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conductivity,  T  is the absolute tempera-
ture, and  κ  is the thermal conductivity. 
Organic semiconductors are now con-
sidered as attractive thermoelectric can-
didates owing to their intrinsically low 
thermal conductivity and potential low 
cost associated with their ease of low-
temperature processing. [ 7–14 ]  However, 
organic semiconductors typically suffer 
from low carrier concentration and elec-
trical conductivity, both of which impede 
their direct applications in thermoelectric 
generators. Chemical and electrochemical 
doping are two key strategies for maxi-
mizing the thermoelectric properties of 
organic semiconductors by modulating the 
free-carrier concentration and changing 
the carrier mobility. [ 10,11,13–18 ]  By imple-
menting chemical doping of poly(3,4-

ethylenedioxy-thiophene) (PEDOT) with poly(styrenesulfonate) 
and electrochemically fi ne-tuning of oxidation level, [ 13,14 ]  
impressive thermoelectric performances were achieved, dem-
onstrating great potential of organic materials in thermoelectric 
applications. 

 Exploration of promising thermoelectric materials is a fun-
damental issue in organic thermoelectronics. So far, only a 
limited number of organic thermoelectric materials have been 
reported. [ 7–9,19–24 ]  Unfortunately, chemical and electrochemical 
doping cannot always be used as an effi cient way to explore 
organic thermoelectric materials because of limited applica-
bility to achieve consistently a high electrical conductivity in a 
wide range of different organic semiconductors. [ 17 ]  Moreover, 
the chemical doping of organic semiconductors might lead to 
a reduced hopping rate as a result of a possible increase in the 
structural disorder and a broadening of the density of states 
(DOS), thereby decreasing the carrier transport in organic 
semiconductors. [ 10,13,25 ]  

 In a typical organic transistor, however, the gate voltage 
induces the charged states at the dielectric–organic layer inter-
face, leading to a  quasi -2D conductive channel with limited 
infl uence on the intermolecular distance. Once a temperature 
differential Δ T  is applied across source-drain electrodes, car-
ries within the conductive channel diffuse from the hot elec-
trode to the cold one and an electric fi eld ( V  therm ) build up. 
The Seebeck coeffi cient ( S ), which is infl uenced by the carrier 
concentration, can be extracted by the relation  S  =  V  therm /Δ T . 
Since the carrier concentration can be precisely controlled by 
the pulsed voltage, many key parameters including the elec-
trical conductivity, molecular charging level, and even Seebeck 
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  1.     Introduction 

 Thermoelectric materials are of great interest for applications 
in power generation from waste heat using the Seebeck effect, 
in addition to being useful for refrigeration by means of the 
Peltier effect. [ 1–6 ]  Benefi ting from materials sciences and engi-
neering optimization of thermoelectric devices, the main fi gure 
of merit,  ZT  =  S  2  σ  T / κ , has improved dramatically in the past 
few years, where  S  is the Seebeck coeffi cient,  σ  is the electrical 
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coeffi cient can be modulated in a single transistor. This allows 
the investigation of the Seebeck coeffi cient as a function of 
carrier concentration ( N  ind ) and electrical conductivity by 
simply varying the gate voltage. [ 26–28 ]  Such kind of  S – σ  and  S –
 N  ind  trade-off relationship study of different organic semicon-
ductors can thus facilitate insight understanding of molecular 
engineering of organic thermoelectric materials and achieve-
ment of maximum thermoelectric properties. In addition, 
the specifi c contribution of fi eld-induced charge species to 
the thermoelectric properties can be studied using transistor 
geometry. [ 27–32 ]  

 Although in principle organic transistors can serve as a plat-
form for the thermoelectric studies of organic semiconductors, 
investigation on fi eld-modulated thermoelectric properties of 
organic semiconductors is still an attractive topic because: i) a 
comparison between the thermoelectric properties of chemi-
cally doped semiconductors and the performances extracted 
from organic fi eld-effect transistors (OFETs) is required to pro-
vide an direct evidence that investigation of fi eld-effect- modu-
lated thermoelectric performance of organic semiconductors 
can plays an important role in the study of organic thermoe-
lectric materials; ii) the low carrier concentration and electrical 
conductivity in typical OFETs make investigation of  S – σ  trade-
off relationship in a short conductivity range and limit its appli-
cation in probing thermoelectric properties of organic semi-
conductors. These challenges make systematic investigation 
on fi eld-effect-modulated thermoelectric properties of organic 
semiconductors highly desired. 

