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Field-effect mobility upg and its activation energy in disordered inorganic and organic semiconductor thin-
film transistors is strongly dependent on bias conditions. This implies a nonlinear dependence of conductivity
on carrier concentration, which stems from the high density of trapped carriers while only a few contribute to
conduction. When upg is extracted from measurement data, the nonlinear conductivity-concentration depen-
dence is averaged over the semiconducting film. Consequently, urg becomes mingled with device attributes
such as gate capacitance in addition to terminal bias, which undermines the physical interpretation of ugg and
subsequent comparison of measured values for different devices and different semiconductors. This paper
presents an effective mobility w.q description at a reference carrier concentration, which separates the physical
conductivity-concentration dependence from the device and bias attributes, enabling comparison of carrier
transport in disordered semiconductors. In particular, by using the generalized concept of mobility edge and
exponential band tails we show that u.; can be applied to a wide range of inorganic and organic semiconduc-
tors. Indeed, three parameters, viz., u., exponential band tail slope T}, and bias-independent activation energy
E, of g, can describe carrier transport in the transistor together with its bias and temperature dependence.
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I. INTRODUCTION

Thin-film transistors (TFTs) using disordered inorganic
and organic semiconductors have become attractive for
emerging flexible electronics and active matrix organic light-
emitting diode (AMOLED) displays.!~” For these transistors,
parameters such as field-effect mobility upg are primarily
determined by disorder and grain size of the semiconductor,
which in turn are strongly influenced by fabrication tech-
niques (e.g., vacuum deposition, ink-jet printing, or spin
coating) and the associated process conditions. In hydrogen-
ated amorphous silicon (a-Si:H), the disorder in the bond
lengths and angles leads to a high density of localized states.
These states trap most of the electrons and the observed low
conductivity can be attributed to the small fraction of carriers
excited to the extended states.®° In amorphous organic semi-
conductors, disorder in the molecular arrangement and the
presence of grain boundaries lead to a high density of local-
ized states.!~>1!1 Hopping of carriers between these states
constitutes the means for conduction.

Despite differences in processes and presumed transport
mechanisms in this family of materials, unique similarities
are observed in the current-voltage (I-V) characteristics of
the TFTs. The I-V characteristics generally follow a power-
law dependence and the ugg is systematically bias depen-
dent. For example, in a-Si:H TFTs, ugg gradually increases
with increasing positive gate bias, which can be attributed to
the increased number of electrons excited to extended states
as the total density of accumulated electrons increases.!>%3
The same is observed for microcrystalline and nanocrystal-
line silicon TFTs.?*~%7 Similarly, for a wide range of conju-
gated organic semiconductors, ugg increases with increasing
negative gate bias (and hole accumulation),!0:11.28.29

The dependence of wpg on carrier concentration is also
reflected in the Arrhenius behavior of mobility in the tem-
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perature dependence measurements of a-Si:H and organic
TFTs. Figure 1 illustrates temperature dependence of upg for
a-Si:H (our own), pentacene,'’ polythienylene vinylene
(PTV),10 and poly[5,5’-bis(3-alkyl-2-thienyl)-2,2’-
bithiophene)] (PQT-12)3%3! TFTs at different gate biases. In-
deed the results for poly(3-hexylthiophene) (P3HT) TFTs,
reported in Ref. 32, also falls close to PQT-12, which has
been omitted for readability reasons. As seen, the mobility
mpg generally shows Arrhenius behavior with an activation
energy E,, which decreases with increasing gate bias, as re-
ported in literature.'%18-20.2130 The dependence of E, on gate
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FIG. 1. Temperature dependence of reported values of wupg for
a-Si:H, PQT-12 (Ref. 30), pentacene (Ref. 10), and PTV (Ref. 10)
TFTs at different gate biases. The inset shows the bias dependence
of activation energy E, of upg for these materials.
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bias is solely due to the influence of carrier concentration on
MEE-

The definition of the parameter upg comes from planar
transistors of crystalline semiconductors. In crystalline sili-
con field-effect transistors (FETs), mobility is scattering lim-
ited and its parasitic bias dependence is only due to surface
or impurity scattering. Neglecting electron-electron interac-
tions, carriers in crystalline silicon contribute to conduction
independently, in which the conductivity o is linearly depen-
dent on the carrier density n, viz.,

g=qun. (1)

Here, g is the elementary charge and u the carrier mobility.
The latter is determined by the relaxation time 7 and the
effective mass m". Measurements of conductivity in crystal-
line FETs provide information on field-effect mobility, since
carrier concentration n is known and the relationship is lin-
ear.

