 
of the lamellar domains is deteriorated,[69] contributing to the 
reduction of the µ of the samples.

3.4. TDAE(v) Post-Treatment

For the TDAE(v) post-treatment, there are some fundamental 
differences between the effects on p-type Te/PEDOT:PSS and 
n-type Ag2Te/PEDOT:PSS; nevertheless, we observe some 
trends that apply for both samples. In both cases, as the CT 
process takes place, the PEDOT:PSS portion of the hybrid gets 
reduced which is reflected as a decrease of the overall number 
of h+ present in PEDOT. For the p-type Te/PEDOT:PSS sample, 
this is reflected as a drop of σ and an increase of S. For the 
n-type Ag2Te/PEDOT:PSS, the behavior is different. It appears 
to be a decrease of n, however, the observed differences are 
within error, making it difficult to draw any definitive conclu-
sions regarding the effects on the σ. Nonetheless, the observed 
increase in |S| may be due to the reduction of h+ from PEDOT. 
As some of the h+ are removed from PEDOT after TDAE post-
treatment, the total charge carrier density (nt = e− + h+) obtained 
from Hall measurements is slightly decreased. This has a 
positive effect on the S obtained, as its value is inversely pro-
portional to nt, nπ( /3 )2/3. In both cases, µ is slightly increased 
suggesting that the TDAE(v) post-treatment promotes the 
formation of lamellar domains, increasing the overall σ. Fur-
thermore, the PEDOT-to-PSS ratio gets reduced, suggesting a 
phase segregation between PEDOT and PSS, and in both cases 
the contribution of different ECLs gets reduced and it appears 
to become homogenized toward one single ECL, as observed 
in the increased relative intensity of the main ECL shown in 
Table 2, having a positive effect on µ.

3.5. TDAE(d) Post-Treatment

The effects of the TDAE(d) post-treatment are similar to those 
of the TDAE(v) for both samples. The n of Te/PEDOT:PSS 
sample is decreased by 99%, dropping its σ value close to those 
reported for Te/PVP.[13] Additionally, its S was significantly 
increased to values close to those reported for pure Te with 
similar n values.[70] For the Ag2Te/PEDOT:PSS sample, similar 
to the TDAE(v) post-treatment, there is a slight reduction of n, 
and the increase of S can also be explained by the reduction of 
h+ of PEDOT. In this case, the increase in σ can be explained 
by the pronounced increase of µ of ≈120%. Additionally, the 
PEDOT-to-PSS ratio gets reduced. We posit that the apparent 
increase of the PSS content for the TDAE treated samples is 
due to phase segregation between PEDOT and PSS. As TDAE 
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reduces a part of PEDOT during the CT process, the excess por-
tion of PSS gets segregated, and the oxidized TDAE2+ balances 
the charge of the sulfonate groups. In this case, the segregated 
PSS portion does not get washed away, decreasing the PEDOT-
to-PSS ratio. The presence of TDAE on the post-treated sam-
ples is confirmed by the N 1s spectra (Figure S12b, Supporting 
Information), where the peak at 401.33 ± 0.05 eV corresponds 
to TDAE2+.[51] In the case of Te/PEDOT:PSS, the mixture of dif-
ferent ECLs is minimal and, for Ag2Te/PEDOT:PSS, the ECL is 
completely homogenized as the Raman spectrum was decon-
voluted to only one contribution. It is noteworthy to point out 
that the Ag2Te/PEDOT:PSS post-treated with TDAE(d) presents 
the highest µ, strongly suggesting that the amount of different 
contributions in the Raman spectrum related to different ECLs 
plays an important role in the µ of the hybrids.
Figure 7 shows a schematic summary of the effects caused 

by the post-treatments on the PEDOT:PSS component of the 
hybrid materials, as unraveled by the combination of HAXPES 
and Raman analysis. It is noted that the structures depicted 
in this scheme are exaggerated and only express tendencies 
observed from experimental data.

4. Conclusion

In summary, we investigated the effects of primary doping 
through acid–base (A+-B−) and CT processes using H2SO4, and 
TDAE, respectively, as well as the effects of secondary doping by 
EG, on the TE performance of p-type Te/PEDOT:PSS and n-type 
Ag2Te/PEDOT:PSS hybrids. Our results suggest that there are 
some primary differences between the EG post-treatment of 
pure PEDOT:PSS and AgxTe/PEDOT:PSS hybrid systems.

