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ABSTRACT

In recent years, most of the work on p-type organic thermoelectrics focus on improving the
thermoelectric properties of PEDOT:PSS through a sequential doping-dedoping process.
However, the air-stability of thermoelectric parameters of these systems, which is essential for
the realization of reliable devices remains largely unexplored. In this study, Poly
(ethyleneimine)-ethoxylate (PEIE) acts as a work function modification agent and encapsulation
layer to improve the thermoelectric performance and air-stability of nitric acid (HNO;) doped
PEDOT:PSS films. The evaporation of HNO; is responsible for a simultaneous decrease in
electrical conductivity and an increase in the Seebeck coefficient leading to the degradation of
the power factor. PEIE reduces the evaporation of HNO; from PEDOT:PSS, and increases the
power factor from 72 to 168 pW m''K-2. After a week of exposure to air, the films show a power
factor of 124 uW m''K-2, retaining 74% of its initial thermoelectric merits. These results
underscore the importance of PEIE as a material for enhancing thermoelectric performance and

air-stability in the development of polymer-based thermoelectrics.
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INTRODUCTION

Organic semiconductors (OSCs) for thermoelectric applications have recently gained significant
interest in the materials research community.'> Unlike their inorganic counterparts, OSCs
possess intrinsic low thermal conductivity and flexibility; they can be processed in solution,
making them suitable for ink-jet, roll-to-roll, and 3D printing, and show good response even at
room temperature.® Furthermore, their structure can be designed in a modular way allowing
versatility to tune their electronic, mechanical, and rheological properties. This makes them
attractive for applications in wearable self-powered devices that are capable of utilizing body
heat as an energy source.”® Thus, a steady and quick rise in the performance of OSCs has been
observed during the past decade. This performance is mainly characterized through the
dimensionless figure of merit Z7= T ¢ S %/x, where o is the electrical conductivity, S is the
Seebeck coefficient, k is the thermal conductivity, and 7 is temperature. Due to their inherent
low k, most of the work in OSCs is driven by maximization the power factor (PF= ¢ S? ),
typically achieved by doping.’

Amongst organic thermoelectric materials (OTEs), Poly(3,4-ethylene
dioxythiophene):Poly(styrenesulfonate) is one of the best and most versatile p-type
semiconductors due to its ease of processing (being water-dispersible) and tunable performance
through doping.*!? Several works carried out to date on PEDOT:PSS focus on finding an optimal
ratio between ¢ and S to maximize the PF through sequential doping — de-doping process.!'!-14
This is done by casting a film of PEDOT:PSS followed by exposure to an oxidizing agent,
typically a strong acid, leading to enhancement of ¢ (up to 5400 S cm™') due to the removal of

the non-conductive PSS and increased crystallinity.!?!3-18 Common dopants include ethylene
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glycol, DMSO, methanol, and different acids such as formic acid, and sulfuric acid
(H,S0,).'>1920 In a second step, PEDOT is treated with an electron-donating group such as
NaOH, hydrazine, or TDAE to de-dope it and thus increase the Seebeck coefficient.'21:>2 Upon
optimization of the ratio of the oxidizing and reducing agents, Z7s as high as 0.42 have been
achieved.'® Nonetheless, the degradation and stability of p-type doped organic semiconductors
have received limited attention.!®23-27

Although p-type organic semiconductors are generally regarded as air-stable, there are a few
degradation pathways such as water absorption and diffusion of molecules with small sizes or
low boiling point, which leads to the creation of trap states or morphological changes in the
microstructure of the OSC.?83% Formic acid (FA) is a common dopant for PEDOT:PSS, which
makes a clear example of such a mechanism. Its low boiling point leads to evaporation of the FA
and thus losses in electrical conductivity. Nitric acid (HNO3) and H,SO,, are some of the dopants
capable of achieving metallic conductivities i.e. as high as 4000 S cm.!> However, the low
boiling point of HNO; (80 °C) poses a threat to the stability and lifetime of thermoelectric
devices as, similarly to formic acid, it might evaporate from the PEDOT film, leading to changes
in electronic properties.!® Previous works have shown that Poly (ethyleneimine) ethoxylated
(PEIE) can be used to coat N-type thermoelectric films based on carbon nanotubes, producing a
doping effect and enhanced stability, thanks to its impermeability to oxygen.’! Other reports
have shown that a very thin layer of this polymer can lower the work function of PEDOT
transport layers in solar cells.3>33 Additionally, it has been shown that it can lead to enhanced
mobility in N-type organic field-effect transistors by lowering the work function of the metallic

contacts, this has been shown to occur thanks to the molecular dipole moments of the
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ethyleneamine and ethoxy groups.’* Despite the insulating nature of PEIE, previous studies show
that charge injection can occur through tunneling and thermionic emission which makes it an
interesting material to be studied as a layer for contact engineering and stability enhancement in
thermoelectric materials.

