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Abstract: Steady state behavior analysis of organic thin film transistor (OTFTs) has been thoroughly researched in the past few
decades. Yet, this static logic analysis has drawbacks of high power dissipation and high power consumption, and a large num-
ber of prerequisites in the number of transistors for the digital  logic circuit application. Hence, to overcome these basic funda-
mental drawbacks of static logic, the dynamic logic study of organic thin film transistor has been analyzed in this paper. The fun-
damental  basic  of  dynamic  logic  is  a  pass  transistor  for  which  logic  high  and  logic  low  model  is  designed  at  an  operating
voltage of 5 V and frequency of 5 kHz. Additionally, the novel approach of analytical model for organic pass transistor (OPT) cir-
cuit is included and verified using MATLAB. The transient individualities of organic pass transistor OPT are examined through At-
las 2-D numerical device simulator. The reduction in the power dissipation along with additional voltage scaling and reduction
in the clock frequency such as pipelining may further enable the applications into more complex VLSI ICs.
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1.  Introduction

Organic electronics have attracted enormous attention in
the recent years because of their advantages and compatibil-
ity with flexible electronics. An organic thin film transistor (OT-
FT),  due to  its  low cost  and flexible  nature,  finds  applications
in  radio  frequency  identification  (RFID)  tags,  sensors,  digital
switches,  actuators,  smart  cards,  memory  circuits  and  Flex-
ible  display  driven  as  backplane  using  OTFTs[1−4].  In  all  these
applications,  logic  gates  using  organic  TFTs  are  required,
which  should  fulfill  the  performance  criteria  in  terms  of  wide
output voltage range, circuit area and power consumption.

The most ideal conformation for the building blocks of us-
ing digital  logic circuits  is  CMOS configuration which provide
the  benefits  of  existence  of  complementary  technology.
However, the complementary logic circuits are not quite feas-
ible  in  organic  TFTs  because  of  the  difference  in  mobility
charge carrier of p- and n-type transistors, which effects the ro-
bustness of  digital  design.  Unipolar  technologies have an ad-
vantage  over  complementary  technology  because  they  are
less complex in terms of fabrication and provide less manufac-
turing  cost.  Yet,  they  have  a  disadvantage  of  large  area  and
power  dissipation[5].  Previous  works  has  reported  the  design
of  organic  TFTs  using  conventional  Zero-VGS  (ZVLL)  and  di-
ode connected (DLL) p-type OTFT[6]. However, these configura-
tions consume a high steady state power and the circuit area
is  high because the pull  down requires the large W/L ratio to
shift the output voltage close to 0 V. Subsequently,  this leads
to  serious  design  criteria  to  solve  these  problems.  Con-
sequently,  pseudo-CMOS  logic  circuits[7, 8] were  proposed,
which are still  under the constant interest of researchers. This

logic  is  helpful  in  providing  a  large  dynamic  output  range
but,  due  to  its  usage  of  additional  power  supply  circuitry,
high  steady  state  power  consumption  and  large  circuit  area,
it  still  needs  improvement.  This  can  be  achieved  by  using
Dual gate OTFT, which increases the process steps[9].

So far, these circuits were based on the steady state beha-
vior  of  the  logic  (i.e.  static  logic),  which  is  highly  reliable  for
the flexible electronic operations.  A differential  logic circuit  is
another recent approach to analyses the issues related to stat-
ic  logic[10].  This  circuit  make  use  of  combinational  logic  cir-
cuits  and  positive  feedback,  which  provide  strong  pull-up
and  pull-down  paths.  Consequently,  it  consumes  negligible
steady  state  current  but  as  the  number  of  transistors  re-
quired is doubled therefore the circuit area is increased. Thus,
dynamic logic  is  becoming more of  an interest  to  implement
a  complex  digital  circuitry  as  it  provides  less  area  and  negli-
gible  steady  state  current[11].  Kim et  al.[12] first  proposed  the
concept of dynamic logic circuits using n-type a-IGZO TFTs to
resolve the problem. This paper hence-forth makes use of the
concept  and  has  proposed  the  design  of  dynamic  logic  cir-
cuits  using  p-type  OTFTs.  The  fundamental  block  of  dynamic
logic  is  the  pass  transistor.  Elsobky et  al.[13] mentions  the
concept  of  pass  transistor  and  has  designed  1-stage  shift  re-
gister based on a new biased load dynamic flip flop.

