
This is the accepted manuscript made available via CHORUS. The article has been
published as:

Redefining the Mobility Edge in Thin-Film Transistors
Xiao Wang, Leonard F. Register, and Ananth Dodabalapur
Phys. Rev. Applied 11, 064039 — Published 17 June 2019

DOI: 10.1103/PhysRevApplied.11.064039

http://dx.doi.org/10.1103/PhysRevApplied.11.064039


Redefining the Mobility Edge in Thin-Film Transistors 

 

Xiao Wang1, 2, Leonard F Register1, 2, and Ananth Dodabalapur1, 2, * 

1Department of Electrical and Computer Engineering, The University of Texas at Austin, Austin, 
Texas 78712, USA 

2Microelectronics Research Center, The University of Texas at Austin, Austin, Texas 78758, USA 

*Correspondence should be addressed to ananth.dodabalapur@engr.utexas.edu 

 

In most thin-film transistors, the concept of mobility edge needs to be redefined so as to take into 
account important constraints. In this paper we describe how the mobility edge concept has to be 
reinterpreted when applied to thin-film transistors. Charge carriers can be significantly localized 
due to strong scattering, altering the model of band transport in extended states so that, 
effectively, only a fraction of carriers can actually move in the extended states, in accordance 
with a statistical distribution of free paths. It is necessary to explicitly consider this effect in 
applying conventional semiconductor transport theories based on solutions to the Boltzmann 
Transport Equation (BTE). We are then able to apply the BTE with appropriate scattering 
mechanisms and obtain results that agree well with experiment for the case of a polymer thin-
film transistor (TFT). This approach is very well suited to thin-film transistors based on polymer 
and organic semiconductors, and also many amorphous oxide semiconductors with room 
temperature mobilities in the range 1-20 cm2/(Vs). 

  



I. INTRODUCTION 

For band transport or extended state transport to take place in a semiconductor, it is commonly 
believed that the mean free path must be much greater than the lattice constant. The mean free 
path can be considered to be the average distance charge carriers travel between scattering 
events. When carrier mobilities are more than about 20 cm2/(Vs), the mean free paths exceed 
typical lattice constants/intermolecular distances [1,2]. At these mobility values and beyond, 
charge transport theories based on the Boltzmann Transport Equation (BTE) can be applied. This 
approach has been taken successfully for several semiconductors such as Si and GaAs [3,4]. For 
semiconductors with a high density of localized trap states, carriers can become bound to these 
states and no longer contribute to transport except by hopping. The “mobility edge” is an elegant 
principle that has been applied to many semiconductor systems [5–7], and is normally 
understood to be the energy that separates localized trap states from extended states [6,7]. 
However, for semiconductors possessing very small mean free paths, even application of 
conventional band transport theory within nominally extended states above the mobility edge 
energy is problematic, and hopping-like transport of localized carriers dominates. This transition 
from band to hopping-like transport occurs when the mean free path is comparable to the 
intermolecular distances or lattice constants, typically about 0.3 nm. Many thin-film transistors 
(TFTs) have mobilities in the range of 1-20 cm2/(Vs) [8–27], which corresponds to mean free 
paths that are of the order of 0.3 nm. 

Fig. 1 is a schematic plot of path length versus energy in TFTs. The mobility edge is also 
indicated in the figure. These path lengths are described with reference to the lattice constant, a. 
For large path lengths, which are much more than the lattice constant, (i.e, in high mobility 
semiconductors), the mobility edge separates the localized states from the delocalized states. 
This is in accordance with the pioneering analysis by Mott [6,7]. When the path lengths are 
smaller (of order a), the mobility edge still separates the localized states from the delocalized 
states; however, many of the carriers in delocalized states may become effectively localized by 
strong scattering. For even smaller path lengths (<< a), all states are localized and only hopping 
transport between localized states is possible. This type of behavior is seen in many amorphous 
organic semiconductors [28,29]. It is for the intermediate path length semiconductors that 
conventional transport theories have proven to be difficult to apply. To solve the problem, we 
hypothesize that, effectively, some of the carriers above the mobility edge are effectively 
localized by strong scattering and only a fraction of carriers above the mobility edge contribute 
to current resulting from band transport. Carriers above the mobility edge that are effectively 
localized, however, do contribute to screening of coulomb potentials. In Fig. 2, the different 
types of charge carriers are represented schematically as a function of carrier density. Our 
definition of mobility edge is, therefore, different from the original definition based on Mott in 
which all carriers above the mobility edge move in extended states [6]. The statistical 
distribution of path lengths and the calculation of the fraction of carriers actually involved in 
band transport becomes important. We propose the use of a transport reduction factor (TRF) to 
scale calculations to take account of the carriers above the mobility edge that, nevertheless 
effectively localized by strong scattering. In the following section we describe the TRF concept 



after first outlining the BTE and its solution as applied to semiconductor mobility calculations 
relevant to this work. 

The method of analysis we describe in this paper may not be applicable in the case of very 
narrow bandwidth semiconductors or semiconductors in which polaron theory applies. In Section 
II we use the criterion proposed by Kenkre at al. [30], to establish the range of validity of our 
analysis procedure. 