 Here, we experimentally fi nd that the fi eld-induced charged 
species in both p- and n-type OFETs can dominate the ther-
moelectric properties of organic semiconductors. Several 

semiconductors in fi eld-effect transistor (FET) geometry with 
SiO 2  and electrolyte dielectric layer exhibit impressive power 
factor over a wide range of conductivities from 10 −4  S cm −1  
to 100 S cm −1 . These thermoelectric performances are con-
sisted with that of chemically doped fi lms, allowing effec-
tive investigation of the  S – σ  trade-off relationship of organic 
semiconductors. These features, together with the need 
to effi ciently screen potentially hundreds of high mobility 
organic semiconductors, make OFET promising candidate 
for investigating the thermoelectric properties of organic 
semiconductors.  

  2.     Results and Discussion 

  2.1.     Thermoelectric Characterization of OFETs 

 OFETs based on  p -type poly(2,5-bis(3-alkylthiophen-2-yl)
thieno[3,2-b]thiophene) (PBTTT), poly(3-hexylthiophene) (P3HT), 
and  n -type naphthalene diimides derivatives, NDI3HU-DTYM2, 
and NDI(2OD)(4t-BuPh)-DTYM2 ( Figure    1  a,b) were fabricated. 
The typical OFET device structure for thermoelectric property 
measurement is shown in Figure  1 a, while the device fabrica-
tion and measurements are described in experimental section. 
Different from typical OFETs with channel length of 5–100 µm, 
a large channel length ranging from 200 to 600 µm was utilized 
to ensure an appropriate temperature difference across source-
drain electrodes. In addition to the typical electrical investiga-
tion, we studied their gate voltage-dependent thermoelectric 
characteristics, namely the electrical conductivity ( σ ), Seebeck 
coeffi cient ( S ), and power factor ( P  =  S  2  σ ). 
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 Figure 1.    a) Illustrative schematic of OFET structure for thermoelectric measurement. b) Molecular structures of organic semiconductors. Output 
and transfer characteristics of OFETs based on c,g) PBTTT; d,h) P3HT; e,i) NDI3HU-DTYM2; and f,j) NDI(2OD)(4t-BuPh)-DTYM2. The channel length 
and width are 400 µm and 1.2 cm, respectively.
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  The device characteristics of bottom gate OFETs were show 
in Figure  1 c–j. The output curve and transfer curve indi-
cated that the operation of fabricated OFETs is conformed to 
standard FET theory. All the devices exhibited well-defi ned 
output and transfer characteristics with fi eld effect mobility 
ranging from 0.02 to 1.03 cm 2  V −1  s −1  in spite of the large 
channel length (200–600 µm). When applying a temperature 
gradient across the source-drain electrodes 
in the presence of an applied gate bias, it 
was straightforward to measure the Seebeck 
coeffi cient and its fi eld dependence for dif-
ferent organic semiconductors.  Figure    2   
shows the measured Seebeck coeffi cient 
in OFETs geometry on SiO 2  dielectric layer 
at room temperature. The Seebeck coeffi -
cient was found to decrease with increasing 
gate voltage over the measured range for 
all materials. The measured Seebeck coef-
fi cients of PBTTT and P3HT decreased 
from 450 and 390 to 150 µV K −1  and 
100 µV K −1 , respectively, when the gate voltage 
changed from 20 to −28 V (Figure  2 a,b). 
As for the  n -channel materials, the See-
beck coeffi cient of NDI3HU-DTYM2 and 
NDI(2OD)(4t-BuPh)-DTYM2 changed 
from −600 and −400 to −240 µV K −1  and 
−160 µV K −1 , respectively, upon increasing 
gate voltage from 2 to 40 V (Figure  2 c, d,). 
This result provides clear evidence that the 
Seebeck coeffi cient of these organic semicon-
ductors can be well modulated by the gated 
electric fi eld in OFETs. [ 28 ]  

