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ABSTRACT

Spatial control of thermoelectric (TE) material properties through functional grading is a promising strategy in improving cooling
performance. Notably, studies on organic-based functionally graded materials for thermoelectrics have been limited compared to their
inorganic-based counterparts. In this Letter, we demonstrate how the inherent processability of semiconducting polymers coupled with
molecular doping provides a facile approach in fabricating continuously graded (CG) thin films beneficial for thermoelectric (Peltier) cooling.
We achieve CG thin films with 1D profiles in conductivity (r) and Seebeck coefficient (a) through spatial compositional control of the
molecular p-dopant 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane in semiconducting poly[2,5-bis(3-tetradecylthiophen-2-yl) thieno
[3,2-b]thiophene]. Using the experimentally derived r and a spatial profiles, linear constitutive relations coupled with conservation of charge
and energy are used to model the cooling performance of the CG thin films. In comparison to their equivalent uniform conditions, the CG
thin films yield higher cooling temperature (DTc¼TH " Tc) and higher coefficient of performance. The enhanced performance arises from
efficient redistribution of the Joule heating and Peltier cooling effects. Moreover, the model calculations reveal that the magnitude of the r
profile and the slope of the a profile are specific attributes leading to the enhanced cooling in CG thin films. Overall, this study highlights a
simple yet powerful strategy to improve the cooling performance of thermoelectric materials through functionally graded doped semicon-
ducting polymers.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0055634

Thermoelectric (TE) systems have been a promising technology
that interconverts heat and electrical energy.1–6 TEs can be used for
both energy harvesting by capturing waste heat as in thermoelectric
generators and thermal energy management by controlling local tem-
perature as in Peltier coolers. The efficiency of TE devices is character-
ized by its figure of merit, ZT, defined as ZT¼ a2rT/j, where r is the
electronic conductivity, a is the Seebeck coefficient, j is the thermal
conductivity, and T is the temperature in Kelvin.1 Over the years,
researchers have been focusing on enhancing the material’s ZT to
improve the performance of thermoelectric devices. Along with the
effort on material optimization, the use of functionally graded materi-
als (FGMs) offers alternative ways to further improve the device per-
formance, especially in the case of Peltier coolers. FGMs are
engineered materials whose properties are varied spatially either in a
continuous or step-by-step (segmented) fashion throughout the vol-
ume of the material.7–9 To date, implementing FGMs in Peltier cooling
applications has been exclusively investigated with inorganic TE mate-
rials such as Bi2Te3 and PbTe.9–14 In principle, functionally grading

motifs with spatial variation in the thermoelectric properties enable
more efficient redistribution of the Joule heating and Peltier cooling
effects. This redistribution of heat leads to larger cooling temperature
gradients and coefficient of performance (C.O.P.) compared to ther-
moelectric materials with uniform properties.8,15–18 Importantly,
modeling and simulations of inorganic FGMs as TE devices have been
critical to elaborate optimal gradients in TE properties and establish
the theoretical limits of cooling performance.17,19–25 However, imple-
menting the principles of functional grading using inorganic materials
could be prohibitive as the fabrication and processing of conventional
inorganic TE materials would require high temperature and pressure
to achieve appropriate graded/segmented configurations.8,10–12,26,27

In contrast to inorganic-based materials, semiconducting-
conjugated polymers with their inherent processability open the path-
way for easier experimental methods of achieving FGMs. Together
with solution and thermal processability, principles of molecular dop-
ing of semiconducting polymers control the carrier concentrations
modulating thermoelectric properties.28–31 In recent years, due to their
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promising performance near room temperature, cooling ability of
polymeric materials has been demonstrated to reveal the Peltier effect
in organic thin film devices.32–34 Particularly, in the case of thiophene-
based semiconducting polymers, the addition of a molecular p-dopant
such as a small organic acceptor (e.g., F4TCNQ, 2,3,5,6-tetrafluoro-
7,7,8,8-tetracyanoquinodimethane) leads to electron transfer between
the host polymer and dopant molecule, which modulates the carrier
concentration, and therefore tuning the thermoelectric properties.35,36