Following the conventional linear field-effect mobility
definition for a transistor, we have

98
9Q
where g is the average conductance and Q is the average

accumulated charge in the device. The field-effect mobility
defined by Eq. (2) reduces to

, 2)

MFE =

L aIDS,]in
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MFE
for the measured linear current Ing i, (say Vpg=0.1 V) of a
TFT, where W and L are the channel width and length, re-
spectively, and Vg and Vpg the gate-source and drain-source
voltages, respectively. Often this is coupled with a
capacitance-voltage measurement that determines the C;
term accurately.

When this parameter is used for disordered semiconductor
FETs complexities arise. In the disordered material, o is pro-
portional to the density of carriers that contribute to conduc-
tion ny,,g, What we refer to as transport band carriers. How-
ever, most of the carriers are trapped and contribute in
conduction only by excitation to the transport band. Conse-
quently, Eq. (1) takes the form of o=qguny,,, and the non-
linear relationship between ny,,q and the total carrier density
n makes the extracted device mobility lose its true physical
character. For a device under test, the conductance g as de-
scribed in Eq. (2) is averaged over the semiconducting film
and can be spatially related to the conductivity o by

. dl

i
Lfo'da
A

where A is the cross section area and L the length of the
semiconducting film. As seen from Eq. (4), ¢ becomes a
function of carrier density profile in the device. In addition,
Q in the denominator of Eq. (2) comprises of trapped carriers
and band carriers and similar to Eq. (4) should be integrated
over the volume of the film. Consequently, ugg as principally

(4)
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defined by Eq. (2) varies with device parameters that include
layer thicknesses (C;) and bias conditions (Vg and Vpg). In
other words, the upg as given by Eq. (2) and retrieved by Eq.
(3) has a built-in dependence on carrier concentration n, and
as such it is dependent on device geometry and bias for a
-Si:H and organic TFTs.

Earlier works on a-Si:H (Refs. 12-23) use field-effect
measurements coupled with numerical simulations and ana-
Iytical methods to investigate the general characteristics of
the density of states (DOS) in the bulk material. In particular,
Shur et al.'*'* have described the non-linear dependence of
Mg on average induced charge Q in a-Si:H field-effect tran-
sistors at room temperature. However, a systematic descrip-
tion of the combined effect of temperature and gate bias on
field-effect mobility along with the dependence of activation
energy on bias will be invaluable. Indeed, a general descrip-
tion of mobility with bias and temperature dependence
would enable a physically meaningful comparison of field-
effect transport in both organic and inorganic semiconduc-
tors.

This paper exactly addresses these challenges. It revisits
the conventional definition of upg and presents it in the form
MEE= Megr X O, where g is the physical mobility and © de-
scribes the device attributes. The dependence of u.; and
on bias and temperature must be explicitly analyzed to sepa-
rate material properties from device dependent attributes. In
the next section, we identify s based on an exponential
density of tail states. Then, using ® = upp/ u.g the discrep-
ancy between the physical mobility and the conventional
field effect mobility for different organic and inorganic semi-
conductors for a broad range of temperatures is presented.
The activation energies of g and upg as critical transport
properties are then explicitly compared to identify the device
dependent attributes. Finally, u.; is extended to represent
hopping conduction and its temperature dependence in dis-
ordered organic semiconductors using the generalized con-
cept of a transport band.

II. GENERALIZED TRANSPORT BAND WITH
EXPONENTIAL TAIL

In disordered semiconductors, the DOS and transport
mechanism are most critical for analysis of field-effect mo-
bility upg. These are functions of the material system and
processing conditions. In the analysis presented here, we use
a generalized transport band with an exponential band tail
which constitute a good basis for electronic transport in these
systems.?®3 A mobility edge is often observed despite dif-
ferent transport mechanisms,® which makes the case for an
isoelectronic transport band.