  To make a direct comparison between 
the fi eld-modulated and chemically doped 

thermoelectric properties of organic 
semiconductors, we also studied the thermoe-
lectric properties of chemically doped PBTTT 
and P3HT ( Figure    3  ). It should be noted that 
the thermoelectric properties of chemically 
doped organic semiconductors are greatly 
affected by the properties of the dopants as 
well as the doping methods. [ 11,13,33–37 ]  Since 
we are not intend to focus on the system-
atic investigation of chemical doping, the 
chemical doping of PBTTT with NOPF 6  and 
surface proton doping of P3HT by graphene 
oxide were performed according to previous 
reports to make a preliminary comparison 
of the fi eld-modulated and chemically doped 
thermoelectric properties of organic semicon-
ductors. [ 25,33 ]  Figure  3 a,b summarize the  S – σ  
of PBTTT and P3HT obtained by both electric 
fi eld modulation and chemical doping, where 
for the OFET measurements, the electrical 
conductivity  σ  was calculated by assuming 
that the conductive channel has a thick-
ness of two molecular layers (3.4−4.0 nm) 
(Figure S1, Supporting Information). Full 
fi lm thickness and 3.4 nm were used to cal-

culate the conductivity of chemically doped fi lms of PBTTT 
and P3HT, respectively, owing to the interfacial doping nature 
of P3HT by graphene oxide. [ 25,33 ]  Meanwhile, the Seebeck coef-
fi cient decreases proportionally to log  σ  when the conductivity 
changed from 10 −4  to 0.1 S cm −1  for both cases. It was found 
that the  S – σ  trade-off relationship trend extracted from FET 
measurements was in good accordance with the trend obtained 
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 Figure 2.    Seebeck coeffi cient in fi lm OFETs based on a) PBTTT, b) P3HT, c) NDI3HU-DTYM2, 
and d) NDI(2OD)(4t-BuPh)-DTYM2, as a function of gate voltage.

 Figure 3.    Thermoelectric properties versus different organic semiconductors. Seebeck coef-
fi cients (navy fi lled squares for materials in OFET geometry and red fi lled dots for chemical 
doped materials) as a function of conductivity for a) PBTTT, b) P3HT, c) NDI3HU-DTYM2, and 
d) NDI(2OD)(4t-BuPh)-DTYM2.
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from chemically doped semiconductors. It should be noted that 
the chemical doping performance in the result is consistent 
with previous reports. [ 34,35 ]  A slight change in Seebeck coeffi -
cient should be ascribed to the different counterions in chem-
ical doping (Table S1, Supporting Information). 

  N-channel OFETs based on NDI3HU-DTYM2 and NDI(2OD)
(4t-BuPh)-DTYM2 were investigated with the same method 
(Figure  3 c, d). NDI3HU-DTYM2 exhibits a remarkable Seebeck 
coeffi cient varying from −600 to −240 µV/K when the electrical 
conductivity changes from 10 −2  to 0.4 S cm −1 . The sign of the 
Seebeck coeffi cient is consistent with the electron transport 
nature of n-type materials. NDI(2OD)(4t-BuPh)-DTYM2 exhibits 
similar  S – σ  trend with a slightly lower Seebeck coeffi cient of 
−400 to −160 µV K −1 . We then doped NDI3HU-DTYM2 and 
NDI(2OD)(4t-BuPh)-DTYM2 with NH 3  and NH 2 NH 2  to eval-
uate the differences between fi eld-modulation and chemical 
doping (Figure S2 and S3, Supporting Information). Similar to 
p-channel polymers, the  S – σ  relationship of NDI3HU-DTYM2 
and NDI(2OD)(4t-BuPh)-DTYM2-based OFETs was consistent 
with the result obtained from chemical doping. For a typical 
OFET, the charge carriers accumulate and transport at the con-
ductive channel, which is located at the few molecular layers 
near the dielectric/organic layer interface. Given an ultrathin 
feature (10 nm) of gate voltage-modulated channel, the meas-
urement of the in-plane thermal conductivity in OFETs is a 
great challenge. Here, the power factor, instead of  ZT , is used 
to evaluate the thermoelectric properties of the organic semi-
conductors. Figure S4 (Supporting Information) summarized 
the thermoelectric power factor as a function of conductivity 
for four semiconductors. A power factor of 2.5 µW m −1  K −2  
(Figure S4c, Supporting Information) is achieved at a conduc-
tivity of 0.4 S cm −1  for NDI3HU-DTYM2, which appears that 
NDI3HU-DTYM2 is a promising  n -type thermoelectric material. 