 

II. CALCULATION PROCEDURE FOR MOBILITY IN THIN FILM 
TRANSISTORS 

The Boltzmann Transport Equation (BTE) has been used as the basis to calculate mobilities in 
various inorganic semiconductors such as Si and GaAs [3,4]. In many cases solutions based on 
the relaxation time approximation (RTA) are used. Moreover, while scattering is neither local in 
position nor instantaneous, and transport and scattering occur simultaneously, the picture of free 
flights separated by instantaneous scattering events remains a mathematically valid approach to 
addressing the BTE (as per the example of semi-classical Monte Carlo). As noted in the 
introduction, an essential prerequisite for the use of the BTE is that the mean free path between 
scattering events be greater than the lattice constant, a condition easily met in many 
semiconductors. In the case of disordered semiconductors such as polymers and amorphous 
oxides, however, this condition is not generally satisfied. Only in a few instances with relatively 
high mobilities [1], can the RTA be used. In most other cases, the mean free path is equal to or 
slightly less than the lattice constant or intermolecular distance. This limited mean free path has 
been an obstacle in the using the BTE to analyze charge transport in several thin-film 
semiconductors and molecular crystals as noted by Fratini and Troisi [2,31]. In this section, the 
transport reduction factor (TRF) is proposed based on the statistical nature of transport with a 
path lengths having a distribution on either side of the mean [32]. Roughly, for carriers with path 
lengths between scattering events greater than or equal to the lattice constant, the use to the BTE 
with scattering times and associated mobilities due to various scattering mechanisms is justified, 
while carriers with path lengths less than lattice constant, transport can be better described as 
hopping. We first describe the BTE and how it is used to calculate band mobility due to various 
scattering mechanisms, then include the effects of multiple trap and release (MTR) in 
semiconductors with disorder, and finally show how the TRF is applied. 

 

A. Boltzmann Transport Equation solved by relaxation time approximation 

In semiconductors, the Boltzmann Transport Equation can be applied to calculate the distribution 
function of the carriers, which is used to get various transport quantities. The BTE is expressed 
as [33]: డ௙డ௧ ൅ ԰௞ሬԦ௠כ · ሬሬԦ௥Ԧ݂׏ ൅ ି௘ிԦ԰ · ௞ሬԦ׏ ݂ ൌ ቀడ௙డ௧ቁ௖௢௟௟, (1) 



where ԰  is the reduced Planck’s constant, ݉כ  is the effective mass of the carrier, ݁  is the 
elementary charge, ݂ is the distribution function, ሬ݇Ԧ is the wave vector, ܨԦ  is the electric field, ቀడ௙డ௧ቁ௖௢௟௟ is the collision (scattering) integral. 

In the relaxation time approximation (RTA), the total distribution function can be split into a 
symmetric term ௌ݂ and an asymmetric term ஺݂: ݂ ൌ ௌ݂ ൅ ஺݂, (2) 

We assume the system is under low field, ஺݂ ا ௌ݂, and ௌ݂ ൎ ଴݂, where ଴݂ is the Fermi function 
under equilibrium and the distribution f can be estimated as: ݂ ൎ ଴݂ ൅ ஺݂, (3) 

Thus, the BTE can be approximated as: డ௙డ௧ ൅ ԰௞ሬԦ௠כ · ሬሬԦ௥Ԧ݂׏ ൅ ௘ிԦ԰ · ௞ሬԦ׏ ݂ ൌ ି௙ಲఛሺ௞ሻ ൎ ିሺ௙ି௙బሻఛሺ௞ሻ , (4) 

where ଴݂ is the Fermi function under equilibrium, and ߬ሺ݇ሻ is momentum relaxation time as a 
function of ݇. 

If we consider steady-state transport under a uniform electric field, then: డ௙డ௧ ൌ 0, and ׏ሬሬԦ௥Ԧ݂ ൌ 0, (5) 

And since the electric field is low ( ஺݂ ا ௌ݂, and ଴݂ ൎ ௌ݂), the BTE can be reduced to: ି௘԰ Ԧܨ · ௞ሬԦ׏ ଴݂ ൌ ି௙ಲఛሺ௞ሻ, (6) 

Thus, 

஺݂ ൌ ߬ሺ݇ሻ ௘԰ ܨ డ௙బడ௞೥, (7) 

From Equation (7), the solution of BTE can be obtained as: ݂ ൌ ଴݂ ൅ ߬ሺ݇ሻ ௘԰ ܨ డ௙బడ௞೥, (8) 

The second term resembles the linear term in the Taylor series expansion of the distribution 
function ݂. 

From the distribution function, the average drift velocity ݒۃௗۄ is calculated as: 



ۄௗݒۃ ൌ ି ∑ ԰మೖమమ೘כ ఛሺ௞ሻ ೐ಷ೘כ௙బೖ ۄாۃ ൌ ି௘ி௠כ ۄாۃۄாఛሺாሻۃ , (9) 

where ܧ is the energy of the carriers. Thus, the band mobility is estimated as: ߤ௕௔௡ௗ ൌ ௘௠כ ۄாۃۄாఛሺாሻۃ , (10) 

The above equation serves as the basis to calculate the mobilities due to the various scattering 
mechanisms. 

 

B. Momentum relaxation time: scattering mechanisms  

Band transport in the extended multiple trap and release model [1] has several dominant 
scattering mechanisms. The main scattering mechanisms for this semiconductor system are 
trapped carrier (TC) scattering, polar optical phonon (LO) scattering, optical deformation 
potential (ODP) scattering and acoustic phonon (AC) scattering. 

