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Abstract: This paper presents the fabrication, characterization and numerical simulation of poly-3-hexylthiophene (P3HT)-
based bottom-gate bottom-contact (BGBC) organic thin film transistors (OTFTs). The simulation is based on a drift diffusion
charge transport model and density of defect states (DOS) for the traps in the band gap of the P3HT based channel. It com-
bines two mobility models, a hopping mobility model and the Poole-Frenkel mobility model. It also describes the defect dens-
ity of states (DOS) for both tail and deep states. The model takes into account all the operating regions of the OTFT and in-
cludes sub-threshold and above threshold characteristics of OTFTs. The model has been verified by comparing the numerically
simulated results with the experimental results. This model is also used to simulate different structure in four configurations of
OTFT e.g. bottom-gate bottom-contact (BGBC), bottom-gate top-contact (BGTC), top-gate bottom-contact (TGBC) and top-gate
top-contact (TGTC) configurations of the OTFTs. We also present the compact modeling and model parameter extraction of the
P3HT-based OTFTs. The extracted compact model has been further applied in a p-channel OTFT-based inverter and three stage
ring oscillator circuit simulation.
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1. Introducation

Organic electronics have received great attention since
the initial discovery!V, due to the range of exotic mechanical
properties of the organic semiconductor materials and tech-
nologies that they offer in contrast to prevalent inorganic
semiconductor technologies. For example, plastics can be flex-
iblel?), stretchable and processed from solution-phase over
large areas in roll-to-roll newspaper-style printing[3: 4., Plastics
can also be processed at lower temperaturesl, and hence
have lower economic costs than silicon. Another benefit of syn-
thetic polymeric materials is that their properties can be
tailored via the introduction of different chemical groups that
vary overall molecular structures, giving rise to the idea of
“Make to Order” (MTO) electronics. Applications for organic
thin film transistor (OTFT) include light-emitting devices[6-32],
bioelectronics sensing devices and applications!® that would
require low amounts of computing, such as electronic tags or
memory devicesl’-9, One of the primary focuses for organic
electronics research over the past few decades has been the
organic field-effect transistors (OFETs)'19-32], OTFTs are a key
element of organic electronics!'-32, Whilst solution-pro-
cessed OTFTU'-131 with desired mobility values have started
to enter the realm of industrial application, they cant be util-
ized unless the other critical parameters are also addressed.
For example, TFTs can be used as switches in both voltage-driv-
en and current-driven applications. Voltage-driven applica-
tions, such as liquid crystal displays or e-paper, require a con-
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trolled voltage to be applied. On the other hand, display tech-
nologies used active matrix organic light emitting diode
(AMOLED) commercially for smart phones, laptops, tablets,
games consoles, smart watches, digital cameras, media play-
ers and televisions are current-driven. In the development of
TFT, the mathematical model of device represents an import-
ant bridge between manufacturing of semiconductor and
circuit design. In past years, some mathematical models of
OTFT were developed!'. All these models describe dc cur-
rent-voltage characteristics. These models are developed by
slight modification in classical MOS transistor models. But
these are not able to describe complete behaviour and uni-
que features of OTFTs. During the design process to evaluate
the circuit performance, compact model is necessaryl12 28-32],
Therefore, technology computer aided design (TCAD) simu-
lation and compact modeling of organic thin film
transistors!’3-321 become very important. The researchers
have put an extensive research effort into OTFT compact mod-
eling for circuit simulation as in Refs. [28-32]. Further re-
search efforts by various researchers are going on in this direc-
tion. In current scenario, a physical model based on organic
semiconductor is required for analog and digital circuits. The
developed model should have these qualities: (i) consistent be-
haviour, (ii) having parameter variable that can be put easily,
(i) symmetrical to OTFT structure, (iv) easily derivable and
simple calculation, (v) reducible and upgradable, (vi) tunable
for bad experimental data, and (vii) all the relations can be jus-
tified by physics. So in this work, we try to achieve all these
qualities. The model based on fundamental semiconductor
equations and drift diffusion charge transport model has
been utilized for TCAD based numerical simulation. This ap-
proach and model has been successfully examined on experi-
mental data and also extracted the performance parameters
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Fig. 1. (Color online) Structure of the P3HT-based bottom-gate bot-
tom-contact (BGBC) OTFT.