In our prior work, we showcased the first report on organic FGM for
thermoelectrics by first casting a thin film of poly[2,5-bis(3-tetrade-
cylthiophen-2-yl) thieno [3,2-b]thiophene] (PBTTT) and then infil-
trating with F4TCNQ via the vapor doping method.37 By using a
home-built vapor doping apparatus, we were achievable a macroscopic
double segmented FGMs, where each segment was tuned to have dif-
ferent doping level. Our work showcased the facile fabrication and
characterization of functionally graded polymer thin films for TE
materials, which opened pathways for further development on more
complex FGMs.

In this Letter, we report on continuously graded (CG) thin films
relevant to improved thermoelectric (Peltier) cooling. Spatial composi-
tional control of the molecular p-dopant F4TCNQ in semiconducting
PBTTT yields 1D profiles in r and a. Moreover, first principle calcula-
tions based on linear Onsager theory and conservation of charge and
energy are used to model the cooling performance of using the experi-
mentally derived r and a spatial profiles to demonstrate the utility of
the CG thin films.

CG thin films of PBTTT:F4TCNQ, i.e., samples that have an in-
plane, 1D lateral compositional gradient in molecular doping, were
fabricated through sequential vapor doping (Fig. 1). In the vapor dop-
ing process, a neat PBTTT thin film is spin coated prior to the addition
of F4TCNQ. As reported previously, this process largely preserves the
molecular and long-range order of the polymer thin film, resulting in
higher r compared to films made through the solution-mixing doping

process.35,38–40 Importantly, sequential vapor doping allows for a rela-
tively simple approach in achieving doping gradients along the in-
plane, lateral direction of the thin film. Figure 1(b) shows a schematic
of our home-built apparatus for controlled vapor doping of polymer
thin films in an argon atmosphere glovebox. We use a cover mask
where the side facing the PBTTT thin film has a ca. 0.10# wedge grad-
ing angle that leaves a narrow gap between PBTTT thin film surface
and the mask. This gap controls the mass flux of F4TCNQ to the thin
film and, thus, controls the doping level gradient as a function of dop-
ing time.

To first demonstrate the feasibility of this approach in achieving
CG thin films, a neat PBTTT thin film (ca. 30nm) was vapor doped
by F4TCNQ with the cover mask using a doping time of 4min (see
the supplementary material, Fig. S1 and Table S1, for the correlation
of doping time and doping level in PBTTT:F4TCNQ films).37 Spatial
distribution of r for the resulting PBTTT:F4TCNQ thin film was mea-
sured through arrays of interdigitated electrodes (IDEs) across the
dopant graded thin film in order to determine the presence of a con-
tinuous gradient in r [Fig. 1(c)]. There are in total 20 IDEs, and each
IDE measures a 100 $ 300lm2 region and is laterally spaced apart by
200lm, thus measuring spatially across a total distance of 4mm. This
spatial distribution reveals the presence of a gradual gradient in r,
where r increases across the graded region from the neat side to the
doped side of the film.