Trapped carriers are highly localized and can be regarded as charged Coulomb scattering centers. 
These are very efficient scattering centers due to the high degree of special overlap with mobile 
carriers. The trapped carrier scattering rate is evaluated as [1,34]: 

ଵఛ೅಴ ൌ ݊௧௥௔௣ ଶగ԰ ଵሺଶగሻమ ׭ ݀ଶ݇Ԣ ቚർటೖሬሬԦቚ௏೅಴ቚటೖᇲሬሬሬሬԦ඀ቚమ
ఌమ೏మ ቆ1 െ ௞ሬԦڄ௞ᇲሬሬሬሬԦห௞ሬԦหమ ቇ ௞ܧሺߜ െ  ௞ᇲሻ, (11)ܧ

where ߰௞ሬԦ  is the carrier wave function, ݊௧௥௔௣ is the density of trapped charge carriers. ்ܸ ஼ is the 
Coulomb potential of trapped charged carriers, ߝଶௗ is the screening dielectric function, ߜሺ… ሻ is 
the Dirac delta function, and ܧ௞ and ܧ௞ᇲ are the carrier energies for states ݇ and ݇Ԣ, respectively. 

The unscreened trapped charge Coulomb potential ்ܸ ஼ is described as: ்ܸ ஼ ൌ െ ௘ସగఢబఢೞ√௥మା௭మ, (12) 

where ߳଴ is the vacuum permittivity, and ߳௦ is the dielectric constant of the semiconductor, ݎ is 
the in-plane distance, and ݖ is the out of-plane distance. 

At a finite temperature ܶ , the static screening dielectric function ߝଶௗ  for 2D carrier gas is 
described by Lindard function [35]: ߝଶௗሺݍ, ܶ, ௞ሻܧ ൌ 1 ൅ ௘మଶఢబఢೞ௤ ,ݍሺߎߔ ܶ,  ௞ሻ, (13)ܧ

where ݍ is the 2D scattering wave vector, ߔ is the form factor including the effect of dielectric 
mismatch, which is defined by the equations: 



ߔ ൌ ׭ ᇱሻݖሻ߯ଶሺݖᇱ߯ଶሺݖ݀ݖ݀ ݌ݔ݁ ቀെ2߳ݍ଴߳௘ܩ௤ሺݖ,  Ԣሻቁ, (14)ݖ

where ߯ሺݖሻ is the confined carrier wave function at the interface of the semiconductor and gate 
dielectric, ߳௘  is the average dielectric constant expressed as ߳௘ ൌ ሺ߳௦ ൅ ߳௢௫ሻ/2 , ߳௢௫  is the 
dielectric constant of gate oxide, and ܩ௤ሺݖ, ,ݖ௤ሺܩ :Ԣሻ is the Green’s function for the Poisson equationݖ Ԣሻݖ ൌ െ ଵଶ௤ఢబఢೞ ቀexpሺെݖ|ݍ െ ᇱ|ሻݖ ൅ ఢೞିఢ೚ೣఢೞାఢ೚ೣ exp ሺെݖ|ݍ ൅  ᇱ|ሻቁ, (15)ݖ

ߎ  is the polarizability function of static state at finite temperature ܶ based on the work of 
Maldague [35]: ߎሺݍ, ܶ, ௞ሻܧ ൌ ׬ ௽൫௤,଴,ாೖᇲ ൯ସ௞ಳ்௖௢௦௛మሾಶೖషಶೖᇲమೖಳ೅ ሿ ௞ᇱܧ݀ , (16) 

where ݇஻  is the Boltzmann constant, and the ߎሺݍ, 0,  ሻ is the polarizability function of staticܧ
state at zero temperature given by following [35]: ߎሺݍ, 0, ௞ሻܧ ൌ ௚௠כଶగ԰మ ቊ1 െ ݍሾ߆ െ 2݇ሿට1 െ ቀଶ௞௤ ቁଶቋ, (17) 

Where ݃ is the degeneracy factors, and ߆ሾ… ሿ is the Heaviside unit-step function. 

Trapped carrier scattering is dominant at low temperatures because of two reasons: (i) scattering 
due to phonons is less efficient at low temperature, and (ii) more carriers are trapped and 
function as scattering centers due to less thermal excitation. 

Polar optical phonon scattering is prevalent in polar semiconductors. Polymers and amorphous 
metal oxides also have polar optical phonon mode [36,37], which can affect the carrier transport. 
The carrier-polar phonon scattering rate is evaluated as 

ଵఛಽೀേ ൌ ௘మఠಽೀ௠଼כగ԰మ ଵఢబ ቀ ଵఢಮ െ ଵఢೞቁ ሺ ௤ܰ ൅ ଵଶ േ ଵଶሻ ׬ ଵ௤ ఃఌమ೏మగିగ ቆ1 െ ௞ሬԦڄ௞ᇲሬሬሬሬԦห௞ሬԦหమቇ  (18) ,ߠ݀

where ߱௅ை  is the longitudinal optical phonon frequency, ߳ஶ  is the semiconductor dielectric 
constant at high frequency, ௤ܰ ൌ 1/ሾexpሺ԰߱/݇஻ܶሻ െ 1ሿ is Bose-Einstein distribution, ݍ is the 
scattering wave vector, and ߠ is the scattering angle. 

Another dominant scattering at high temperature, e.g. near or above room temperature, is optical 
deformation potential scattering. Optical phonons, which have a frequency on the order of 10 
meV or more, leads to inelastic deformation potential scattering to the carriers. In some polymer 
materials, the optical phonon frequency can be very low [38,39], leading to a large phonon-
carrier scattering rate in high temperature range. The scattering rate due to the optical 
deformation potential is given by: 



ଵఛೀುേ ൌ ஽೚೛మ ௠כሺே೜ାభమേభమሻସగ԰మఘೞఠ೚೛ ׬ ଵఌమ೏మ ቆ1 െ ௞ሬԦڄ௞ᇲሬሬሬሬԦห௞ሬԦหమ ቇగିగ  (19) ,ߠ݀

where ܦ௢௣  is the optical deformation potential, ߩ௦  is the areal mass density, and ߱௢௣  is the 
optical phonon frequency. 