In this work, we developed a coating based on PEIE for both work function modification and
in-air-stability enhancement of organic thermoelectrics. HNO; doped PEDOT:PSS films were
used as a model to develop and optimize our PEIE layer. The power factor is improved from 72
uW m-'K-2 in films only doped with HNO; to 168 uW m'K-? upon coating with PEIE. After
exposing the samples for one week to air, the power factor of the PEIE coated films lost only
26%. Furthermore, we showed that the PEIE coating is also compatible with H,SO, hence

making PEIE a potential universal method to improve the stability of OTEs.

EXPERIMENTAL

Materials: PEDOT:PSS (PH1000) was obtained from Heraeus, Nitric acid 70%, N, N-
dimethylformamide 99.8%, and Polyethyleneimine, 80% ethoxylated (aqueous solution 37 wt.%)
were obtained in from Sigma-Aldrich.

Film preparation

Soda-lime glass substrates (500 um thick) were cut into 2x2 cm squares and cleaned through
sonication in DI water, acetone, and isopropanol; finally they were treated with UV-O3 for 15
min. PH1000 was filtered using a nylon filter with a pore size of 200 nm and then spin-coated on
top of the soda-lime glass substrates at 2000 RPM for 60 s and annealed at 140 °C for 10 min.

The resulting films were then treated with HNO; (250 uL) dropped on top of them and letting
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rest for 15 min. The films were then dried using a N gun. Afterward, PEIE solutions in
DMF:H20 4:1 with concentrations ranging from 0.2 to 1.2 wt.%, prepared one day in advance,
were spin-coated on top of the HNOj; treated PH1000 films at 5000 RPM for 60 s, the resulting
films were annealed at 80 C for 2min.

Characterization

A home-made set-up consisted of two Peltier devices, 2 temperature sensors (sensirion SHTC1),
and two Keithley SMUs (2420 source-meter and 2182 Nanovoltmeter), was used to measure
thermo-voltage and thus calculate Seebeck coefficient. We used a constantan sample as reference
calibration for our system and obtained S=-39 +2 uV K-! to validating the reliability of our set-
up. Conductivity was determined through the 4 point probe method. The evolution of the
thermoelectric properties was recorded for one week keeping samples both in air and inside a N,
filled glovebox.

UV-Vis-NIR spectra were recorded using Cary 5000 spectrophotometer from Agilent
spectroscopy, Raman spectroscopy was done using NTEGRA spectra by NT-MDT. Morphologic
characterization and film thickness were measured using atomic force microscopy (SolverNext
by NT-MDT). Charge carrier concentration was determined using Hall Effect measurement
system (Lake Shore 8400 series). PESA (Photoelectron Spectroscopy in Air, Riken Keiki model
AC-2) was used to determine the work function. Grazing Incidence X-ray Diffraction (GIXRD)

was performed using a Bruker D8 Advance with Davinci design.

RESULTS AND DISCUSSION

PEDOT:PSS films were spin-coated on glass using CLEVIOS™ PH1000 from Heraeus and
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sequentially doped with HNO; to obtain ¢ up to 4000 S cm!' The high conductivity is attributed

in the first place, to the removal of the insulating PSS- which is confirmed by the removal of two

characteristic peaks from the UV absorption spectra (Figure S1) and Raman spectra by the

removal of the peak at 1600 cm™!. In the second place, the removal of PSS enhances the packing

of PEDOT, as seen in GIXRD (Figure S2). In a second step, a layer of PEIE was spin-coated on

top of these films, the thickness of this layer was adjusted by varying the concentration of PEIE