 For semiconductors in FET geometry, the Seebeck coeffi cient 
varies with the applied gate fi eld by the modulation of the carrier 
concentration in the quasi-2D conductive channel and, hence, 
the Fermi level position,  E  F , of the molecules. We calculated the 
total induced charge-carrier density from  N  ind  =  C  ox ( V  GS  -V  T ) /e , 
where  C  ox  is capacitance of the dielectric layer,  V  T  is the 
threshold voltage,  V  GS  is the gate voltage. [ 28 ]  The Seebeck 
coeffi cient of different organic semiconductors decreases pro-
portionally to log( N  ind ) for P3HT- and PBTTT-based OFETs 
with a similar trend ( Figure    4  a). However, NDI3HU-DTYM2 
and NDI(2OD)(4t-BuPh)-DTYM2 suffer from a considerable 

difference in the  S – N  ind  relationship because of their differ-
ences in molecular packing and charge transport properties. 

  By using the known intermolecular stacking of the organic 
semiconductors and calculated charge-carrier density, the 
charging level, which is defi ned as the ratio of the number of 
carriers to the repeat units of polymers or molecular number 
of small molecules, could be estimated (Figure S5, Supporting 
Information). [ 36 ]  Figure  4 b shows the Seebeck coeffi cient as 
a function of charging level for different semiconductors. All 
the semiconductors possess a low charging level ranging from 
0.02% to 5% even at high gate voltages. Similar to the  S – N  ind  
relationship, the Seebeck coeffi cient decreases proportionally 
with the charging level for different semiconductors. Although 
these devices possess comparable carrier concentrations, a 
higher charging level (0.1%–5%) was obtained for n-channel 
devices relative to the p-channel ones (0.02%–0.7%), owing 
to the differences in the charged species and intermolecular 
stacking for different materials. The relatively lower charging 
level of P3HT and PBTTT compared to those of NDI3HU-
DTYM2 and NDI(2OD)(4t-BuPh)-DTYM2 might be an impor-
tant reason for their low power factors in FET geometry. Since 
the carrier concentration and charging level are very diffi cult to 
extract for the chemically doped organic semiconductors, the 
obtained relationship of the electrical conductivity, carrier con-
centration, charging level, and Seebeck coeffi cient constitutes a 
feature of thermoelectric studies with FET geometry.  

  2.2.     Thermoelectric Properties of OFETs with Electrolyte 
Dielectric Layers 

 In spite of fi eld modulation of the Seebeck coeffi cient and elec-
trical conductivity, a disadvantage of the FET measurements of 
typical OFETs is that the carrier densities that can be achieved 
are not as high as the regime where most thermoelectric devices 
work, so one can only probe the low carrier density regime with 
low conductivity (<1 S cm −1 ). In comparison, the electrolyte-
gate OFETs can display high conductivity with low operating 
voltages because of ultra-high capacitance (1-100 µF cm −2 ) 
of the electrolyte dielectric layer. Therefore, high carrier density 
and a metallic conductivity (≈1000 S cm −1 ) in P3HT can even 
be obtained. [ 38 ]  Here, by introducing an electrolyte dielectric 
layer of poly(methyl methacrylate (PMMA)/1-ethyl-3-methylimi 
dazolium bis(trifl uoromethylsulfonyl)imide ([EMIM][TFSI]), [ 39 ]  

a high capacitance of 28 µF cm −2  at low fre-
quency of 1 Hz was achieved ( Figure    5  ). It 
thus enables realization of low operating 
voltage lower than 3 V. All the devices exhib-
ited well-defi ned output and transfer charac-
teristics with maximum fi eld-effect mobility 
of up to 5.6 and 4.8 cm 2  V −1  s −1  for PBTTT- 
and P3HT-based OFETs, respectively. The 
outstanding performances of electrolyte-
based devices allow effective investigation 
of thermoelectric properties of  p -channel 
polymers in relatively high carrier density 
regime. 

  Different from typical OFETs with SiO 2  
dielectric layer, the devices with electrolyte 
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 Figure 4.    Seebeck coeffi cient as a function of a) carrier density  N  ind  and b) charging level for 
the semiconductor in OFETs geometry, respectively.
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dielectric layer can induce electrochemical doping of the active 
fi lm. [ 16,35,40–44 ]   Figure    6   summarized the relationship of  S – σ , 
 P – σ ,  S – N  ind,  and  S -charging level of PBTTT- and P3HT-based 
OFETs with electrolyte dielectric layers. It should be noted 
that the electrical conductivity of PBTTT can be improved to 
100 S cm −1  by using PMMA/[EMIM][TFSI] dielectric layer. The 
value is three orders of magnitude higher than the conductivity 
achieved by using SiO 2  dielectric layer. Moreover, benefi ting 
from the high  N  ind  (2 × 10 13  cm −2 ) induced by the ultra-high 
capacitance of PMMA/[EMIM][TFSI] dielectric layer, we real-
ized a high charging level of 5.2% (Figure  6 c,d) for PBTTT. It is 
important to note that both the conductivity and carrier density 
are comparable with the values of chemically doped materials 
where most thermoelectric devices work. 