To verify the gradient in r arises from the compositional gradient
of the dopant, grazing incidence wide angle X-ray scattering
(GIWAXS) experiments were performed on a representative CG thin
film. GIWAXS images of PBTTT:F4TCNQ neat to doped graded films
are also shown in Fig. S2. The overall scattering patterns are qualita-
tively similar to neat PBTTT, which indicates that vapor infiltration
with F4TCNQ largely preserves the semicrystalline morphology of
PBTTT and is consistent with previous reports.35,37,41 By taking line-
cuts along the out-of-plane and in-plane directions (Fig. S3), we can
observe quantitative changes through the characteristic side chain
stacking (d100) and p–p stacking (dp"p) distances measured from neat
side of the film to the doped side. Starting from the neat side,
d100¼ 2.05 nm maintains this value within the first 2mm. Then, we
observe a gradual increase in d100 to 2.27 nm over a total of 4mm dis-
tance until stabilizing at the doped side of the film [Fig. S4(a)]. As
shown in Fig. S4(b), the spatial distribution dp"p shows similar trend
but inversely correlated. These changes to d100 and dp"p arise from the
dopant F4TCNQ anions residing within regions of the side chain
domain where an expansion of d100 and compression dp"p are
observed. Therefore, both spatial profiles of d100 and dp"p indicate a
gradient in dopant distribution of ca. 4mm, which correlate well with
the gradient profile distance as observed in IDE conductivity
measurements.

To explore different gradient profiles, we fabricated three CG
thin films with varying magnitudes in gradient of both r and a across
a 4mm distance. These different gradients were achieved by varying
the vapor doing time in our fabrication process described above. The
graded profiles of the three thin films are shown in Fig. 2 and are
assigned CG1, CG2, and CG3. Both r and a were spatially measured
at four spots along the desired in-plane, lateral gradient direction (Fig.
S5). The measured values of r and a across CG thin films are summa-
rized in Tables S2 and S3. As seen in Fig. 2, a follows a linear profile,
whereas the conductivity follows an exponential trend (note the

FIG. 1. (a) Chemical structures of the semiconducting polymer (PBTTT) and the
molecular p-dopant (F4TCNQ). (b) Schematic drawing of setup used to vapor dope
PBTTT with F4TCNQ to achieve continuously graded (CG) thin films. The bottom
schematic highlights the small wedge grading angle (ca. 0.10#) of the cover mask,
which controls the mass flux of F4TCNQ to the thin film, which allows for an in-
plane, 1D lateral compositional gradient in doping. (c) 1D conductivity profile as a
function of distance along the doping gradient for a representative CG thin film.
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log-scale of the conductivity axis). The spatial distribution in a(x) was
fit to a linear equation [a xð Þ ¼ kx þm], and the spatial distribution
in r(x) was fit to an exponential equation [r xð Þ ¼ aexpðbxÞ], where
k, m, a, and b have the unit of lV/mmK, lV/K, S/cm, and mm"1,
respectively. The fit values for these equations are provided in Table I
and supplementary material. The slope of the a(x) profile increases
from CG1 to CG3. As shown in the supplementary material, a(x)
slopes are 10.1, 16.8, and 30.1lV/mmK for CG1, CG2, and CG3,
respectively. Moreover, the decay in r(x) profile increases from CG1
to CG3. The spatial averages of the conductivity (ravg) and Seebeck
coefficient (aavg) for CG thin film were calculated by integrating the
gradient profile expressions across the total lateral distance (L) of
4mm [Eqs. (S1) and (S2)]. The values for ravg and aavg are provided in
Table I. Here, these spatial average values were used to define an
equivalent uniform (EU) condition for each corresponding experi-
mentally derived CG thin film.

To better understand the utility of the experimentally derived CG
profiles compared to their EU values, we modeled the cooling perfor-
mance through first principle calculations based on linear Onsager
theory and conservation of charge and energy.42 Following the work
of Seifert, M€uller, and co-workers17,22 the generalized constitutive
equations for isotropic conditions are as follows:

j ¼ rE " rarT; (1)

q ¼ aTj" jrT; (2)

where, j is the current density, E is the electrical field, q is the heat
flux, T is the temperature, r is the electronic conductivity, a is the
Seebeck coefficient, and j is the thermal conductivity. Additionally,
at steady-state conditions, conservation of charge and energy is as
follows:

r ( j ¼ 0; (3)

r ( q ¼ j ( E: (4)