When the hybrid systems are post-treated with EG, which 
is one of the benchmark secondary dopants for increasing 
the σ of PEDOT:PSS, the morphological conformations of the 
PEDOT chains is disrupted, as opposed to the pure PEDOT:PSS 
systems where the morphological conformation of the chains 
is improved. This corrupts its lamellar domains by increasing 
the FWHM of ECLs affecting µ and deteriorating σ, thereby 
diminishing their overall TE performance. Post-treatment with 
H2SO4 greatly increases n through the insertion of protons into 
the PEDOT backbone; however, the tradeoff between enhancing 
σ and reducing S by boosting n results in a minimal improve-
ment of the TE performance. TDAE(d) post-treatment proved 
to be more efficient than TDAE(v) post-treatment. The main 
differences rely on the effective diffusion of TDAE(d) into the 
samples, reducing the vast majority of the PEDOT component, 
eliminating the e−-h+ interactions (for n-type systems), resulting 
in an increased |S|, and boosting the overall TE performance. 
Furthermore, we demonstrate how by analyzing the symmetric 
CαCβ Raman signal of PEDOT:PSS, it is possible to estimate 
the number of different ECLs present in the system as well as 
their crystallinity, which plays an important role in the µ. Addi-
tionally, we provide evidence that strongly supports the direct 
experimental observation of the templating effect causing the 
planar alignment of the first few layers of PEDOT moieties over 
the Te and Ag2Te NW surfaces.

Our work provides valuable insights into the mechanism 
of structural and electronic changes in hybrid organic–inor-
ganic materials when different post-treatment procedures are 
applied, and highlights that in the case of EG post-treatment, 
the impact on pure polymer systems does not reflect the out-
come for AgxTe/PEDOT:PSS hybrid systems. While this study 
focuses on PEDOT-based hybrid materials for thin film TEs, 

Figure 7.  Schematic representation of the elicited effect of H2SO4, EG, and TDAE post-treatments on the PEDOT:PSS component of Te/PEDOT:PSS 
and Ag2Te/PEDOT:PSS hybrid materials. The PEDOT component is drawn in a way that it facilitates the visualization of different ECLs, and it does not 
represent PEDOT chains of different lengths.
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these strategies are pertinent to other applications in the hybrid 
electronic materials community.

5. Experimental Section
Materials: All reagents were used as received unless otherwise 

noted. L-ascorbic acid (C6H8O6), sodium tellurite (Na2TeO3), silver 
nitrate (AgNO3), EG, sulfuric acid, PVP, and TDAE were procured from 
Sigma-Aldrich. PEDOT:PSS (branded as PH1000) was purchased from 
Ossila. All deionized (DI) water used for synthesis and purification was 
ultrapure (>18 MΩ cm).

Synthesis of Te/PEDOT:PSS Hybrid (1): Te/PEDOT:PSS was synthesized 
according to literature procedures.[71] Briefly, ascorbic acid (1.908  g) 
was added into a 250 mL round bottom flask followed by the addition 
of DI H2O (80 mL). The mixture was stirred at room temperature until 
the ascorbic acid was dissolved, at which point PEDOT:PSS (2  mL) 
previously filtered with a 0.45 µm nylon syringe filter was added to the 
solution. Once a homogeneous blue solution was obtained, Na2TeO3 
(0.1334  g) was added, and then the temperature was raised to 90  °C. 
When the reaction temperature reached 90  °C, the reaction vessel 
was plugged with a septum and allowed to react overnight (≈16  h). 
The solution was removed from heat and allowed to cool to room 
temperature before the second step of the synthesis.

Synthesis of Ag2Te/PEDOT:PSS (2): For the chemical transformation of 
Te/PEDOT:PSS (1) to Ag2Te/PEDOT:PSS hybrid material, the necessary 
amount of AgNO3 to reach a molar ratio of Ag:Te of [2:1] was added 
at once to the room temperature (≈23  °C) reaction (1) and allowed to 
react for 30 min with stirring. The resulting solution was centrifuged at 
6000  rpm for 10  min, after which the supernatant was discarded. The 
residual solid was redispersed in DI H2O with shaking and sonication, 
and subsequently centrifuged for a second time at 6000  rpm for 
10  min. The second supernatant was discarded, and the residual solid 
material was redispersed in DI H2O before processing into films for 
characterization.

Synthesis of Te/PVP: The Te/PVP reference material was synthesized 
according to the literature,[72] in a similar method to that of the Te/
PEDOT:PSS parent material, by replacing the PEDOT:PSS by PVP at a 
concentration of 20 g L−1.