Acoustic phonon scattering is also of relevance to the semiconductors in this study. In analogy 
with optical deformation potential scattering, acoustic phonons scattering of carriers is 
characterized by the acoustic deformation potential. Since the energy of acoustic phonons is very 
small compare to the energy of carriers, the scattering process between acoustic phonons and 
charge carriers can be regarded as elastic. Thus, the scattering rate can be calculated as [34]: 

ଵఛಲ಴ ൌ ௻ೌ೎మ ௞ಳ்௠כଶగ԰యఘೞ௩ೞమ ׬ ቆ1 െ ௞ሬԦڄ௞ᇲሬሬሬሬԦห௞ሬԦหమ ቇగିగ  (20) ,ߠ݀

where ߌ௔௖ is the acoustic deformation potential, and ݒ௦ is the sound velocity in the material. 

According to our calculations, acoustic phonon scattering is less significant than the optical 
deformation potential scattering. We note that the detailed studies and measurements of phonon 
energies and deformation potentials of thin film semiconductors such as amorphous metal oxides 
and conjugated polymers are still in progress; hence there is some uncertainty in calculating the 
exact scattering rates.  

The mobilities limited by each scattering mechanism can be calculated as described above. The 
total band mobility due to multiple scattering mechanisms can be estimated by Matthiessen's 
rule: ଵఓ್ೌ೙೏ ൌ ଵఓ೅಴ ൅ ଵఓಽೀ ൅ ଵఓೀು ൅ ଵఓಲ಴, (21) 

where ்ߤ஼  is the trapped carrier scattering limited mobility, ߤ௅ை  is the longitudinal optical 
phonon scattering limited mobility, ߤை௉ is the optical phonon deformation potential scattering 
mobility limited and ߤ஺஼is acoustic phonon scattering limited mobility. 

 

C. Multiple trap and release 

The multiple trap and release (MTR) model has been widely applied to analyze transport in thin 
film semiconductor system since the defects play an important role in carrier 
transport  [18,40,41]. The MTR effective mobility is the band mobility multiplied by the fraction 
of carriers in the band, above the mobility edge. We note that the band edge is the highest energy 
possible for the mobility edge and in our work the band edge and mobility edge are assumed to 
be at the same energy. ߤெ்ோ ൌ ௕௔௡ௗߤ ௡್ೌ೙೏௡೟ೝೌ೛ା௡್ೌ೙೏, (22) 



where ݊௕௔௡ௗ  is the carrier concentration in the band, and ݊௧௥௔௣  is the trapped carrier 
concentration. The detailed calculation of ݊௕௔௡ௗ  and ݊௧௥௔௣  is described in the Appendix A: 
Density of states. 

 

D. Transport reduction factor (TRF) 

We define the TRF as the probability ݌ሺܽሻ that a carrier will traverse a distance of a or greater, ݌ሺܽሻ [32], based on mean free path of the carrier Lmfp with the band transport model,  TFR ൫ܮ௠௙௣൯ ؠ ሺܽሻ݌ ൌ ݁ି ೌಽ೘೑೛ , (23) 

௠௙௣ܮ :௠௙௣, in turn, can be estimated as [42]ܮ ൌ ௖ݒ · ߬ ൌ ఓ್ೌ೙೏ඥଶ௠כாೖ௘ , (24) 

where ݒ௖ is the average (thermal) carrier velocity magnitude in one dimension as appropriate for 
transport in molecular chains as considered here, ߬ is the average free flight time (relaxation 
time) of the carriers, ߤ௕௔௡ௗ is the carrier mobility in the band, and ܧ௞ is the carrier energy above 
the band edge, and is given by ݇஻ܶ . In our calculations, carriers with path length ൑ ܽ  are 
modeled as localized and carriers with path length ൐ ܽ are modeled as delocalized. 

The TRF bridges two limits of the transport. When ܮ௠௙௣ is very large compared to a, the TRF is 
close to unity, which means that carriers in the band are essentially delocalized and the transport 
can be described properly by Boltzmann transport theory. When the calculated ܮ௠௙௣  is very 
small compared to a, the TRF value will also be very small, which means that all carriers are 
strongly localized and can move only by hopping, i.e., that there is essentially no mobility edge. 
This latter limit is observed in disordered organic semiconductor material systems such as 
amorphous polymers and molecular doped polymers [28,43]. When ܮ௠௙௣ is on the order of the 
intermolecular distance, the TRF represents the degree to which carriers participate in band 
transport, vs. the degree to which they move by hopping. That is, effectively, the fraction of 
particles that participate in band transport as describable by the BTE, vs. the fraction that are 
effectively localized, but still may move by hopping and contribute to screening. In Fig. 2, we 
represent carriers with inadequate paths lengths by yellow circles. Thus, the TRF is a useful 
phenomenological construct that can help integrate band and hopping transport theories. 
However, while the TRF is phenomenological, it is rooted in the statistical basis of charge 
transport. Our focus in this paper is on the band transport, and, while noting that it exists, we do 
not consider hopping transport explicitly. In some organic semiconductors, it has been stated that 
band transport and hopping both are important [44]. In future work, we will clarify how both 
band and hopping transport must be treated together. 

For this work, only low electric fields are considered and the carrier velocity magnitude is 
determined solely by the thermal energy. The carrier relaxation time is derived from the 



scattering rate, which also is influenced by the temperature and carrier concentration. Therefore, 
the TRF is highly dependent on two variables: temperature and carrier concentration (the latter 
dependent on gate voltage). For polymers, the threshold distance for carriers to participate band 
transport is typically the ring to ring intermolecular distance (~ 0.3 nm). This distance can be 
considered as corresponding to the lattice constant in inorganic semiconductors. 