  Interestingly, the Seebeck coeffi cient of PBTTT in these elec-
trolyte devices retains a high value of 150−50 µV K −1  even at a 
high conductivity of >1 S cm −1  (Figure  6 a). It is comparable to the 
Seebeck coeffi cient in the low conductivity regions (<0.1 S cm −1 ) 
in typical SiO 2  dielectric devices. Taking advantage of the high 
Seebeck coeffi cient and electric conductivity, a maximum power 
factor of 22 µW m −1  K −2  was achieved. This value is one order 
higher than the common observed values in typical OFETs and 
is superior to the power factor of chemically doped PBTTT 
(14 µW m −1  K −2 ) under optimized condition. [ 35 ]  Such kind of 
positive infl uence on the thermoelectric properties could be 
further verifi ed by P3HT devices with electrolyte dielectric 
layer. For the P3HT devices with PMMA/[EMIM][TFSI] layer, 
high  N  ind  and charging level of up to 6 × 10 13  cm −2  and 9.6% 
are successfully achieved (Figure  6 c,d). It thus facilitates the 
enhancement of the conductivity and power factor. As a result, 
the device exhibits a maximum conductivity of 38 S cm −1  and 
optimized power factor of 40 µW m −1  K −2 , which is higher than 
that of chemically doped P3HT (30 µW m −1  K −2 ). [ 35 ]   

  2.3.     Discussion 

 In general, the key thermoelectric parameters, including the See-
beck coeffi cient and conductivity, are measured with chemically 
doped bulk materials across macroscopic distances. In a typical 
OFET, however, the channel length ranges from a few microm-
eters to hundreds of micrometers, and carrier transport usually 
occurs in the conductive channel that located on the few molec-
ular layers near the dielectric layer. Such electric-fi eld-induced 
interfacial doping in OFETs can be verifi ed by the independence 
of thermoelectric properties on the fi lm thickness (Figure S6, 
Supporting Information). It is therefore very important to com-
pare the thermoelectric performance obtained by different doping 
approaches. Interestingly, for all semiconductors including 
PBTTT, P3HT, NDT3HU-DTYM2, and NDI(2OD)(4t-BuPh)-
DTYM2, the  S – σ  trade-off relationship trends extracted from FET 
measurements were in good accordance with the trends obtained 
from chemically doped samples. However, we obtained slightly 
higher Seebeck coeffi cient at a fi xed electrical conductivity, which 
were extracted from FET measurements, than those of chemi-
cally doped ones for PBTTT, NDT3HU-DTYM2, and NDI(2OD)
(4t-BuPh)-DTYM2 (Figure  3 a,c,d). It is worth noting that P3HT 
exhibited very similar Seebeck coeffi cient at fi xed electrical con-
ductivity in different measurements (Figure  3 b). 

 For PBTTT, P3HT, and NDI-DTYM2 derivatives, the electric 
conductivity increases with increasing temperature range from 
200 to 330 K, [ 10,25,45 ]  which suggest phonon-assisted hopping 
mechanism of these semiconductors. [ 12,46,47 ]  In the hopping 
transport, the Seebeck coeffi cient is proportional to  E – E  F  [ 16,48 ]  
and can be written as

    

( )
dB F

B

S
k

e

E E

k T

E
E∫
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 Figure 5.    a) Molecular structure of PMMA and [EMIM][TFSI]. b) Schematic diagram of a top-gate electrolyte dielectric OFET. c) Frequency-dependent 
capacitance of PMMA/[EMIM][TFSI] electrolyte dielectric layer. d,f) Output and e,g) transfer characteristics of electrolyte OFETs based on d,e) PBTTT 
and f, g) P3HT.
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 where  k  B  is the Boltzmann constant,  e  is the electron charge, 
 E  F  is the Fermi energy of the materials,  σ ( E ) is the electric con-
ductivity,  σ  is the conductivity, T  is the absolute temperature,  E  
is the energy level occupied by the carrier. [ 9,16,27,28,48 ]  Using the 
general expression of  E  F  and electron density, the above equa-
tion can be simplifi ed to