Based on the experimentally derived CG profiles, the constitutive
equations can be reasonably simplified to model the case of 1D trans-
port along the x-direction as shown in Eq. (5). More detailed deriva-
tion of this equation and explanation on contribution of the different
heat fluxes in a Peltier cooler can be found in the supplementary mate-
rial and Fig. S6

"j
@2T xð Þ
@x2

¼ j2

r xð Þ
" j

da xð Þ
dx

T xð Þ: (5)

The term on the left-hand side of the equation ("j @2T xð Þ
@x2 ) refers to

thermal conduction, the first term on the right-hand side ( j2

r xð Þ) refers

to Joule heating, and the second term on the right-hand side
("j da xð Þ

dx T xð Þ) refers to Peltier cooling. Importantly, the derivation of

FIG. 2. Experimentally measured Seebeck coefficient (a, blue square) and conduc-
tivity (r, black square) values along the 1D gradient distance, x, for three CG thin
films exhibiting different extent of grading: (a) CG1, (b) CG2, and (c) CG3 thin films.
The dashed lines represent fits to a and r data from x¼ 0 to x¼ 4 mm. a(x) fol-
lows a linear profile, while r(x) follows an exponential profile (note log-scale on the
plot). Fit values are summarized in Table I. In this profile, hot side (TH) is set at
x¼ 4, and the cold side (Tc) is set at x¼ 0.

TABLE I. Thermoelectric transport properties and model calculated cooling temperature (DTc) of continuously graded (CG) PBTTT:F4TCNQ thin films.

CG thin film r(x)a (S/cm) a(x)a (lV/K) ravg (S/cm) aavg (lV/K) DTc (K) j¼ 3 mA/mm2 DTc (K) C.O.P.¼ 0.8

CG1 31:5 expð"0:86xÞ 10:1x þ 34:1 3.58 54.4 0.75 10.5
CG2 64:2exp "1:29xð Þ 16:8x þ 27:6 1.92 61.2 1.64 9.78
CG3 72:9 expð"1:87xÞ 30:1x þ 19:2 0.308 79.4 12.8 3.51

ax is in mm.
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Eq. (5) assumes j is constant across the length of the CG film where
the composition of dopant varies. While such an assumption is valid
for the range in doping levels used in this study based on the reported
values of j for PBTTT:F4TCNQ thin films,43 it is important to note

that other materials with higher doping levels and r will need to
account for the doping level dependence in j.

Integration of Eq. (5) was performed to calculate the 1D tempera-
ture profile T(x) at specific values of j for two cases: case 1: EU condi-
tions where r and a are spatially constant and case 2: CG profiles of
r(x) and a(x). Note that T(x) is calculated assuming no heat transfer
between the thin film and glass substrate. For case 1, Eq. (5) can be fur-
ther simplified, and an analytical solution can be obtained (see the sup-
plementary material for details). The values of r and a when solving
for case 1 were determined through spatial averaging of r(x) and a(x)
[Eqs. (S1) and (S2)] as described earlier and reported in Table I. For
case 2, the inclusion of the spatial dependence of r(x) and a(x) leads
to non-linear differential equation requiring numerical integration of
Eq. (5), which was done using custom Python code. For both cases, a
mixed boundary condition was applied where the hot side TH (x¼ L)
is fixed to 300K, and the heat flux on the hot side is constant. Upon
determining the T(x) profile, the cooling temperature, DTc, is calcu-
lated from TH minus the resulting temperature at the cold side
[TC¼T (x¼ 0)].

To calibrate for the range of j values in determining T(x) and
DTc, the coefficient of performance (C.O.P.) was calculated using the
gradient profiles of the CG thin films. C.O.P. is a metric used for cool-
ing efficiency and is defined as the cooling power (absorbed heat per
time per cross-sectional area) divided by the net power input density
(electrical power input per cross-sectional area):

FIG. 3. Model calculated coefficient of performance (C.O.P.) using Eq. (6) for the
CG thin films as a function of current density (j).