In this work, the analytical modelling of organic pass tran-
sistor has been done for the logic high and logic low. The res-
ult has been verified through calculation and simulation. Mak-
ing use of this analytical model concept, the paper is sub-sec-
tioned  into  four  categories.  The  first  section  deals  with  the
state of art of the work acknowledged in the field of digital cir-
cuits  logic  using organic  thin  film transistor.  Additionally,  the
basic of dynamic logic circuit is the pass transistor,  which has
been studied for  the logic high and low signal  of  the organic
thin  film  transistor  thereby  making  use  of  the  basic  compact
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model  of  the MOSFET.  Lastly,  the results  are verified with the
analytical work in order to study the robustness of the design
for the further use in more complex digital circuitry.

2.  Organic pass transistor (OPT)

The  basic  building  block  of  p-type  dynamic  logic  cir-
cuitry is the pass transistor[14]. This section deals with the ana-
lytical modelling of organic pass transistor. The working mod-
el  here  is  taken  from  the  conventional  compact  model  used
for MOSFET keeping in advent of the fact that the basic differ-
ence between the working of  MOSFET and OTFT is  the inver-
sion  of  charge  in  the  previous  one,  followed  by  accumula-
tion of charge in the latter. Compact DC model for OTFT[15, 16]

has  been  defined  previously  and  in  this  paper  the  standard
equation used for  OTFTs drain current  equations are conven-
tionally recognized in Ref. [17]. 

Ids =
W
L
μCi [(Vgs − Vt) Vds − 


Vds] . (1)

For linear region, 

Vds ⩽ Vgs − Vt,
 

Ids =
W
L
μlCi [(Vgs − Vt) Vds] . (2)

For saturation region, 

Vds > Vgs − Vt,
 

Ids =
W
L

μsCi [(Vgs − Vt)] , (3)

where W, L, Ci, μl, μs and Vt are  channel  width,  channel
length,  gate insulator  capacitance per  unit  area,  linear  mobil-
ity, saturation mobility and threshold voltage respectively. An
OTFT uses  an electric  field  to  modulate  the  conduction of  an
active layer located at the interface between an insulator and
organic  semiconductor.  Hence,  it  is  a  field  effect  transistor
(FET) similar to the well-known metal oxide field effect transist-
or  (MOSFET),  which is  a  fundamental  block for  integrated cir-
cuits. A distinguished feature between an organic TFT (O-TFT)
and  MOSFET  is  the  principle  of  operation;  i.e.,  channel  for-
mation  in  OTFT  is  through  accumulation  process  wherein
MOSFET  through  inversion  process  as  also  reported  in  Refs.
[18, 19].  This  paper  adopts  the  model  given  by  Gundlach et
al.[20] where field effect mobility of OTFT is extracted from the
drain  current  equations  described  for  the  single  crystalline
MOSFET as per given in Eq. (1)[17]. Hamilton et al.[21] has repor-
ted  the  concept  of  dispersive  carrier  transport  in  the  organic
material  that  modified the conventional  equation of  MOSFET
for OTFT and discussed through Eqs. (1)–(3) with an addition-
al parameter γ, associated with the non-linear behavior of the
device as in Eqs. 2(a) and 3(a) 

Ilinds = −μlinCox
W
L
(Vgs − Vt)γVds, (2a)

 

Isatds = −μsatCox
W
L
(Vgs − Vt)γ+, (3a)

where μlin and μsat is the linear and saturation field effect mo-
bility  of  the  organic  device.  The  parameter γ has  been  ex-
pressed in Eq. 3(b) 

γ = 
To
T

− . (3b)

To is  the characteristic  temperature around the Fermi level  of
the inorganic semiconductor and is valid for the equation T <
To.  For organic semiconductor, γ is  always greater than 1 and
has been reported around 1.1.

The  field  effect  mobility  for  the  linear  region  is  derived
from the trans-conductance gm and is given as in Eq. (4) 

μl =
Lgm

WCiVds
, (4)

and  the  mobility  in  saturation  region  is  calculated  from  Eq.
(3) which is as follows: 

μs =
L
WCi

(∂√Ids
∂Vgs

). (5)

These equations work on the assumptions of constant mo-
bility  and  ignore  the  dependence  of  gate  voltage  on  mobil-
ity of organic transistors[22].