in the coating solution as shown in Figure 1a.
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Figure 1. a) Change of thermoelectric properties of HNO; doped PEDOT:PSS and b) charge
carrier density (n) upon coating PEIE from solutions with different concentrations. c) Absorption
spectroscopy d) Raman spectroscopy.
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The maximum power factor (168.74 uW m'K-?) is obtained when a solution with 0.8 wt. % is
used to coat the HNO; doped PEDOT:PSS. S and 6 are 32 pV k! and 1595 S cm! respectively.
Measuring thermal conductivity (k) is rather challenging for OSC thin films. This material shows
anisotropic k, leading to different in-plane (x [|) and out-of-plane (kxLl). However, previous
studies on systems based on doped PEDOT:PSS report approximate k of 0.25 W m-K-1.35-37
Applying this value, we approximate a ZT of 0.2 for our system. By increasing the PEIE wt. % a
thicker layer is formed, and the electron-donating character of the ammine groups contribute to
reducing PEDOT:PSS and thus enhance S while decreasing o. Hall effect characterization
(Figure 1b) shows a high charge carrier density (n) for HNO3; doped PEDOT which decreases
upon addition of higher amounts of PEIE, suggesting a dedoping process.

Further insight into the effect of PEIE is provided by absorption and Raman spectroscopy
(Figures 1c, d). Absorption spectra show a clear correlation between the increasing amount of
PEIE and the decrease in the absorbance of the bipolaron band (broad feature in the NIR region)
For Raman spectroscopy, it is possible to correlate the degree of oxidation to the thiophene ring
symmetric stretching at 1444 cm!. Higher oxidation shifts the peak to higher wavenumbers and
reduction has the opposite effect. For this reason, HNO; doped PEDOT show a narrow peak
shifted towards 1450 cm™! (oxidation). Spin coating PEIE on top leads to further narrowing of the
peak and shifting towards 1430 cm!'(Reduction). Another important evolution of peaks takes
place in the region between 1500 and 1600 cm™!. The fully oxidized PEDOT shows a weak peak
at 1517 cm! and an intense peak at 1570 cm-!. Upon application of the PEIE layer, the relative
intensities of these peaks are reversed i.e. the peak at 1717 cm™! becomes more intense and the

one at 1570 becomes weaker and shifts to 1555 cm!. This region is associated with the
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symmetric and antisymmetric stretching of the thiophene ring, suggesting interconversion

between quinoid and aromatic structures of PEDOT.® Finally, the peak at 1315 cm™ is very

oNOYTULT D WN =

intense in the sample with no PEIE and gradually decreased upon the addition of PEIE. This
10 peak is not characteristic of PEDOT and is instead attributed to the presence of HNO;.3° The
observed changes are compliant with previous reports of doped and de-doped PEDOT:PSS and
15 can help in tracking and confirming the doping/de-doping of PEDOT by HNOj; and PEIE.!? This
17 can be further confirmed by absorption spectroscopy (Figure S3), which is normalized using the
isosbestic point of PEDOT. Increasing the concentration of PEIE leads to the reduction of the
22 bipolaron band above 1250 nm and increases the polaron band (1550 nm). In the more reduced
24 samples, it is possible to observe already the m—m ™ transition close to 600 nm.?!
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We used Photo-Electron Spectroscopy in Air (PESA) to determine the work function (Figure
51 S4) and atomic force microscopy (AFM) to track the morphological changes in the films. The

53 results from PESA show that the work function increases upon increasing the PEIE
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concentration, reaching the maximum at 1.0 wt. %, nevertheless the sample with 0.8 wt. %
shows better performance. Previous reports show that, despite the insulating nature of PEIE, it
can be used as an interfacial layer to facilitate charge carrier extraction by tunneling.*® The
observed changes in the work function of PEDOT can be attributed to the dipole moment of the
ethoxy groups contained in PEIE. Previous reports suggest these groups as the main contributor
for the change of work function in other OSCs.*! We hypothesize that the formation of a
continuous layer of PEIE, with the optimal thickness for carrier extraction, takes place when we
use the solution with PEIE 0.8 wt. %, and therefore a higher conductivity is observed for this
sample. This is supported by AFM characterization (Figure 2). For films spin-coated from
solutions with content lower than 0.8 wt.% PEIE, the morphological changes are minimal (i.e.
compared to the sample with no PEIE). In contrast, for 0.8 wt.% PEIE (Figure 2¢ and g ) the
roughness is decreased from 1.36 to 1.08 RMS and the thickness is increased from 25-34 nm to
30-36 nm providing evidence for the formation of a continuous layer of PEIE. Using a solution
with a slightly higher PEIE content (1.0 wt. %) has an even more dramatic decrease in film
roughness (0.586 RMS) and increment of the thickness (37-45 nm) suggesting that the PEIE

layer is too thick to allow efficient charge carrier extraction.