of the OTFTs for both saturation and linear region of opera-
tion of OTFTs. For compact modeling we used the UOTFT mod-
el which introduces general expression of modeling for con-
ductivity of channel of OTFTs[31-33],

In this paper, we used Silvaco's ATLAS device simula-
tor to use the charge carrier continuity equation, Poisson's
semiconductor device equation?22-281 and drift diffusion
model22-28] to simulate electrical characteristics of the given
device. Silvaco's UTMOST-IV model parameter extraction soft-
ware has been used to obtain compact model parameters us-
ing the UOTFT model28-32 38, TCAD simulation results and
compact model based simulation results were also com-
pared with the measured results of experimentally fabrica-
ted device. This section talks about basic introduction. Ex-
perimental details of the fabricated P3HT based bottom-gate
bottom-contact (BGBC) OTFT are given in Section 2. TCAD
based numerical simulation and performance parameter ex-
traction of the device are given in Section 3. In Section 4 we
describe the results and discussions. Compact modeling, mod-
el parameter extraction and model validation are explained
in the Section 5. Finally, conclusions drawn are given in Sec-
tion 6.

2. Experimental details

2.1. OTFT fabrication

We fabricated a P3HT based bottom-gate bottom-con-
tact (BGBC) OTFT as shown in Fig. 1. A n* type Si wafer with
1 x 1 cm? was chosen as the substrate. On the top of the
wafer a 300 nm thick SiO, layer was already deposited. Sub-
strates were cleaned with a mixture of hydrogen peroxide
and ammonia solution with 5 : 1 ratios at 85 °C for 1 h. Fur-
ther octyltrichlorosilane (OTS) was used to enhance ordering
of P3HT polymer chains over the substrate. Gold (Au) metal
was used as the source/drain electrodes. The 30 nm Au elec-
trodes were thermally deposited using vacuum coating unit
(HHV make Model: SMART COAT 3.0) through metal mask on
wafer. The length of the channel was 50 um and the width of
the device was 2 mm. In our study, we have used P3HT hav-
ing molecular weight of 37800 kDa and 90% head to tail re-
gioregularity. Solutions of P3HT in choloroform (Merck, India)
were prepared with 2 mg/ml concentration. The prepared solu-
tion was spin coated on wafer for 20 s at 6000 rpm using a
spin coater (APEX instrument Co, India). The thickness of
P3HT was maintained about 50 nm. Further, the sample was

Table 1. Material parameters for P3HT.

Parameter Value

Effective density of states in the 2% 1027 cm=3071
conduction band (N,)

Effective density of states in the
valance band (N,)

Organic Semiconductor Dielectric
constants (&)

Energy gap at 300 K (£)

2x 102" cm=3017
3.007)

1.9 eV (experimental value,
see Fig. 2(a))

3.5eVi17]

1% 104 cm?/(V-s)

5% 10~ cm?/(V-s)

2% 107 cm-3i31

Electron affinity (x)

Electron mobility (u,)

Hole Mobility (i)

Acceptor concentration (N,)

kept in an annealing chamber for 1 h at 80 "C to remove the
solvent.

2.2. Thin film characterizations and OFETs
measurement

The UV visible absorption spectra of P3HT thin films over
indium thin oxide (ITO) coated glass were measured by a
UV-Vis. spectrophotometer from PerkinElmer, Germany (mod-
el no. Lamda 25). The morphologies of P3HT films on SiO,/Si
substrate were performed using atomic force microscopy
(AFM) (NT-MDT, Russia model Pro 47). All electrical measure-
ments of OFETs were conducted under ambient conditions us-
ing an HP semiconductor parameter analyzer (Model No.
4145B) from Hewlett-Packard, USA.

The transfer (Ips—Vgs) characteristics were extracted at a dif-
ferent drain-to-source voltage (Vps); these were -15, =30, —45,
-60 V voltages. The gate to source voltage (Vgs) was swept
from +20 to —40 V by step of 1 V. To calculate threshold
voltage Ips'/2 vs Vi was plotted and extrapolated on Vi axis
for Vps = +15 V. A positive value shows that the device was
performing in depletion mode. The (,, capacitance of per
unit area was measured as 10 nF/cm.