2.1.  Device structure

OTFTs can be categorized as single gate and dual gate or-
ganic  devices.  A  single  gate  transistor  comprising  of  organic
semiconductor  as  an  active  channel  can  be  further  categor-
ized as the bottom contact and top contact, depending upon
the position of  the electrode.  This  paper  adopts  bottom gate
bottom  contact  single  gate  OTFT,  shown  in Fig.  1 and,  the
device parameters from Ref. [9], as listed in Table 1.

2.2.  Simulation study

The  ATLAS  (Silvaco)  tool  has  made  an  excellent  effort  to
study the device physics and behavior of organic thin film tran-
sistor using the Poole Frenkel mobility model[23] as in Eq. (6) 

μ(E) = μexp [− Δ
kT

+ ( β
kT

− γ) √E] , (6)

where μ(E), E and μ0 denotes  field  dependent  mobility,  elec-
tric  field,  and null  field mobility respectively.  These,  including
γ,  are  the  fitting  parameters  which  are  taken  into  effect  for
the  simulation  result  and  the  mobility  model. Δ and β are
defined as the energy of activation and Poole-Frenkel hole as-
pect  correspondingly.  The  Poole-Frenkel  mobility  model  de-
scribes  the  conduction  mechanism  of  the  trap  carrier  owing
to  the  electric  field  thermal  excitation  at  the  interface.
Thermal  disorder  leads  to  charge  carrier  localization  around
the trap region thereby reducing the drain current (Ids) at low
field region.

 

Organic semiconductor

Gate
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Fig. 1. (Color online) Schematic representation of the bottom gate bot-
tom contact organic thin film transistor.
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The  ATLAS  simulation  process  typically  consists  of  three
different  modes:  1)  structural  and  geometrical  description,  2)
physical device models and 3) defining material properties, de-
fects  and  device  operating  conditions.  In  the  simulation  pro-
cess,  the  defined  mobility  model  necessitates  the  calculation
by  considering  the  mesh  analysis  at  each  individual  region,
comprising of complex triangular grids. Henceforth, a high de-
gree of accuracy depends upon the high degree of density of
meshing.  This  simulator  gives  insight  into  the  underlying  mi-
croscopic mechanism of materials along with precise monitor-
ing  of  the  device  dimensions[24].  It  also  exhibits  finite  ele-
ment based 2D numerical simulator provide the implementa-
tion of  the circuit  applications in the digital  as  well  as  analog
field  using  mixed-mode  module  of  ATLAS.  The  ability  of
Mixed-Mode  is  to  link  any  ATLAS  device  into  a  SPICE  circuit.
The  process  flowchart  in Fig.  2 provides  a  schematic  flow  of
the implementation of the digital logic using the TCAD tool.

2.3.  Device characterization and parameter extraction

The  electrical  characterization  including  output  as  well
as  transfer  characteristics  is  drawn  in Figs.  3(a) and 3(b),  re-
spectively.  The Id–Vd curve in Fig.  3(a) shows the constant sa-
turation  variation  suggesting  a  low  device  resistance  while
Fig.  3(b) shows  the  transfer  characteristics  analysis  regarding
behavior  associated  with  the  model  at  around  the  threshold
voltage regime. The device parameters are extracted through
simulation  and  validated  with  the  experimental  results  as
summarized in Table 2. These parameters show close proxim-
ity with the experimented work.

To  show  the  linear  and  saturation  characteristics  using
MATLAB, Table  3 shows  the  fitting  parameter  that  is  used  to
model the device for the validity and Fig. 4 shows the compar-
ative  analysis  of  the  model[21],  experimental  and  simulated
transfer characteristics for the organic devices.

3.  Analytical modelling of OPT

Previously  reported  work  shows  that  logic  gates  are  the

essential block for digital and complex analog circuits. This sec-
tion shows the basic working study of  organic pass transistor
for both the logics: high and low.