 

However, when eliminating these latter low-mean-free-path carriers from consideration for band 
transport by the TRF, what remains are carriers with mean free paths, and, thus, mobility, greater 
than would be predicted for all particles as a whole. Since paths of nominal free path lengths less 
than a are eliminated from the band transport model via the TRF, and the distribution of path 
lengths for the remaining carriers continues to follow the Poisson distribution, the mean free path 
for the remaining carriers ܮ௠௙௣ି௘௙௙  relative to the nominal mean free path ܮ௠௙௣  increases 
simply as: ௅೘೑೛ష೐೑೑௅೘೑೛ ൌ ௔ା௅೘೑೛௅೘೑೛ ൌ 1 ൅ ௔௅೘೑೛ ൌ 1 െ lnሺTRFሻ, (25) 

With the time between scattering events and, thus, mobility for these long mean-free-path 
carriers scaling with this effective mean free path ܮ௠௙௣ି௘௙௙, but also with the fraction of carriers 
available for BTE-based transport, as characterized by the sub-unity TRF, and with the sub-unity 
fraction of carriers above the mobility edge, the experimentally measurable mobility in terms of 
all carriers becomes: ்ߤோி ൌ ௕௔௡ௗߤ ௡್ೌ೙೏௡೟ೝೌ೛ା௡್ೌ೙೏ TRFሾ1 െ lnሺTRFሻሿ ൌ ெ்ோTRFሾ1ߤ െ lnሺTRFሻሿ, (26) 

The reduction of mobility due to TRF is estimated as above. For example, when ܮ௠௙௣ ൌ ܽ, TRF ൌ ݁ିଵ ؆ 0.37 and  TRFሾ1 െ lnሺTRFሻሿ ൌ ݁ିଵሾ1 ൅ 1ሿ ؆ 0.74. 

The TRF describes the degree of effective localization of free carriers in the band due to strong 
scattering. Introduction of this factor is one of the main points of this article which allows us to 
create a proper theoretical framework with which to analyze transport in semiconductors with 
mobilities that fall between regimes for which hopping transport theories and band transport 
theories apply. Several such semiconductors have been reported in recent years including those 
that exhibit a normal Hall Effect, which is a strong indicator of delocalized transport [44,45]. The 
here-defined TRF is shown as a function of mean free path length for exemplary intermolecular 
distance/lattice constant values in Fig. 3. 

 

E. Range of validity of our approach 

Our approach will work when polaron theory does not apply. Kenkre at al have proposed that 
polaron theory will not apply for semiconductors with gଶ԰߱/BW  is < 1, where BW is the 
electronic bandwidth, g  is the dimensionless electron-phonon coupling constant and ߱  is the 



frequency of the dominant phonon mode [30]. This criterion essentially means that the electronic 
bandwidth should be much larger than the phonon energies of the system for polaron theory to 
not apply.  The calculated effective mass, along the chain, in donor-acceptor polymers which 
have relatively strong π bonding is less than m0, the free electron mass [46,47]. The effective 
mass of amorphous oxides such as zinc tin oxide (ZTO) and indium gallium zinc oxide (IGZO) 
are also less than m0  [48,49]. Such semiconductors will have a relatively large electronic 
bandwidth as a result. Our approach will be valid for such systems.  

 

III. RESULTS AND DISCUSSION 
 

A. Device structure 

To illustrate our analysis, we compare our calculations with experimental data from TFTs based 
on diketopyrrolopyrrole (DPP) [50] polymer, whose structure is shown in Fig. 4(a) Additional 
details of the device structure shown in Fig. 4(b) and materials employed are provided in the 
Table I. Similar polymers have demonstrated mobilities in the range 1-20 cm2/(Vs) in numerous 
reports published in the past decade [51–53]. Charge transport in such semiconductors usually 
has been described by the multiple trap and release (MTR) model as described above [1,40,41]. 

B. Results of mobility calculations 

We calculate carrier mobility in the relaxation time approximation (RTA) solution of the BTE 
considering all main scattering mechanisms, as described in Section II. The main scattering 
mechanism in these transistors, at most temperatures, is trapped carrier scattering, which again is 
the scattering of mobile carriers by those that are trapped [1]. At close to room temperature, 
phonon scattering also becomes significant. The carriers above the mobility edge also screen 
each other from scattering centers (as shown in green and yellow in Fig. 2). We assume a carrier 
(hole) effective mass of 0.15 m0, consistent with recent calculations and experimental data for 
similar donor-acceptor polymers along the chain [46,47]. From this assumption, the density of 
states above the band-edge is calculated. The density of trap states (DOS) is calculated as a 
function of energy, assuming that at the band edge there is continuity in the DOS and that the 
trap DOS decreases exponentially with energy [54]. Details of DOS calculations are described in 
Appendix A. 

The fraction of carriers above the mobility edge, or the MTR factor, is shown in Fig. 5(a), as a 
function of reciprocal temperature and gate voltage. The rest of the field-induced carriers are in 
trap states. The TRF described above characterizes an effective division of carriers in above the 
nominal mobility edge into those that contribute to the current and those that are effectively 
localized and only provide screening. The division of carriers based on an application of the TFR 
and MTR factor is shown in Fig. 5(b). These distributions are functions of temperature and the 
total induced carrier density. It can be seen that high carrier densities and higher temperatures 
favor band transport, as is expected.  