10
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Figure 3. Stability of the thermoelectric properties. a) Thermal degradation of electrical
conductivity (6¢) in PHI000 + HNO; b) Variation of ¢ ¢) Seebeck coefficient and d) Power
Factor upon exposure to air of PEDOT samples with different treatments

After optimizing the thickness of the PEIE layer, we tested in-air-stability of the PEDOT
sample doped only with HNOj; to serve as control, and compare it to that of the sample coated
with 0.8 wt. % PEIE. Two more samples where HNOj; is replaced by H,SO4 or DMSO were
prepared and coated with the same solution of PEIE to test the compatibility of this method with
other dopants. As mentioned before, one of the main concerns of doping with HNO; is its low
boiling point, as it can evaporate and lead to losses in conductivity. This effect is shown by
annealing an HNO; doped PEDOT sample at different temperatures (Figure 3a). The
conductivity remains relatively stable until around 90 °C, afterward, the conductivity starts

dropping quickly due to the evaporation of nitric acid. A similar effect occurs when the sample is

11
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aged either in air (Figures 3 b — d), or inside a N, filled glovebox (Figures S5). On day 1 after
doping, the conductivity decreases from 3800 S/cm to 2400 S/cm. Consequently, S slightly
increases due to the lower oxidation degree of PEDOT upon HNOj; evaporation, reaching a
maximum on day 3 (20 uV k') and maximum PF of 97.62 uW m'K-2. On day 4, S starts
decreasing along with the power factor, leading to an overall decrease in the performance.

In contrast, a significant improvement of the stability in air is observed after coating PEIE on
top of the doped PEDOT films. In the case of the treatment with HNO; + PEIE, we observe an
opposite trend in the electrical conductivity i.e. increasing conductivity as the sample ages and
stabilization on day 5 at 2700 S/cm. In terms of S, the value drops from 32.52 pV k! on day 0 to
about 21.3 puV k! (Figure 3c¢), which is consistent with an inverse relationship between ¢ and S.
Despite the drop in S, the performance is higher in comparison with the samples treated only
with HNOjs. This is easily observed by comparing the PF of both samples, i.e. 122 uW m K- as
observed after seven days, which is two times higher than that of the sample treated only with
nitric acid (60.22 uW m'K-? after 7 days). In the case of H,SOy, the behavior remains relatively
constant throughout the study, possibly due to the higher boiling point of this acid, and further
improvements in the PF might be achieved by additional optimization. Finally, in the case of
DMSO doped PEDOT we observed a drop in power factor of about 50% from day O to day 1,
suggesting that the PEIE coating might be more suitable for acid doping, where the doping
occurs by protonation and displacement of the PSS- anion, NO;™ in our case, which helps in the
stabilization of cations in the backbone of PEDOT.*>#4 On the other hand, DMSO dopes and
stabilizes charges in PEDOT owing to its strong dipole moment, which screens charges from

PSS-, similar to dimethyl formamide (DMF), ethyleneglycol (EG), or Poly(Ethylene Glycol)

12

ACS Paragon Plus Environment

Page 12 of 26



Page 13 of 26

oNOYTULT D WN =

ACS Applied Energy Materials

(PEG).*8 This suggests that PEIE coating might be less effective with such solvents.

Previous reports show that poly (ethyleneimine) (PEI), the non-ethoxylated version of PEIE,
can form a protective barrier for n-type thermoelectric carbon nanotubes that prevents oxygen
permeation and diffusion into the material.3! Similarly, we think that the layer of PEIE on top of
treated PEDOT:PSS films, prevents the full evaporation of HNOj;. This, however, does not fully
explain the strange trend observed in conductivity (i.e. increasing a few days after PEIE
application). Our theory is that the thermal annealing carried out during coating with PEIE
promotes HNOj; diffusion out of PEDOT. The layer of PEIE prevents the escape of the acid and
in the subsequent days, it migrates back to PEDOT oxidizing it again, thus increasing its
conductivity. This is consistent with the data collected from Raman spectroscopy. Finally, to
discard the possibility of oxygen being the culprit for the changes we observed, we kept a set of
samples inside a N, filled glovebox with a pressure of 4 atm. The observed trend was similar to
that of the samples kept in air (Figure S4).