FIG. 4. Temperature profiles, T(x), for the three continuously graded (CG) thin films and their corresponding equivalent uniform (EU) condition at (a) constant j of 3 mA/mm2

and (b) constant C.O.P. of 0.80. The hot side (TH¼ 300 K) is at x¼ 4, and the cold side (Tc) is at x¼ 0.
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C:O:P: ¼
a xð ÞT xð Þ j" j

@T xð Þ
@x

! "

x¼0ðL

0
a xð Þj

@T xð Þ
@x

þ j2

r xð Þ

" #

dx

; (6)

where L is the length of the CG profile (4mm). Note that Eq. (6) is
specific to materials with a linear spatial gradient in TE properties. In
comparison to the C.O.P. of a uniform material [Eq. (7)], the Joule
heating term in the numerator is eliminated at the cold side due to the
distributed Joule heating effect. In Fig. 3, C.O.P. of the three CG thin
films is plotted against j. The value of j is within a reasonable range as
the absolute current is on the order of lA, which is unlikely to cause
any damage to the thin films. For all CG thin films, shape of the
C.O.P. curve is similar, where it increases and plateaus at higher j. For
example, at j¼ 3mA/mm2, the C.O.P. is 0.35, 0.55, and 0.89 for CG1,
CG2, and CG3, respectively. Overall, CG3 yields the highest C.O.P.
across the full range of j.

For comparison, the C.O.P. of conventional materials with uni-
form properties can be calculated through the following equation:

C:O:P: ¼
aTCj"

1
2
j2
L
r
" j

DT
L

ajDT þ j2
L
r

: (7)

As shown in Fig. S7 for the EU conditions, the C.O.P. profile show a
different trend where C.O.P. decreases with j until reaching negative
values. Note that for the uniform case, the Joule heating term (12 j

2 L
r)

increases more rapidly than the Peltier effect term (aTCj), which will
eventually lead to a negative C.O.P. value at higher j (at 0.2mA/mm2

for EU3). Meaning that the applied electrical current is producing
more heat than the heat being pumped by the Peltier effect, which
leads to a net temperature increase. The transition to negative C.O.P.
highlights the limited utility of the EU thin films based on the calcu-
lated ravg and aavg. The difference in C.O.P. behavior between the CG
and EU conditions illustrates an advantage for FGMs, where the redis-
tributed Joule heating and Peltier cooling allow for a wider operational
range of high efficiency.

The model calculated T(x) and DTc were determined upon
integrating Eq. (5) for two cases: (1) j¼ 3.0mA/mm2 and (2)
C.O.P.¼ 0.80. T(x) profiles of CG and EU conditions are shown in
Fig. 4, and the corresponding DTc is shown in Fig. 5 and summarized
in Table I. It is clear the EU condition exhibits negligible cooling for
both cases, where, for example, DTc is 0.15, 0.29, and 0.71K at
j¼ 3.0mA/mm2 for EU1, EU2, and EU3, respectively. On the other
hand, all three CG thin films yield marked improvement in cooling.
Compared to the EU conditions, the T(x) profile exhibits greater
extent of curvature from the hot side to the cold side arising from
improved heat pumping across the length of the gradient. At
j¼ 3.0mA/mm2, DTc of the CG thin films are 0.75, 1.64, and 12.8K
for CG1, CG2, and CG3, respectively. It is clear that CG3 profile leads
to the highest DTc. At a fixed C.O.P.¼ 0.80, the corresponding j is 10,
6.9, and 1.6mA/mm2 for CG1, CG2, and CG3, respectively. In turn,
the resulting DTc is 10.5K for CG1, 9.8K for CG2, and 3.5K for CG3.
The higher DTc of CG1 and CG2 arises from the larger j providing
more heat pumping power. Moreover, while DTc of CG3 is lower at
this condition, a higher DTc can be achieved at comparatively lower j;
for example, DTc¼ 10.5K is achieved at j¼ 2.7mA/mm2 for CG3. It