     (ln ln )CS C N n A= − +   (2) 

 where  n  is the carrier concentration,  N  C  is the effective DOS 
and is the so-called heat-of-transport constant,  C  and  A  repre-
sent the fi tting parameter and a scattering factor of the semicon-
ductor, respectively. [ 27,48,49 ]  From the above equation, Seebeck 
coeffi cient decreases with increasing carrier concentrations, 
which agrees well with the results observed in our studies. In 
a FET, the carrier concentration can be modulated by applying 
a varied gate voltage. Since increased charge carrier accumulate 
and transport in the conductive channel with enhanced gate 
voltage, the  S  decreases logarithmically with increasing gate 
voltage. The near-liner relationships between  S  and log  σ  are 
consistent with previous reports and may be explained by the 
Holstein–Hubbard molecular model (MCM). [ 34,50 ]  

 Because DOS is related to the density of the molecules in 
thin fi lm of an organic semiconductor, [ 27,48,51 ]  the Seebeck coef-
fi cient is affected by intermolecular packing. Close intermo-
lecular packing is favorable to facilitate improvement in both 
 N  C  and the charge transport property. In chemical doping, the 
dopant inions usually diffuse into the fi lm. [ 46 ]  Therefore, the 
introduction of a chemical dopant might leads to a change 
in the intermolecular packing. In case of PBTTT and P3HT, 
doping with NOPF 6  and TFSI anions results in an increase 
in the lamellar distance by 0.2 nm. [ 10,25 ]  Although an accurate 

 N C   value of chemically doped PBTTT cannot be calculated at 
moment, a lower  N C   value can be expected. This in turn lowers 
the Seebeck coeffi cient and carrier mobility at a fi xed carrier 
concentration. In contrast, the electric-fi eld-induced doping 
in FETs can modulate the doping level and energy level of 
organic semiconductors with limited change in the intermo-
lecular packing and hence maintained  N  C . [ 36 ]  We thus attribute 
the superior thermoelectric properties of PBTTT, NDT3HU-
DTYM2, and NDI(2OD)(4t-BuPh)-DTYM2 obtained in the FET 
geometry to the avoidance of an obvious increase in the inter-
molecular tunneling distance. As for P3HT, interfacial doping 
of the active fi lm is performed by using graphene oxide in this 
experiment, which contributes to a comparable Seebeck coef-
fi cient with gate modulated. Therefore, it can be concluded that 
the slight difference in Seebeck coeffi cient between FET meas-
urements and chemically doped fi lms can be ascribed to varied 
doping mechanisms of chemical and electric-fi eld-induced 
doping. Field-effect doping of organic semiconductors via 
OFETs can serve as an effective way for thermoelectric studies 
of different materials. 

 Different from typical OFETs with SiO 2  dielectric layer, 
there is the potential for bulk doping using electrolyte dielec-
tric layer. In fact, several groups show that using electrolyte 
dielectric layer can either lead to bulk and/or interfacial trans-
port. [ 41–43,52,53 ]  Although we are not intend to study the intrinsic 
transport mechanism of electrolyte-based OFETs, we inves-
tigate the active layer thickness-dependent performances to 
avoid overestimation of the calculated electrical conductivity 
and to compare the doping thickness of electrolyte-gated OFETs 
with typical SiO 2 .  Figure    7   displays the active fi lm thickness-
dependent mobility of PBTTT- and P3HT-based OFET with 
PMMA/[EMIM][TFSI] dielectric layer. It was observed that the 
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 Figure 6.    Thermoelectric properties of OFETs with electrolyte dielectric layers. Seebeck coeffi cients (navy fi lled squares) and thermoelectric power 
factor (red fi lled dots) as a function of conductivity for a) PBTTT and b) P3HT. c) and d) show the Seebeck coeffi cient as a function of carrier density 
 N  ind  and charging level for the semiconductor in OFETs geometry, respectively.
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device performance decreases obviously when the thickness is 
lower than 16 nm. Therefore, the doping thickness in the elec-
trolyte-gated device is higher than that in typical OFETs with 
SiO 2  dielectric layer (4–6 nm), but the electrical-fi eld-induced 
“bulk doping” in electrolyte FETs does not necessarily occur in 
the entirety of the fi lm. Considering such kind of “bulk doping” 
using ionic liquid gating, we calculated the conductivity of the 
electrolyte-based devices with thickness of 16 nm. 