The density of carriers excited to the isoelectronic trans-
port band n,,,, in accordance to Boltzmann’s approxima-
tion, can be written as

Npana = Npexp(Eg/kT), (5)

where N, is the effective state density for the transport band,
k the Boltzmann’s constant, 7 the temperature, and Ep the
Fermi energy that is defined negative with respect to the
mobility edge.

245210-2



GENERALIZED TRANSPORT-BAND FIELD-EFFECT...

The density of trapped carriers can also be found from the
density of localized states in the mobility gap. Often, an
exponential DOS such as

g(E) = N/kTexp(EIKT,), (6)

is used for the band tail, where E is the energy of the state
and is defined negative with respect to the mobility edge.
Here, N, is the total number of tail states, and 7, the charac-
teristic temperature indicating the width of the exponential
distribution. Despite its simplicity, the exponential model of
Eq. (6) can be generalized to represent a wide range of fast
changing density of states. In the typical range of operating
conditions, different distributions such as Gaussian can be
effectively approximated by an equivalent exponential
distribution.3*33

Based on the Fermi-Dirac distribution and as discussed in
the Appendix, the density of trapped carriers takes the fol-
lowing general form:

ntrapped = Nt, eXP(EF/kT;) ) (7)

where N] is the density of trapped carriers at Er=0 and T
the characteristic slope of the trapped carriers. The depen-
dence of 7, and N, on T, and T is elaborated in the Appen-
dix, in which we find that at relatively low temperatures
(T<T,), T;~T, and N, ~N, By increasing the tempera-
tures (T=T,/2), T, slowly increases from its low tempera-
ture value 7,, which implies that low temperature measure-
ments are required for accurate extraction of 7.

Equations (5) and (7) show that both trapped and band
carriers are exponentially dependent on Ej, however, with
different activation energies. The smaller activation for band
carriers leads to a relatively higher density of conducting
carriers as carrier concentration increases. When the density
of conducting carriers is averaged over the semiconducting
layer, this leads to a bias dependence of upg. However, as
both densities change exponentially, by using Egs. (5) and
(7) one finds the density of band carriers in terms of the
trapped carriers as

Ny  r
Mpand = 7 Misapped- ®)
T, /T FaPPe
(Ny)™
In addition, Since ny,pped>>Mpang> the total carrier density n
=Nyrapped + Mband ~ Mirapped €N be replaced in Eq. (8) to yield

NMpand = HnTt /T’ (9)

where 6=N,/(N, )T1/T. This equation has been found to em-
pirically hold for determining the equilibrium between free
carrier density and total carrier concentration for a wide
range of disordered semiconductors and operating condi-
tions, including many organic semiconductors.’> An expo-
nentially increasing trapped and free carrier densities is the
only assumption underlying Eq. (9), which holds for most
disordered systems with fast changing DOS over a limited
Fermi energy movement. In addition, to arrive at Eq. (7), we
assume that the Fermi energy is above the deep states. This
manifests as a threshold voltage adjustment and will be dis-
cussed later.
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III. EFFECTIVE MOBILITY

The generality of Eq. (9) can be used to define an effec-
tive mobility that does not include device attributes. The den-
sity of carriers in the transport band as given by Eq. (9)
determines conduction according to

0 = g Mpandband - (10)

The combination of Egs. (9) and (10) shows a nonlinear
relationship between conductivity and carrier density n.
Here, we can summarize transport behavior in terms of the
power term 7, /T and the conductivity at a reference carrier
concentration N,y. More explicitly, we define an effective mo-
bility . at Ny as

N (1)

Metf = = Mband,

a-n=N0 Nb<NO>T;/T
qNy Ny .