We now address two of the features that have been closely associated with charge transport in 
polymer and organic semiconductors: polarization effects and the effects of morphology. As 
mentioned in Section II, our work is not applicable when molecular polaron effects dominate 
transport [30]. Dielectric polarization effects, on the other hand, can be significant [55,56]. These 
arise from polar media such as high K dielectrics or polar molecules in contact with the 
semiconductor. In such situations, the density of trap states is altered (increased) by the distortion 
created by polarization. The trap density of states together with the appropriate deformation 
potential value adequately accounts for polarization effects in systems with relatively low 
dielectric constant insulators such as SiO2 (߳௥  ~ 3.9). In other words, polarization effects are 
included in the deformation potential term and in the density of trap states. When higher K 
dielectrics are used, polarization effects can become more severe in polymer 
semiconductors [56], possibly resulting in effective mass changes. In this work we do not 
consider the effects of very large polarizations and possible changes to effective mass. We will 
address these in future work.  

Morphological imperfections manifest as trap states and we make a simplifying assumption that 
our derived trap density of states accounts for most key features of the morphology, albeit at a 
higher level. If trapping at domain/grain boundaries is significant, as in some small molecule 
organic TFTs, then the current and hence effective mobility are reduced by the thermal activation 
across potential barriers that arise from charge trapping [57,58]. In high mobility DPP polymers, 
the measured “apparent” activation energies are quite small and include contributions from 
thermal activation from trap to extended states (MTR), the temperature dependence arising from 
trapped carrier scattering, improved screening due to more carriers excited above the mobility 
edge and activation across barriers at grain/domain boundaries. We neglect the last factor in this 
work as it is believed to be fairly small in these high mobility polymers, especially at large 
carrier densities.  

The mobilities due to the important scattering mechanisms are calculated and plotted in Fig. 5(c) 
and (d). The parameter values used are provided in the Table I. Trapped carrier (TC) scattering is 
the most dominant mechanism at temperatures below room temperature. At the carrier densities 
employed in this study, the band mobility due to TC scattering increases slightly with increasing 
temperature due to improved screening and a reduction in the trapped carrier density (Fig. 5(a)). 
At higher temperatures optical deformation potential (ODP) scattering is significant in this 
system. Longitudinal optical (LO) phonon scattering and acoustic phonon (AC) scattering have 
also been considered in our calculations, and are shown in Fig. 5(c) and (d). In Fig. 5(c) and (d) 
are also plotted the corrected mobilities due to trap and release and due to the transport reduction 
factor. We reiterate that the calculated mobility values incorporating the TRF, the effects of 
thermal activation from traps (MTR factor), and the effects of various scattering mechanisms. 
This is the central result of our paper and it should apply in all situations in which band transport, 
is prevalent, but the mean free path is not very large. Our calculation procedure will be 
applicable to many polymer semiconductors and amorphous metal oxide semiconductors.  

 

C. Comparison with experimental data 



In Fig. 6, the calculated mean free paths given by Eq. (1) and transport reduction factors are 
shown as a function of temperature and carrier density (gate voltage). The shapes of these curves 
are a consequence of the interdependence of mobility and carrier density in the band on 
temperature and also on the gate voltage. We compare experimental results previously published 
by our group with this calculation in Fig.7(a) [50]. The agreement is good with some discrepancy 
at low temperatures. This could arise from local heating of the samples during measurement, an 
effect that is relatively stronger at lower temperatures. We also have calculated the effect of 
increasing the carrier density on mobility in the samples considered for Fig. 7(b). The mobility 
increases substantially, especially at low temperatures. This result validates the use of bilayer 
gate dielectrics to increase mobility by increasing the carrier density without enhancing 
polarization effects [59]. Further increases in mobility at room temperature can come from 
reduced ODP/phonon scattering by improvements in molecular design. Reducing the trapped 
carrier density is also extremely important to get larger mobilities in thin-film transistors, not just 
in terms of MTR, but because associated reduction in scattering centers and more screening also 
produce a larger TRF. 

While our illustrative example is a polymer TFT, the approach we have described is more widely 
applicable. In principle, it should apply in all situations for which the mean free path is 
comparable to the intermolecular length or lattice constant and where the polaron effects can be 
neglected. The scattering mechanisms will, of course, be material-specific. Our framework also 
allows us to combine hopping and band transport in quantitative if phenomenological manner to 
generate a comprehensive transport picture. Furthermore, we have explicitly shown how to 
include the effects of multiple trap and release, which is ubiquitous in disordered systems with at 
least some degree of band transport. In the Supplemental Material [60], we have successfully 
applied our calculation procedure to data from a polymer with mobility greater than 10 cm2/(Vs) 
at room temperature [24]. 

 

IV. CONCLUSION 

In summary, we have presented a new theoretical framework with which to analyze charge 
transport in a variety of TFTs in which the room temperature mobility is in the range 1-20 
cm2/(Vs). This range is the typical for many TFTs that have been reported in recent years. We 
have pointed out the necessity of including a transport reduction factor (TRF) to account carriers 
strongly localized by scattering even if above the nominal mobility edge. We use this factor as 
the basis of reinterpreting the mobility edge in TFTs. We have illustrated our analysis by a 
comparison with experimental data from polymer TFTs which are believed to possess relatively 
low effective mass along the polymer chain. Scattering mechanisms specific to such polymer 
TFTs have been evaluated. For such materials, trapped carrier scattering is dominant below room 
temperature while close to room temperature and above it, phonon scattering including 
deformation potential scattering are important. 

 

ACKNOWLEDGMENTS 



The authors would like to acknowledge partial financial support from the National Science 
Foundation under Cooperative Agreement No. EEC-1160494 and also from an anonymous 
donor. The authors thank Dr. Taejun Ha and Prof. Prashant Sonar for earlier experimental 
collaboration that lead to this work. 