should be noted that DTc continues to increase with j for all CG thin
films, especially CG3 (Fig. S8). This continuous increase in DTc likely
arises from the assumption in solving Eq. (5), where TE properties are
independent of temperature and the application of a mixed boundary
condition where the heat flux is constant at the hot side. One should
take these DTc values as the idealized upper bound in the cooling tem-
perature. Overall, the results of the two conditions emphasize CG thin
films allow for significant improvements in Peltier cooling and where
the specific gradient profile of CG3 yields comparatively higher perfor-
mance (more than an order of magnitude improvement in DTc).

Analysis of the model-based calculations reveals important fea-
tures of the r(x) and a xð Þ profiles leading to higher cooling tempera-
ture. Specifically, we compare the two extreme cases of CG1 and CG3.
As seen from Eq. (5), the cooling temperature T(x) is strongly

FIG. 5. Model calculated cooling temperatures (DTc¼ TH " Tc) of continuously
graded (CG) thin films and their equivalent uniform (EU) conditions at (a) constant
current density (j) of 3 mA/mm2 and (b) constant C.O.P. of 0.80.
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dependent on r(x) and the spatial gradient of a xð Þ, da xð Þ
dx . First, the

exponential r(x) profile of CG3 has a higher r at the cold side and a
wider range in r (72.9 S/cm at x¼ 0 to 0.0411 S/cm at x¼ L) com-
pared to CG1 (31.5 S/cm at x¼ 0 to 1.01 S/cm at x¼ L). Additionally,
the decay in r is greater near the colder side for CG3 compared to
CG1. These features in r(x) reduce the magnitude in Joule heating
closer to the colder side. Second, the value of da xð Þ

dx of the linear a xð Þ
profile is higher for CG3 (30.1lV/mmK) compared to CG1 (10.1lV/
mmK). This higher da xð Þ

dx is an important characteristic to provide for a
larger contribution from the Peltier effect term to offset the contribu-
tion from Joule heating. Finally, while the experimental validation of
improved cooling is difficult with thin film system used in this study
(see the supplementary material), future studies should consider alter-
native strategies with thicker films and full devices to demonstrate
functional-grading cooling effect with sufficient power.

In summary, sequential vapor of PBTTT with F4TCNQ has been
described as a straightforward approach of fabricating compositionally
controlled continuously graded (CG) thin films. This approach lever-
ages the inherent processibility of polymers and molecular dopants to
yield various gradient profiles. In turn, we specifically fabricated three
CG thin films with varying magnitudes in 1D gradient profiles of both
r and a across a 4mm distance to explore how different gradient pro-
files control cooling performance. By applying model-based calcula-
tions through coupled energy and charge transport relations, we
predicted the cooling temperature (DTc) and coefficient of perfor-
mance (C.O.P.) of the CG thin films compared to their equivalent uni-
form (EU) conditions. Specifically, CG3 profile leads to the highest
DTc of 12.8K compared to 0.71K for the corresponding EU condition.
The enhancement in cooling arises from the magnitude of the r profile
and the slope of the a profile distinctive to the CG3 thin film. In turn,
these features allow for efficient redistribution of the Joule heating and
Peltier cooling to improve the cooling performance. Overall, this work
together with our previous study37 showcases that semiconducting
polymers as FGMs are promising directions to further advance the
development of more efficient organic thermoelectric devices.

See the supplementary material for details on the experimental
methods, correlation of doping time and doping level, GIWAXS data
and analysis, schematic of the contact geometry to spatially measure
conductivity and Seebeck coefficient, tabulated conductivity and
Seebeck coefficient values for continuously graded films, derivation of
governing equations to determine the temperature profile for the uni-
form and continuously graded films, C.O.P. of the uniform equivalent
films, and cooling temperature profiles at various input current
density.
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