Consequently, the conductivity-concentration relationship
can be described by presenting u.¢ and 7, /T according to

0= queiNg X (n/Np)"i'". (12)

To show the significance of this representation, we will
use it to obtain current-voltage characteristics of a TFT. Us-
ing the gradual channel approximation for the linear current
Ipg jin We can write

W P
Ips jin = _Vnsf a(y)dy, (13)
L 0

where y denotes the location across the channel and & is the
channel depth. Using Eq. (12) for ¢ and changing the inte-
gral parameter from y to n, we find after mathematical
manipulation!3!420.23

w
Ips lin = Mefil Z(CiVGT) Vs, (14)

where Vgp=Vgs—Vry, @=2T,/T the power parameter in the
saturation current-voltage characteristics, and

~ (2€kT|N,)' =

a-1

(15)

Here, { is just a function of Tt’ /T and accounts for the carrier
distribution across the film and e the dielectric constant of
the semiconductor layer. Comparing these findings to the
definition of g in Eq. (3), we have

e = peel(a = 1)(C V) *™? (16)

or

0 = pg/ pege = {(a— 1)(CiVer)* 2, (17)

which clearly represents the geometrical and bias attributes
in upg. Figure 2 illustrates ® at room temperature in the
linear regime as a function of 7, for different values of
C;Vsr. We observe an increasing discrepancy between upg
and . as T, and C;Vgp increase. Note that ® in Eq. (17) is
strictly valid in the linear regime, which limits the use of the
extracted upg in other operating regimes. For example, using
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FIG. 2. O=pupg/puer as a function of 7, for different C,Vgr
values, showing the impact of device parameters such as bias and
geometry on the extracted mobility based on Eq. (3). The inset
shows a cross section of a TFT. The ticks on 7, axis represent the
reported positions for a-Si:H, PTV, pentacene, P3HT, and PTV as
summarized in Table I. An asterisk denotes different values of Vg
for C;=10 nF/cm? (the approximate capacitance of 500 nm silicon
nitride).

ppg to predict the saturation current based on the conven-
tional crystalline square-law dependence yields a(a—1)/2
times higher than expected current values. For 7,=400 K,
this leads to an error of about a factor of 2 due to the dis-
crepancy in the saturation charge distribution. This can also
explain the observed disconnect between values of upg ex-
tracted from linear and saturation regimes.

Representation of u.; and ® based on Egs. (11) and (17)
is determined by T, /T, which is valid only when there is an
exponential relationship between the carrier concentration
and Fermi energy Ej as given by Eq. (7). This is true for a
Fermi energy movement window that lies in the exponen-
tially increasing tail states, much lower than the mobility
edge and higher than the energies of the deep states. The
Fermi energy must be no closer than a few k7 to the mobil-
ity edge to ensure the accuracy of Eq. (7), which generally
holds due to the high density of tail states. This suggests that
the value of N, should be selected from within this Fermi
energy movement window below the mobility edge. In addi-
tion, since the deep states mostly contribute to the threshold
voltage V; and are filled before the device turns ON, the
mobility definition of Eq. (I11) is valid for the above-
threshold regime. In other words, the reference concentration
N, must be selected so that the Fermi energy Er, associated
with N, (see Fig. 3) resides well above the deep states. This
requires that the charge accumulated in the channel QO pinnel
to be higher than the charge C;V; needed to turn ON the
device. Using Eq. (7) and Poisson’s equation, Q.pannei=CiVo
when the carrier concentration at the semiconductor interface
is Ny, where Vy=(2€kT|Ny)*/C;. Consequently, to have
Ochame1 > CiVy,  we must have V,>Vy; or N,
> C:V7/(2€kT!), indicating the lower limit for selection of
Ny. For V;=1-2V and C;=20 nF/cm? which are
typical values, we have Ny,>6X10'"®cm™. Assuming
Ny=10'7 cm™ to compare u. values for different materials,
we have [=(4.1X107"9a) =2 /(q—1). It is important to
note that extraction of .y and ® from ugg relies on having
an accurate value for a. This can be extracted from curvature
of current-voltage characteristics”® C-V methods or other
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FIG. 3. Density of trapped carriers as a function of Fermi energy
showing reference concentration and transport band.

physical methods.*® Any error in the value of « (due to de-
vice nonidealities such as contact resistance) leads to an im-
perfect removal of the influence of device attributes from the
field-effect mobility.