Synthesis of Ag/PEDOT:PSS: For the synthesis of Ag/PEDOT:PSS, 
ascorbic acid (1.908  g) was added into a 250  mL round bottom flask 
followed by the addition of DI H2O (80  mL). The mixture was stirred 
at room temperature until the ascorbic acid was dissolved, at which 
point PEDOT:PSS (2  mL), previously filtered with a 0.45  µm nylon 
syringe filter, was added to the solution. Once a homogeneous solution 
was formed, AgNO3 (0.245 g) were added and allowed to react at room 
temperature (≈23 °C) for 30 min. The resulting solution was centrifuged 
at 6000 rpm for 10 min, after which the supernatant was discarded. The 
residual solid was redispersed in DI H2O with shaking and sonication, 
and subsequently centrifuged for a second time at 6000 rpm for 10 min. 
The second supernatant was discarded and the residual solid material 
was redispersed in DI H2O.

Thin Film Fabrication: To make films for XRD characterization, 
concentrated solution of Te/PEDOT:PSS or Ag2Te/PEDOT:PSS were 
drop casted onto 20 × 20  mm2 clean glass and was heated at 120  °C 
until completely dried. For Raman characterization, concentrated 
solutions were spin coated onto 20 × 20 mm2 clean glass at 1k rpm for 
60  s followed by annealing at 120  °C for 2  min. This spin coating and 
annealing process was repeated twice.

To make films for the thermoelectric characterization, concentrated 
solutions were spin coated onto Linseis Thin Film Analyzer (TFA) chips 
at 1k rpm for 60 s followed by annealing at 120 °C for 2 min. This spin 
coating and annealing process was repeated four times to ensure 
homogeneous and sufficiently thick films for characterization.

For HAXPES characterization, concentrated solutions were spin 
coated onto 10 × 10 mm clean indium tin oxide-coated glass substrates 
at 1k rpm for 60 s followed by annealing at 120 °C for 2 min. This spin 
coating and annealing process was repeated twice.

Thin films for all characterization techniques were processed under 
ambient conditions.

Thin Film Post-Treatment: For the post-treatment with TDAE vapor 
(TDAE(v)), ≈50  µL of TDAE were deposited on the bottom of a petri 
dish, the samples were taped to the top lid, and then the petri dish was 
closed and left under nitrogen atmosphere for 15  min to ensure the 
evaporation of TDAE. For the post-treatment with TDAE drop (TDAE(d)), 
enough TDAE droplets were added into the samples to ensure a full 
coverage of the surface and were left to react for two minutes under 
nitrogen atmosphere. For the post-treatment with EG, samples were 
fully submerged into EG for 30 min. For the post-treatment with H2SO4, 
samples were fully submerged into H2SO4 (14.7 m) solution for 10 min. 
After all of the post-treatment methods, the samples were washed in a 
water bath to remove the excess of TDAE, EG or H2SO4 present on the 
films, then they were annealed at 120 °C for 2 min. Thin films fabricated 
for different characterization techniques were subjected to the same 
post-treatment procedures.

Structural and Morphological Characterization: XRD measurements 
were carried out in the X-Ray Core-Lab at Helmholtz-Zentrum Berlin 
(HZB) on a Bruker D8 X-ray powder diffractometer (XRD) in Bragg-
Brentano geometry, equipped with a LynxEye detector, and using Cu 
Kα1+2 radiation. All data have been analyzed with DiffracEVA software 
using the The International Centre for Diffraction Data PDF4+ database.

Raman spectroscopy measurements were performed on a Micro-
Raman system LabRam microscope (100x objective) from Dilor 
with an excitation wavelength of 632.8  nm from a He-Ne laser. The 
deconvolution of the Raman spectra was done using Origin 2019 
software with a Lorentzian line shape without applying any constrains 
to the peak center and linewidth, i.e., FWHM. The peak center was left 
without a position constraint since its position shifts depending on the 
ECL. In a similar manner, no constraint for the FWHM was used since 
its value changes as the crystallinity of the lamellar domains is modified, 
where small FWHM corresponds to higher crystallinity of the lamellar 
domains, and vice versa.[69]

TEM was carried out at the Bundesanstalt für Materialforschung 
und -prüfung (BAM) in the structure analysis division on a Thermo 
Scientific Talos Arctica 200 kV field emission gun TEM. All TEM samples 
were prepared by drop casting dilute dispersions of the hybrid material 
from DI H2O onto 200  mesh copper TEM grids coated with ultrathin 
carbon and lacey carbon support films (PLANO, GmbH). All TEM image 
analysis was carried out using ImageJ software.[73]

Thickness measurements were performed using a Dektak XT stylus 
profilometer on the step edge of both sides of the prepared thin films. 
A statistical distribution fit was performed on the measured location 
along the thin-films deposited on the TFA chips, the obtained median 
was used as the thickness value and the corresponding median absolute 
deviation was propagated through the error analysis as detailed for the 
thermoelectric characterization.