   Figure    8   summarizes the thermoelectric properties of 
OFETs with both SiO 2  and PMMA/[EMIM][TFSI] electrolyte 
dielectric layer. For PBTTT-based device, although OFETs with 

electrolyte and SiO 2  dielectric layers exhibit different  S – σ  trade-
off relationships, they follow the same  S – N  ind  trend, i.e., the 
data for the electrolyte- gated devices appear to be an exten-
sion of the  S – N  ind  seen for the SiO 2  gate dielectric to higher 
values of  N  ind  (Figure  8 a,b). As a result, the electrical conduc-
tivity of PBTTT OFETs based on the electrolyte dielectric layer 
reached 3.7 S cm −1  at a carrier concentration of 2 × 10 12  cm −2 , 
whereas the conductivity of OFETs based on the SiO 2  dielec-
tric layer remains 0.1 S cm −1  at the same carrier concentration 
(Figure  8 f), which has increased more than 30-fold. Since the 
conductivity is determined by the carrier concentration and 
mobility, the increased conductivity of the OFETs based on 
the electrolyte dielectric layer at a fi xed carrier concentration is 
ascribed to the enhanced carrier mobility (3.3–5.6 cm 2  V −1  s −1 ) 
over the typical SiO 2  dielectric-based devices (≈0.1 cm 2  V −1  s −1 ) 
for PBTTT. For P3HT based devices, the electrical conductivity 
increases from 0.02 to 3.3 S cm −1  (Figure  8 f), which is con-
sistent with the mobility increase (≈0.02 to 1.6−4.8 cm 2  V −1  s −1 ). 
The higher mobility leads to the relatively higher conductivity 
for the same  N  ind  and as a result the power factor for the elec-
trolyte-gated device is signifi cantly higher than that of the SiO 2  
devices. This result indicates that both SiO 2  and electrolyte-
gated OFETs can be used to probe thermoelectric properties of 
organic semiconductors in different carrier density regimes. 
Moreover, the improvement of carrier mobility facilitates the 
optimization of thermoelectric performances. 

  Based on a combination of thermoelectric measurement and 
electrical fi eld modulation, the effective modulation of thermo-
electric power factor based on different semiconductors with 
OFETs geometry can be achieved, which enables the investiga-
tion of the thermoelectric properties of organic semiconductors. 
This methodology should be applicable to various high mobility 
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 Figure 7.    Thickness-dependent mobility of PBTTT and P3HT OFETs with 
electrolyte dielectric layer. The mobility, extracted from transfer charac-
teristics based on OFETs with PMMA/[EMIM][TFSI] electrolyte dielectric 
layer, is an average over fi ve different transistors. The operating voltage 
 V  DS  = –1 V.

 Figure 8.    Thermoelectric properties of OFETs with electrolyte dielectric layers. Seebeck coeffi cient (fi lled symbols) and thermoelectric power factor 
(open symbols) as a function of a,c) electrical conductivity and b,d) carrier density for a,b) PBTTT and c,d) P3HT-based OFETs with SiO 2  dielectric (navy 
square) and PMMA/[EMIM][TFSI] electrolyte dielectric layer (red dot). e) and f) summarized the Seebeck coeffi cient as a function of charging level for 
PBTTT (fi lled symbols) and P3HT- (open symbols) based OFETs with SiO 2  dielectric and PMMA/[EMIM][TFSI] electrolyte dielectric layer, respectively.
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organic semiconductors. OFET could therefore provide us a 
feasible way to screen promising organic thermoelectric mate-
rials from hundreds of well-investigated organic semiconduc-
tors. Notably, the investigation of the relationship among the 
electrical conductivity, carrier concentration, charging level, 
and Seebeck coeffi cient in the FET geometry can facilitate an 
optimized chemical doping of organic materials. However, the 
fi gure of merit ( ZT ) is determined by  S ,  σ , and  κ  while the 
thermal conductivity is diffi cult to be obtained with OFETs. As 
a consequence, electrical-fi eld-induced modulation of thermo-
electric properties in OFETs is not mean to replace chemically 
doping of organic semiconductors for practical applications, 
but rather provides information for chemical doping towards 
maximized thermoelectric performances.   