To understand the degradation of HNO; doped PEDOT, we used Raman spectroscopy
(Figure 4a). As mentioned before, the peak at 1315 cm'! is associated with the presence of nitric
acid in the films. On day 0O this peak shows a high intensity in comparison to its neighboring
peaks which quickly drops on day 1 confirming the evaporation of HNO;. Simultaneously, we
observe a shift in the main peak from 1450 to 1430 cm’!, as well as variations in the relative
intensity of the peaks between 1500 and 1600 cm™!, which are associated with the symmetric and
antisymmetric stretching of the thiophene ring. This is congruent with a transition from the fully
oxidized and highly conductive state of PEDOT (bipolaron), to a reduced and less conductive

state (polaron).’® On the other hand, the sample coated with PEIE (Figure 4b) starts in a

13
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relatively reduced state on day 0 and quickly transitions to a more oxidized state in the following
days, as the peak at 1512 cm!' decreases with respect to the peak at 1565 cm-!'. This change

correlates well with the changes observed in ¢ for this sample (figure 3b).
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Figure 4. Comparison of the time stability of HNO; doped PEDOT:PSS samples with (green)
and without (Red) PEIE. a) Raman spectra for PEDOT:PSS + HNO; and b) PEDOT:PSS +
HNO; + PEIE layer. ¢) GIXRD for PEDOT:PSS + HNO; and d) GIXRD for PEDOT:PSS +
HNO; + PEIE. e) d-spacing and f) relative intensity comparisons from GIXRD.

To verify if there were any structural changes in these films with time, we performed Grazing
Incident X-Ray Diffraction (GIXRD). It is possible to observe variations for both intensity and
interplanar distance of the lamellar stacking, particularly in the (100) plane for PEDOT. The
sample treated only with HNO; shows an increment in D-spacing from 12.6 to 12.9 A (Figure

4c), calculated using the central 20 value from the full width at half maximum (FWHM). This

change is less drastic for the samples coated with PEIE (Figure 4d) (between 12.8 and 12.9 A).
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It seems contradictory that the evaporation of HNO; would lead to increased lamellar spacing,
but we suggest that the presence of the NO5™ anion reduces the lamellar spacing by stabilization
of the positive charges in the backbone of PEDOT. After NOj5-, evaporates these positive charges
experience repulsive forces that lead to the observed increment in lamellar spacing. Similar
effects have been observed for the m—m stacking in poly (3-hexylthiophene) (P3HT) doped with
F,TCNQ and molybdenum tris[1-(methoxycarbonyl)-2-(trifluoromethyl)-ethane-1,2-dithiolene]
(Mo(tfd-CO,Me);3).# Changes in intensity are associated with preferential growth or stacking
along a particular direction. In this case, the higher intensity for the (100) plane represents a
preferential orientation along the [100] direction. For PEDOT without PEIE, the increment in
intensity is about 40 % compared to day O, whereas in the case of PEIE coated PEDOT the
increment is only about 15 %. A possible explanation to this is that the evaporation of HNO;
allows further stacking of PEDOT along this direction leading to the observed decrement of the
Seebeck coefficient, whereas in the case of the PEIE coated samples, the presence of HNO;
limits such structural change. This is supported by previous reports that introduced a formalism
to describe the contributions to the Seebeck coefficient, which is a sum of a mechanism-
dependent transport entropy and vibrational entropy.’®>? Hence the higher crystalline ordering
would decrease the vibrational entropy of our system, and then reduce the Seebeck coefficient
with it. Although more extensive research on the dependency of S on crystallinity is needed, we
think that the lower ordering in the PEIE coated films might be the origin for a higher vibrational

entropy and thus explain the higher S observed in the sample with 0.8 wt. % PEIE.

15
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CONCLUSION

In this work, we explored the role of PEIE as an additional layer for acid doped PEDOT:PSS for
the simultaneous improvement of thermoelectric properties and in-air-stability of OTEs. The
ethoxy groups contained in PEIE enhance charge carrier extraction by modifying the work
function of PEDOT, while the amino groups increase the Seebeck coefficient. Furthermore, this
polymer provides mild encapsulation that prevents dopant evaporation, and thus escape of nitric
acid leading to enhanced stability. This underlines the importance of work function modification
layers as a method to improve the thermoelectric properties of semiconducting polymers. By
optimizing the thickness of the PEIE layer we achieved a stable power factor of 124 uW m-'K-2
which is twice that of the HNO; doped films without PEIE. We believe that these findings are
not only important for p-type thermoelectrics but are also relevant in the field of n-type organic
semiconductors and the efforts in doping them, as PEIE can prevent oxygen permeation to the

OSCs which is known to be a major issue for their stability in air.
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