3.1.  Logic high

This design depends upon the fact that the p-type organ-
ic pass transistor is  able to pass logic high signal without any
problem  when  the  clock  signal  (CLK)  signal  is  active  low;  i.e.,
0  at  its  gate[25].  It  can  be  hereby  proved  that  p-type  OPT  is
good at  passing a  “1”  signal  and is  said  to  be strong high lo-
gic.  Subsequently,  this  fact  depends  upon  the  logic  level  of
the  clock  signal  (CLK)  whether  it  is  high;  i.e.,  active  for  the
transfer  of  logic  high  signal  or  low  for  the  transfer  of  logic
low  signal.  In  any  of  the  case  the  dependence  of  logic  level
values assumes from the voltage at the soft node Vx.

Because  the  working  of  p-type  OPT  is  considered  to  be
converse  of  n-type,  the  proposed  design  is  made  for  logic
high Fig.  5(a) and  logic  low  signal  as  in Fig.  6(a).  In  the  logic
high,  the  signal  is  passed through the pass  transistor  directly
similar  to  the  p-channel  transistor  in  a  complementary  trans-
mission gate switch. The promise of this approach is that few-
er  transistors  are  required  to  implement  any  function.  In  the
following,  we  first  examine  the  analytical  model  for  charge
up  event  for  OPT.  Assume  that  the  voltage  at  the Vx is  ini-
tially  equal  to  0  i.e. Vx =  0  V  at t =  0.  A  logic  high  is  given  to
the input terminal which corresponds to Vin = VDD.

For  the  transistor  T1, Vgs =  0  and Vds = Vdd =  –VDD.  Thus,
T1  is  in  saturation  region  and  hence Cx will  charge  up  to  the
value given as: 

Cx
dVx
dt

= Kp
W
L
(Vdd − Vx − Vtp). (7)

Table 1.   Device parameters for the organic material based device[9].

Parameter Value

Gate electrode (Si) 150 nm
Bottom gate (SiO2), tox 100 nm
OSC thickness (tosc) (pentacene) 200 nm
Width of S/D (ts/td) (gold) 80 nm
Active layer length (L) 25 μm
Active layer width (W) 800 μm
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Fig. 2. (Color online) Schematic representation of the mixed mode ana-
lysis of ATLAS for circuit implementation.
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output and (b) transfer characteristics curve.
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Integrating Eq. (5), we get
 

t

∫


dt =
CxL
WCox

Vx

∫



Vdd − Vx − Vtp

dVx. (8)

Integrating Eq. (6), we get
 

tsat =
CxL
WCox

ln
Vdd − Vtp

Vdd − Vtp − Vx
, (9)

 

WCoxtsat
LCx

= ln
Vdd − Vtp

Vdd − Vtp − Vx
. (10)

Taking  antilog  on  both  sides  and  considering  saturation
time as t we get:
 

e
WCox
LCx t =

Vdd − Vtp
Vdd − Vtp − Vx

,

 

e−WCox
LCx t =  −

Vx
Vdd − Vtp

. (11)

Solving the above, we get: 

Vx = (Vdd − Vtp) ( − e−WCox
LCx t) . (12)

The  variation  of  the  node  voltage  given  by  Eq.  (10)  is
graphically shown in Fig.  5(b) with respect to time.  The value
rises  and  reaches  the  maximum  value  of VDD–Vtp. Table  4
shows the comparative study between the simulated and ana-
lytical  parameters  for  the  logic  high  transfer  signal. Fig.  5(c)
shows  the  simulated  transient  behavior  of  the  design  for  the
time  period  of  4  ms.  When  the  clock  is  high  at  the  gate,  the
OPT  is  off  and  the  input  is  low  (i.e. Vgs =  0  then Vds = VDD =
5 V)  and hence T1 transistor  is  in  saturation and the analytic-
al value from Eq. (10) is 2.89 V.

The  analytical  value  is  very  much  in  close  approximation
of the simulation results and is derived from Eq. (10) which is
tried  to  fit  through  MATLAB  as  shown  in Fig.  5(b).  The  vari-
ation  in  the  result  is  because  the  iteration  process  is  done
through Newton Raphson (NR) algorithm of ATLAS 2-D simulat-
or.  This  algorithm  is  used  in  the  transient  state  as  well  as
steady  state  analysis.  Moreover,  in  this  work  the  full  newton
Raphson algorithm is used for the transient sate analysis.