 

APPENDIX A: DENSITY OF STATES 

Thin-film transistors usually work in the accumulation region. In this region, the carrier energy 
levels are quantized at semiconductor-insulator due to the formation of triangular potential well 
by gate dielectric and valence band (conduction band for electron) potential [61]. Thus, the 
carriers induced at interface should be treated as 2D carrier gas and the confined wave function 
at the interface can be described by the Airy function. Take the hole transport as an example, the 
transport of holes happens at valence band maxima (conduction band minima for electrons), thus 
a parabolic band energy dispersion relation is applied. Therefore, the band density of states 
(DOS) for holes is given by: ܱܵܦ௕௔௡ௗ ൌ ௚௠כଶగ԰మ ሺܧ௞ ൏  ௩ሻ, (A1)ܧ

where ݃ is the degeneracy factor, ܧ௞ is the hole energy and ܧ௩ is the valence band edge energy. 

Disordered thin-film semiconductors such as polymers and organic molecules have significant 
densities of trap states [62]. The trap states DOS is assumed to have a continuous exponentially 
decaying tail below the band edge [63,64]:  ܱܵܦ௧௥௔௣ ൌ ே೟௞ಳ ೟்ೌ ݁ಶೡషಶೖೖಳ೅೟ೌ   ሺܧ௞ ൐  ௩ሻ, (A2)ܧ

where ௧ܰ is the total trap density, ௧ܶ௔ is characteristic temperature of the trap DOS. The DOS 
configuration used in the calculation for PDPP-TVT thin film transistor is shown in Fig. 8(a). 

Based on the density of states and the fermi level  ܧ௙ at certain temperature ܶ, the trapped carrier 
concentration and the density of carriers thermally excided into the band can be calculated as 
following: ݊௧௥௔௣ ൌ ׬ ே೟௞ಳ ೟்ೌ ݁ಶೡషಶೖೖಳ೅೟ೌ ி݂஽ሺܧ௞ െ ௞ஶாೡܧ௙ሻ݀ܧ , (A3) 

݊௕௔௡ௗ ൌ ׬ ௚௠כଶగ԰మ ி݂஽ሺܧ௞ െ ௞ாೡିஶܧ௙ሻ݀ܧ , (A4) 

where ி݂஽ ൌ 1/ሾ1 ൅ exp ቀாೖିா೑௞ಳ் ቁሿ is the Fermi-Dirac distribution. ݊௧௥௔௣ is the density of charged 

immobile carriers in the trap states. It contributes to the Coulomb scattering as discussed earlier 
in the Section II. ݊௕௔௡ௗ is the concentration of untrapped carriers. However, statistically, in thin 



film semiconductors that have mobility of 1~20 cm2/(Vs), not all of those carriers can have band 
transport. Due to serious scattering, some of the carriers have very small free paths and are 
effectively localized in a lattice range. Band transport is highly unlikely for those carriers. On the 
other hand, there is still a fraction of carriers with large enough free paths, which participate into 
the band transport. The transport reduction factor is used to portray this picture by estimating the 
fraction of carriers with large free paths. 

 

APPENDIX B: MTR MODEL USED IN EXPERIMENT AND 
ACTIVATION ENERGY 

The energy that carriers require to get thermally excited into the band or above the mobility edge 
from the trap state is defined as activation energy in the thin-film semiconductor. The activation 
energy is usually extracted from the experimentally measured temperature dependent mobility 
based on the assumption of a simple multiple trap and release (MTR) model [62,65]: ߤ ൌ ଴݁ିߤ ಶೌೖಳ೅, (B1) 

where ߤ  is measured “apparent” mobility, ߤ଴  is the band mobility, and ܧ௔  is the activation 
energy. 

This simple model has two limitations in describing the whole picture of the MTR transport 
mechanism. Firstly, the statistical function used in this model is based on a Boltzmann 
distribution. When the thin-film semiconductor is not degenerate, or the Fermi level is quite far 
away from the band edge, Boltzmann statistics are a good approximation to Fermi-Dirac 
statistics. However, when the thin-film semiconductor is degenerate, or the Fermi level is very 
close to the band edge, which is the usual case in the accumulation region when the thin-film 
transistor is operating, Boltzmann statistics will result in a large deviation in the extracted 
activation energy. Secondly, most analyses treat ߤ଴  as a constant value when extracting the 
activation energy from experimental data [5]; however, ߤ଴ is temperature dependent, especially 
at high carrier concentration. The band mobility is determined by several scattering mechanisms 
which are discussed in the Section II and has a non-constant value over the temperature. Ignoring 
both these factors will lead to an inaccurate activation energy extraction. In order to get a more 
accurate extraction of activation energy in MTR model, band mobility calculations and Fermi-
Dirac statistics must be implemented. Fig. 8(b) shows the comparison between the 
experimentally extracted activation energy based on a simple MTR model and the calculated 
activation energy from theory. The activation energies should not be the same for different 
temperatures due to the temperature dependence of the Fermi-Dirac distribution. 
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Figures: 

 

FIG. 1. Schematic plot of charge localization vs energy and free path length within extended 
states. The mobility edge separates the carriers into two broad categories: localized carriers, 
consistent with the traditional definition of mobility edge, below the mobility edge, and carriers 
above the mobility edge. Above the mobility edge, when the carrier free path is much smaller 
than the lattice constant/intermolecular distance a, however, band transport remains unlikely. 
When the free path is much larger than a, conventional band transport calculations are possible. 
When the mean free path is between these limits, not all carriers that are excited above the 
mobility edge are able to move by means of band transport. In such cases, there is a fraction of 
carriers that are effectively localized due to strong scattering. These effectively localized carriers, 
however, can still contribute to screening and can move by hopping. 