The temperature dependence of wgg is commonly used to
describe carrier transport in disordered semiconductors, and
the activation energy E, of ugg is found to be voltage depen-
dent as well (see Fig. 3). We consider the temperature depen-
dence of u.g by recasting Eq. (11) in the following manner:

Mett = Hesro€XP(— Eyo/kT), (18)
where

4

! Nt
and Ea0=thln F =_EF0' (19)

N,
Meffo = lu'band]V .

0
This predicts Arrhenius behavior for the effective mobility
with activation energy E,), which is given by the constant
Ery. Here, Ep is the Fermi energy associated with the refer-
ence concentration N, as shown in Fig. 3 and represents the
energy difference between transport mobility edge E,,,q and
Ero. In other words, the activation energy of g denotes the
energy needed for carriers to thermalize from Ef to the mo-
bility edge and is bias independent. A closer look at the tem-
perature dependence of upg and g shows that

Ippg Oy 9O E, 2T

Vor
= = — + —
wrp 0T e dT O 9T  kT? T2

Vo

In

(20)

This clearly correlates the voltage dependence of activation
energy of upg to the temperature dependence of ®. The con-
ventional activation energy E, for upg may be written in
terms of the bias-independent activation energy E,y of s as

Ea(VGT) = an - 2kT[I 1n| VGT/VO

: 21

which describes the voltage dependence observed in Arrhen-
ius plots for upg.'” This description for bias dependence of
activation energy holds for the range of temperatures and
carrier concentrations where Eq. (9) holds and for a general-
ized transport band model.
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IV. HOPPING TRANSPORT BAND

Hopping transport based on percolation or variable range
hopping (VRH) is used to explain transport in organic
semiconductors."1%37 Despite different transport models for
these materials, the mobility is found to be influenced by
carrier concentration, resulting in temperature dependences
similar to that of a-Si:H as shown in Fig. 1. This shows that
the concept of effective mobility can be extended to these
semiconductors so as to separate the material transport prop-
erty from device and bias attributes. To develop an effective
mobility description, a well-defined equilibrium between
trapped and free carriers needs to be established. Evidence of
this equilibrium, such as np,,q=6n’"T given in Eq. (9), in
organic semiconductors has been reported® for a wide range
of temperatures and carrier concentrations. For this relation
to hold, the distribution of trapped and band carriers should
be exponential. Although a Gaussian trap distribution is evi-
dent in organic materials,>** for the typical range of operat-
ing conditions and Fermi energy movement window, the
Gaussian distribution effectively reduces to an equivalent ex-
ponential distribution due to the small shifts in the Fermi
energy.®® For the density of band carriers, Griinewald et al.*
and Shapiro et al.*’ have demonstrated the presence of a
transport band in which hopping conduction dominates irre-
spective of the position of Fermi energy. Similar to the mo-
bility edge, the trapped carriers are thermalized to this hop-
ping band E yvgy.? Relative to Ep,, the hopping band can

be stated as
«f( 2T)3
E, =kT/In| —| — , 22
0,VRH ' [No 3T (22)

where vy is the effective overlap parameter for electronic
states of the band tail. Baranovskii et al.*'*> has generalized
this concept of transport band beyond the exponential DOS
assumption and to a broader range of disordered semicon-
ductors with Gaussian or similar fast changing state. This
concept can also accommodate the hopping transport based
on percolation as described in Ref. 10 for amorphous organic
semiconductors. Here, it can be shown that having a trans-
port band at an energy corresponding to a carrier concentra-
tion of N,=B(2yT/T])*/, can replicate the same Arrhenius
plots of wpg, where B-~2.8 is the critical number for per-
colation in three-dimensional amorphous systems. The posi-
tion of the percolation hopping energy band is just
kT/In(Bo/3m) ~=3.5kT, away from that is predicted by
Monroe’s VRH.?” Table I summarizes the values for . at
room temperature 7, and E,, at Ny=10'7 cm™ determined
from the results presented for different disordered systems in
the literature.