3.2.  Logic low

Previous work has shown that the pass transistor made us-
ing p-channel and n-channel for digital logic signals were oper-
ated  using  complementary  clock  signal  at  the  gate  in  order
to switch the transition from high to low, and vice versa[25, 26].
However,  the  main  drawback  of  these  complementary  clock
signals  is  to  get  completely  off  and  on,  and  hence  were  not
feasible in a hybrid electronic integrated circuit. This was over-
come  by  the  use  of  unipolar  clock  signal  by  replacing  these
channels into a transmission gate switch. Moreover, an altern-
ative  approach  to  static  logic  is  a  dynamic  circuit  design,
which  despite  of  having  inferior  robustness  provides  several
advantages.

As  p-channel  device  is  considered to  be  a  strong pull  up
as  they  are  able  to  pass  logic  high  signal  discussed  above.
However,  they  are  considered  weak  pull  down  because  they
are not able to pass logic low signal.  Henceforth,  in this work
a  new  circuitry  is  proposed  for  the  logic  low.  This  circuitry  is
made  using  two  inverters  and  one  pass  transistor  as  in
Fig.  6(a).  The  transistor  sizing  used  for  the  inverter  circuits
used for the organic pass transistor is listed in Table 5.

In order to provide the path for the discharging at the out-
put,  the  biased  load  design  has  been  implemented  which
make  use  of  external  bias  voltage Vbias.  The  analytical  study
of  this  proposed  design  is  done  and  verified  by  the  simula-
tion  as  shown  in Fig.  6(c) through  MATLAB  and Fig.  6(d) re-
spectively.

Consider Fig. 6(b), the circuitry is made using biased-load
design. For the transistor T3, 

Vgs = , Vds = −VDD.

T3 is working in the linear region. 

Table 2.   Electrical parameter comparison of pentacene-based single
gate organic thin film transistor.

Parameter Experiment[9] Simulated

μ (cm2/(V·s)) 0.02 0.019
Ion/Ioff 3.2 × 103 5.1 × 103

SS (V/dec.) 2.0 2.3
gm (μS) 0.044 0.041
VTH (V) – 2.0 – 2.1

Table 3.   Fitting parameters for  the transfer characteristics using the
model through MATLAB[21].

Parameter Value

W/L 800/25
Cox 0.345 × 10–9 F/cm2

μ 0.012 cm2/(V·s)
γ 2.1[21]

To 465 K[21]

Vt –2.1 V

Table 4.   Comparison between analytical  and simulation parameters
for logic high transfer signal.

Parameter Analytical Simulated

Output voltage (V) 2.89 3
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Cx
dVo1
dt

= Kp
W
L
[(Vgs − Vth) Vds − Vds


] , (13)

Vgs =  Vds = −VDD Vth = Vtp,where ,  and  

Cx
dVo1
dt

=  (−Vtp) [(Vout−VDD)−(VDD−Vout)] KpWL . (14)

K = Vout − VDDPutting  

Cx
dVo1
dt

=  (−Vtp) K − K, (15)
 

Cx
dVo1
dt

= −K [ (Vtp + K)] KpWL , (16)
 

Vtp

∫
VDD

dV01
−K(Vtp + K) = t

∫


dt
Cx

Kp
W
L
. (17)

Solving by the method of partial fractions we get 

Vtp

∫
VDD

dV01
−K (2Vtp + K) =

Vtp

∫
VDD

−
Vtp
K

+

Vtp

∫
VDD


Vtp

Vtp + K

= −
Vtp

ln K +


Vtp
ln (Vtp + K) ,

where K = Vout − VDD,

(18)

 

Kp
W
L

Cx
t = 

Vtp
ln ( + Vtp

Vtp − VDD
) . (19)

Taking antilog on both sides of Eq. (19), we get 

 − e(KW
L /Cx)Vtpt = Vtp

Vout − Vdd
, (20)

 

Vout − Vdd =
Vtp

 − e
(KW/L)Vtpt

Cx

, (21)

 

Vout = Vdd + Vtp( − exp
KW/LVtpt

Cx
)−. (22)

On  expanding  the  series  of  (1  – x)–1 =  1  + x + x2….  and
neglecting the higher order terms in Eq. (22) we get: 

Vout = Vdd + Vtp ( + exp
KW/LVtpt

Cx
) (23)

Finally, the variation of Eq. (23) is plotted as a function of
time  in  ms  in Fig.  6(c). Table  6 shows  the  comparative  study
between  the  simulated  and  analytical  parameters  for  the  lo-
gic low transfer signal.