HAXPES: HAXPES measurements were conducted at the HiKE 
endstation located at the Berliner Elektronenspeicherring-Gesellschaft 
für Synchrotronstrahlung II KMC-1 beamline at HZB.[74,75] To prevent 
beam-damage degradation of the organic component of the investigated 
samples, the HAXPES experimental campaign was conducted during a 
single bunch mode week, during which BESSY II operates with a ring 
current of 13  mA (compared to a ring current of 300  mA for standard 
multibunch beam). The HAXPES measurements were performed in 
an ultrahigh vacuum chamber (<1  ×  10−8  mbar) using a Scienta R4000 
electron analyzer and 3 keV excitation. This experimental setup allowed for 
measurements of the Ag 3p/Te 3d, O 1s, N 1s, Ag 3d, and C 1s core levels 
with photoelectron inelastic mean free path values (IMFP, which describes 
the exponential attenuation of photoelectrons travelling through matter) 
of ≈6  nm through the organic components (i.e., PEDOT:PSS) of the 
materials, as calculated by the Tanuma, Powell, Penn 2 Method (TPP-2M)  
formula using the Quases-Tourgaard code.[76,77] In this case, IMFP 
represents the material thickness required to attenuate the photoelectron 
signal to a factor of 1/e ≈0.36. Thus, 95% of the signal is attenuated when 
the photoelectrons come from a depth equal to 3 x IMFP [also known as 
measurement information depth (ID)]. For the measurements of the S 1s 
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core level, due to its higher BE, S 1s photoelectrons exhibit substantially 
lower kinetic energy and, therefore, a reduced IMFP (i.e., ≈2 nm, resulting 
in an ID of ≈6  nm). Nevertheless, based on TEM derived thickness of 
the PEDOT:PSS coating layers (see Figure S27, Supporting Information), 
the IDs of the performed HAXPES measurements are sufficient to probe 
the chemical properties of the organic layers, the organic/inorganic 
interface, and even the buried inorganic nanowires. The energy scale of 
the HAXPES measurements was calibrated using Au 4f reference spectra 
of a clean Au foil, setting the BE of the Au 4f7/2 line to 84.00 eV. Curve 
fit analysis of the measured detail HAXPES spectra were simultaneously 
conducted with the Fityk software.[78] Voigt profile functions and linear 
backgrounds were mostly used for these fits. [The only exception to this 
criterion was made for the thiophene contribution of the S 1s spectra (i.e., 
thiophene peak), which exhibits an asymmetric line shape resulting from 
positive charge delocalization in the PEDOT polymer;[47,79] in this case, 
a Doniach-Sunjic function was used]. Spin–orbit doublets were fit using 
two Voigt functions with intensity ratios set to obey the 2j + 1 multiplicity 
rule. HAXPES-derived [Ag]:[Te] composition ratio quantifications were 
carried out by correcting the peak intensities of the Ag 3p3/2 and Te 3d5/2 
HAXPES core levels to account for differences in photoionization cross-
section.[80] Due to the energetic proximity of these lines, the impact of 
differences in IMFP[76,77] and the transmission function of the electron 
analyzer[81] on the intensity of the core levels is negligible.

Thermoelectric Characterization: The measurements of electrical 
conductivity (σ), Seebeck coefficient (S), thermal conductivity (κ), 
Hall carrier density (n), and Hall carrier mobility (µ) were performed 
on a Linseis TFA. The test TFA chips used for the measurements 
combine a setup of two suspended Si3N4 membranes, based on 
the 3ω-Völklein geometry for the in-plane thermal conductivity 
measurements and a 4-contact Van der Pauw measurement setup 
for the determination of the electrical transport properties. The 
magnetic field used for the Hall measurements was 0.50  T, and the 
measurements were performed at 20  °C. The Seebeck coefficient is 
measured using a partly passivated resistance thermometer, located 
on top of the large Si3N4 membrane. A detailed description of the 
measurement techniques employed can be found in references.[82,83] 
All samples were subjected to two heating–cooling cycles between 
20 and 120  °C. All properties were measured every 10  °C, and the 
heating/cooling rate was of 10 °C min−1.

All shown uncertainties for σ, S, κ, n, and µ take into consideration 
the error percentage for the current, voltage, temperature, and magnetic 
field given by the manufacturer. Additionally, the errors for σ, κ, n, 
and µ include the thickness error added by means of Gaussian error 
propagation.
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