V. CONCLUSIONS

The quest for new inorganic and organic semiconductor
materials has challenged the interpretation of basic carrier
transport properties such as field-effect mobility. The mobil-
ity in these complex material systems is systematically de-
pendent on device geometry and terminal bias due to the
nonlinear influence of carrier concentration on conductivity,
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TABLE I. Extracted values of transport parameters (g, 75, and
E,) from published data for disordered semiconductors such as
a-Si:H, pentacene, PTV, P3HT, PQT-12, sexithiophene (67),
dihexyl-sexithiophene (DH6T), and poly(phynelene vynelene)
(PPV) at Ny=10"7 cm™.

Her @300 K T, Eqo

Semiconductor (cm?/Vs) (K) (eV) Ref.
a-Si:H 0.8 320 0.230 23
pentacene 9.0x 107 385 0.313 10
PTV 1.1X10° 380 0418 10
P3HT 55X107 425 34 and 43
P3HT 0.060 310 0.293 32
PQT-12 0.034 324 0.245 30

6T 1.6X1073 455 0313 28
DH6T 0.010 495 0.260 28
PPV 5x107° 540  0.450 44

thus undermining the crystalline and planar-transistor defini-
tion of mobility. This paper presents an effective mobility
description that separates device attributes from the physical
mobility to facilitate a direct comparison of mobility in a
variety of disordered material systems. The activation energy
of the effective mobility is independent of bias and denotes
the energy needed for carriers to thermallize to the transport
band, providing a consistent physical interpretation of the
carrier transport. Using generalized transport band definition,
this mobility description can be extended to hopping trans-
port in organic semiconductors and provides means for tabu-
lar comparison of device properties.
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APPENDIX

The density of trapped carriers as a function of Fermi
energy is retrieved from the density of states g(E) using

1000 , ! r .

100

= 10

* tow T
High T 0 : u—s1
u-+Y2exp (-Ec/KT)
0.1 1 i 1 1
0.01 0.1 1 10 100 1000

NI

FIG. 4. Simulation results for u in Eq. (A3) as a function of T,/T
and Ep.
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FIG. 5. N, as a function of T,/7T. Dashed lines show the fre-
quently used Eq. (A5) and its deviation from simulation results.

0
ntrapped = J g(E)f(E’ EF)dE’ (Al)
Eg
where f(E,Ey) denotes the Fermi-Dirac function
f(E,Ep) ={1 +exp[(E - Ep/KT]}", (A2)

and E; the bandgap. For an exponential density of states

such as Eq. (6), we find after mathematical
manipulation!31423

ntrapped = Ntexp(EF/th)u > (A3)
where

( ) JXF ’
L fs 9
uEp,T,,T) = vor 1+ 0T

and xp=exp(—Ep/kT,) and xgr=expl(Eg—Er)/kT,] are the
boundaries for the integral parameter x. Based on numerical
simulations as shown in Fig. 4, the integral u on the
right hand side of Eq. (A3) approaches unity at low T

PHYSICAL REVIEW B 74, 245210 (2006)

TIT,
o

High T low T

09t i 250

0.8 .
0.1 1 10

FIG. 6. T, as a function of T,/T.

(T<T), simplifying the result to ny,ppeq=Nexp(Ep/kT,).
In contrast, at high T (T>>T,), u— 1/2exp(-=Ep/kT)),
resulting in Ag,ppeq— N;/2. For intermediate temperatures
(T,/10<T<10T,), u attains a value between these two ex-
tremes. Although this integral is not analytically solvable
over all temperatures, one finds that 7y,,peq as a function of
Er has a general exponential characteristic in typical tem-
perature ranges, and thus can be written as

Nirapped = Nt, exp(EF/kT;/) s (A4)

where N, and 7, are the magnitude and slope of the
exponential and are functions of 7" and T,. Figures 5 and 6
depict the dependence of N; and 7, on T, and T. At low 7,

t
T, ~T, and
sin(#T/T,)

Ni/N: /T,
t

, (AS)
which is often used by different authors.*!3'4 However, as T
increases and becomes comparable to T, (T>T,/2), the char-
acteristic slope 7, increases and is more influenced by T or
thermal energy. In addition, N, shows bell shaped behavior
and deviates from the popular expression of Eq. (A5).
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