 

  



 

FIG. 2. Schematic illustration of three different types of carriers in the polymer semiconductor at 
different carrier densities ns. (a), (b) and (c) show low, medium and high electron densities, 
respectively, for n-type polymers. (d), (e) and (f) show low, medium and high hole 
concentrations, respectively, for p-type polymers. The Fermi level is indicated as purple dashed 
line. The mobility edge is represented by a gray solid line. Carriers shown in red are in the trap 
states; those in yellow are thermally excited carriers within the band, but with inadequate mean 
free path to contribute to band transport, that only contribute to screening, and those in green are 
thermally excited mobile carriers in the band with larger mean free paths that allow band 
transport. 

  



 

FIG. 3. Illustration of transport reduction factor (TRF) as a function of mean free path for 
different examples of intermolecular distance a. The function is related to the probability of a 
carrier that can traverse the intermolecular distance on average. This probability follows the 
Poisson distribution. For a certain mean free path value, the transport reduction factor increases 
when the intermolecular distance is small. And for a fixed intermolecular distance, the value of 
transport reduction factor decreases as the mean free path decreases. 

  



 

FIG. 4. Molecular structure of PDPP-TVT and thin-film device structure. (a). shows the PDPP-
TVT molecular structure, the ring to ring distance a (intermolecular distance) is around 0.3 nm. 
(b). The device structure of thin-film transistor [50]. A top gate structure is implemented with 
polymeric insulator D139 as the gate dielectric. The gate capacitance is 4 nF/cm2. The channel 
length and width are 50 µm and 1000 µm, respectively. 

  



 

FIG. 5 Carrier distribution and composition of mobilities. (a). Fractions of carriers thermally 
excited into the band as a function of reciprocal temperature (1000/T) for different gate voltages 
(carrier concentrations). This includes both the carriers with inadequate mean free path and the 
mobile carriers. The fraction increases with increasing temperature and increasing carrier 
concentration. (b). Carrier distributions versus 1/T for three different carrier concentration 
(ns=1.2×1012 cm-2, 5.0×1012 cm-2 and 10×1012 cm-2). Red: trapped carriers; Yellow: thermally 
excited carriers in the band, but with inadequate mean free path; Green: thermally excited mobile 
carriers in the band which participate the band transport process. The density of green mobile 
carriers increases with carrier concentration. (c) and (d). Mobility calculations for different 
scattering mechanisms for Vg=-20 V and Vg=-60 V. (TC-trapped carrier scattering; LO-
longitudinal optical phonon scattering; ODP-optical deformation potential scattering; AC-
acoustic deformation potential scattering; Band-total band mobility; MTR-apparent mobility due 
to multiple trap and release; TRF-transport reduction factor corrected mobility.) At high 
temperature, the band mobility is mainly limited by ODP scattering, and at low temperature, the 
band mobility is limited by the trapped carrier scattering. 

  



 
FIG. 6. Mean free path and transport reduction factor for different temperature and different 
carrier concentration. Mean free path is calculated based on the band mobility and the carrier 
thermal velocity. The mean free path is dependent on the temperature and carrier concentration 
as shown in (a) and (c). Transport reduction factor is then calculated based on the mean free 
path. The intermolecular distance is set to be 0.3 nm in the calculation. Temperature and carrier 
concentration dependent transport reduction factor is shown in (b) and (d). 
 

  



 

FIG. 7. Fitting to the experimental data and the extended calculation of mobility for higher 
carrier concentrations. (a). Experimental mobility data fitted with our model which various 
scattering mechanisms, trap excitation probabilities, and transport reduction factor correction. 
The effects of morphological imperfections in the polymer film are included in the trap density 
of states. The fit between theory and experiment is in good [50] across all gate voltages, except 
for a discrepancy at low temperature. (b). Calculated mobility at increased carrier concentrations. 
The mobility increases with increasing carrier density, but reaches a plateau at high carrier 
density (~7.0×1012 cm-2). This is due to the ODP scattering enhanced at high carrier density [34]. 
These mobilities can be further enhanced by selecting more rigid polymers that are less sensitive 
to polarization effects. 

  



 
FIG. 8 Density of states (DOS) and Activation energy. (a). Configuration of density of states 
used in calculation for PDPP-TVT TFT. Green line indicates the 2D density of states in the 
valance band; Red line illustrates the exponentially decayed tail trap states in the band gap. At 
the band edge (mobility edge), indicated by purple dotted line, the DOS is assumed to be 
continuous by mathematical simplicity. (b). Activation energy from experiment and theory. The 
activation energy extracted from experimental data is smaller than the theoretically calculated 
ones at most carrier concentrations. Higher temperature results in higher activation energy from 
the calculations. 
  



TABLE. I. Parameters used to theoretically calculate the mobility for PDPP-TVT TFT. 

Calculation Parameters 

Effective mass 0.15 m0 
Longitudinal optical 

phonon energy 50 meV 

Tail trap density Nt 2.7×1016 /cm2 Effective optical 
deformation potential 1.9×1011 eV/m 

Characteristic 
temperature Tta 

500 K Effective acoustic 
deformation potential 5 eV 

Subthreshold trap 
density 3.7×1015 /cm2 Sound velocity 2.5×103 m/s 

PDPP-TVT dielectric 
constant 4 Mass density 1 g/cm3 

Gate oxide dielectric 
constant 2.5 Intermolecular 

distance 0.3 nm 

Optical phonon energy 6 meV  
 

where ݉଴ is the electron mass. 
 