If  the  node  voltage  goes  higher  than VDSAT,  the  organic
pass  transistor  starts  operating  in  linear  mode  and  dischar-
ging of the parasitic capacitance takes place through calculat-
ing  the  fall  time  expression  and  hence  the  following  study  is
done  to  measure  it.  For  the  transistor  T3, Vgs =  0, Vds=  –VDD

then T3 is working in the linear region. 
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Fig. 5. (Color online) (a) The basic circuitry for logic high organic-PT. (b) Variation of output voltage with respect to time through MATLAB. (c) Simu-
lation result for the logic high signal with the input supply of 5 V.
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Cx
dVo1
dt

= Kp
W
L
[(Vgs − Vth) Vds − Vds


] , (24)

 

Cx
dVo1
dt

=  (−Vtp) [(Vout−VDD)−(VDD−Vout)] KpWL . (25)

K = Vout − VDD,Putting 
 

Cx
dVo1
dt

=  (−Vtp) K − K, (26)
 

Cx
dVo1
dt

= −K [ (Vtp + K)] KpWL . (27)
 

Vtp

∫
VDD

dV01
−K(Vtp + K) = t

∫


dt
Cx

Kp
W
L
. (28)

Solving by the method of partial fractions we get 

Vtp

∫
VDD

dV01
−K(Vtp + K) =

Vtp

∫
VDD

−
Vtp
K

+

Vtp

∫
VDD


Vtp

2Vtp + K

= −
Vtp

ln K +


Vtp
ln (Vtp + K) ,

where K = Vout − VDD,

(29)

 

Kp
W
L

Cx
tlin = 

Vtp
ln ( + Vtp

Vtp − VDD
) , (30)

 

tlin =
LCx

KpWVtp
ln ( + Vtp

Vtp − VDD
) . (31)

LCx
KpWVtp

Using  = S (new constant),
 

tlin = S ln ( + Vtp
Vtp − VDD

) . (32)

The variation of new constant S can be analyzed by keep-
ing this value in Eq. (1) of the drain current equation of organ-
ic  thin  film  transistor  in  linear  region.  We  find  that Ids is  in-

Table 5.   Dimensions for the simulated parameters of the proposed in-
verter design.

Parameter Value

W/L (T1) 5000 μm/100 μm
W/L (T2) 300 μm/100 μm
W/L (T3) 300 μm/100 μm
W/L (T4) 5000 μm/100 μm
W/L (T5) 300 μm/100 μm
COLED 0.6 nF

Table 6.   Comparison between analytical  and simulation parameters
for logic low transfer signal.

Parameter Analytical Simulated

Output voltage (V) 0.012 0.5
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Fig. 6. (Color online) (a) The basic circuitry for logic low organic-PT. (b) working principle of the proposed model for logic low signal. (c) Variation
of output voltage with respect to time through MAT Lab. (d) Simulation result for the logic low signal with the input supply of 5 V.
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versely proportional to S as given as in Eq. (33): 

Ids =
Cx
SVtp

[(Vgs − Vt) Vds − 

Vds

] . (33)

Thus,  it  is  inferred  that S is  directly  proportional  to  the
length  of  the  channel.  Since,  the  channel  length  is  depend-
ent  on  the  gate  voltage  hence  it  is  also  proportional  to  it.
On  calculating  the  unit  of S,  we  found  it  is  cm2/V2 which  is
the  inverse  of  the  square  unit  of  energy  of  the  channel.
Hence  channel  length  needs  to  be  smaller  in  order  to  have
strong energy variation.

4.  Conclusion

In  this  paper,  the mathematical  model  for  the organic  all
p-type  pass  transistor  (OPT)  based  on  compact  DC  model  of
MOSFET is discussed. To validate the result, the OPT has been
verified  through  analytical  model  using  MATLAB.  It  was
found  that  the  simulated  and  the  analytical  parameters  are
very much in agreement to each other for the logic high and
logic low level. This modelling will be helpful in designing dy-
namic logic circuits based on organic thin film transistors.
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