  3.     Conclusions 

 We have demonstrated a systematic study of utilizing OFET 
with both SiO 2  and electrolyte dielectric layer to achieve effec-
tive modulation of thermoelectric properties based on a series 
of p- and n-type organic semiconductors. Benefi ting from fi ne-
tuning of carrier concentration and charging level over a wide 
range by varying the applied gate voltage, the extracted thermoe-
lectric performances from OFETs are consisted with the results 
of chemically doped fi lms. In particular, it allows systematic 
investigation of trade-off relationship among carrier concentra-
tion, charging level, electrical conductivity, and Seebeck coeffi -
cient in a FET structure. Our results therefore offer an effi cient 
strategy to accelerate the search for promising thermoelectric 
materials by scanning through a large variety of organic semi-
conductors with prominent charge transport properties.  

  4.     Experimental Section 
  Fabrication of OFET with SiO  2  Dielectric Layer : Four semiconductors, 

including PBTTT (Solarmer,  M  w  = 3.4 w g mol −1 ), P3HT (Sigma–Aldrich, 
 M  w  = 1.8 w g mol −1 ), NDI3HU-DTYM2, and NDI(2OD)(4t-BuPh)-
DTYM2 (synthesized according to the previous report [ 54,55 ]  ) were used 
to fabricate OFETs on highly doped silicon substrate with a 300 nm thick 
thermally SiO 2.  The source-drain gold electrodes were sputtered and 
patterned by a lift off technique. The channel lengths were varied from 
200 to 600 µm and the channel width was maintained at 1.2 cm. Before 
organic semiconductors deposition, the substrates were treated with 
octadecyltrichlorosilane (OTS) in a vacuum oven. The organic fi lms were 
deposited by typical spin-coating process and followed by annealing 
treatment. TEM measurements were performed using JEM-1011. 

  Fabrication of OFETs with Electrolyte Dielectric Layer : A 150 wt% ion 
liquid ([EMIM][TFSI]; Sigma–Aldrich) added to PMMA (80 mg mL −1 , 
butyl acetate) was prepared for casting the polymer-electrolyte layer. 
Corning 7059 glass was applied as the substrate for the electrolyte-
based top-gated PBTTT and P3HT OFETs after cleaning in an ultrasonic 
bath with deionized water, acetone, and isopropanol. 30 nm Au source 
and drain electrodes were deposited via typical thermal evaporation. 
Then, the PBTTT and P3HT thin fi lm were deposited spin-coating 
process at a speed of 4000 rpm. [ 56 ]  After annealing treatment, PMMA/
[EMIM][TFSI] layer were prepared by spin-coating their solution onto 
the semiconductor fi lms and dried in N 2  glove box, followed by the Al 
evaporation to serve as the gate electrodes. 

  Electrical Measurement of OFETs : The FET characteristics were 
measured at room temperature by a Keithley 4200-SCS semiconductor 

parameter analyzer. Capacitance-frequency measurements of electrolyte 
dielectric fi lm were carried out using metal-insulator-metal structure 
with Keithley 4200-SCS and NF ZM2372 LCR parameter analyzer. 

  Thermoelectric Property Measurement of OFETs : The Seebeck 
coeffi cient is obtained from equation:  S  =  V  therm /Δ T , where  V  therm  is 
the thermoelectric voltage generated when two ends of a sample are 
maintained at a temperature different (Δ T ). The thermoelectric voltage 
 V  therm  was measured with the Keithley 4200-SCS and the gate voltage 
was supplied by an Agilent B2901A. The temperature difference was 
introduced between source and drain electrodes by two Peltier and 
monitored using an infrared camera FLIR A300. 

  Chemical Doping of Organic Semiconductors : The PBTTT, P3HT, 
NDI3HU-DTYM2, and NDI(2OD)(4t-BuPh)-DTYM2 fi lms were doped 
with NOPF 6 , graphene oxide, ammonia and hydrazine, respectively. 
The chemical doping processes of PBTTT and P3HT were performed 
according to the previous reports. [ 25,33 ]  For NDI3HU-DTYM2 and 
NDI(2OD)(4t-BuPh)- DTYM2 fi lm, the chemical doping was carried out 
by exposing the fi lm to sublimated ammonia and hydrazine vapor.  
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