3. TCAD based OTFT device modeling and
numerical simulation

3.1. Device simulation using ATLAS Technology

Computer aided design (TCAD) Simulator

For modeling and simulation, the ATLAS device simulat-
or has been opted forl'6l, For technology computer aided
design (TCAD)-based simulation we used Silvaco's ATLAS
device simulator to use the charge carrier continuity equa-
tion, Poisson's semiconductor device equation22-281 and drift
diffusion model?2-28] to simulate electrical characteristics of
the given device. For simulating the electrical characteristics
of the OTFT we created the similar device structure in the
DeckBuild window, as shown in Fig. 1, with the same device
dimensions as in the case of the fabricated device.

3.2. Material parameters for TCAD based numerical

simulation of P3HT based OTFTs

In this paper, P3HT is the semiconductor material used as
channel of the OTFT. The material parameters for P3HT used
in the TCAD simulation are listed in Table 1 as given below.

[ ) E, - Er
= ) P—NveXp( = ) (1)

n = Ncexp (
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Table 3. Double peak DOS parameter for P3HT.

Parameter Value Parameter Value
NTA 1.0 x 102 cm3/eV NIA 1.0 x 10" cm—3/eV
NTD 1.0 1012 cm-3/eV NA 1.0x 10 cm=/eV
1 5 NID 1.0 x 10" cm-3/eV
NGA 1.0 x 106 cm-3/eV ND 50 10 cm-3/eV
NGD 1.0x 102 cm-3/eV EA 05eV
EGA 0.5eV ED 0.7 eV
EGD 0.7 eV £ (E )
n =
WTA 0.5eV tra (5> 11, P
. . E—E
WD 0.7ev vhsigtae n+v,sigtah niexp'k—
WGA 04 eV T
) E-E; . E-E\’
WGD 0.1eV v, sigtae n+niexp7 +vpsigtah p+niexp7
(7)
As shown in Eq. (1), Nc and N, directly affect the elec-
trons and holes concentrations i.e. n and p. E; is Fermi level
o . . figa (E.N,p) =
and E¢ is minimum energy of conduction band and Ey is max- GA
imum energy of valance band. T, is temperature as typically /-siqaae n+v.-siaaah nex E—-E
300 K and k is the Boltzmann constant. Here acceptor concen- nSI99 pSI99 ieXp kT
tration is doping concentration. When doping concentration E—FE E—E\’
siggae [ n+njexp—— |+v,siggah | p+niexp——
is increased, the drain current also increases. VnSIgg i€Xp KT VpSIgg p+niexp KT
3.3. Defect density of states (DOS) (8)

In disordered organic semiconductor material various de-
fects states are present in the band gap that trap the charge
carrier. So we have included energy distribution of defect
states also. The total density of defect states (DOS) g(E) also
governs the properties of OTFTs, is modeled as consisting of
four constituents, i.e a donor-like exponential band tail func-
tion grp(E), an acceptor like exponential band tail function
gralE), a donor like Gaussian deep state function ggp(E) and
an acceptor like Gaussian deep state function gga(E), where E
is the trap energy. Its energy distribution definition is essen-
tial to acquire exact electrical property. The subscripts T
stands for tail, G stands for Gaussian, A stands for acceptor
and D stands for donor.

g(E) =gra(E) + grp (E) + gga(E) + gap(E),  (2)

E—F
gra(E) = NTAexp—r. (3)
E,—E
gro (E) = NTD exp =, 4)
[ [EGA - E\?]
gea(E) = NGA exp _(W—GA) : ()
[ (E—EGDV]
gep (E) = NGD exp _(W—GD) : (6)

NTA and NTD denote edge intercept densities of valence
and conduction band with exponential tail distribution. Its
characteristic decay energy is WTA and WTD. NGA and NGD
denote total density of state with Gaussian distribution and
its peak energy distributions are EGA and EGD, respectively.
Its characteristic decay energy is WGA and WGD.

fun (E,n,p) and fi, (E,n,p) are the ionization probabilit-
ies with tail and Gaussian distribution for acceptor DOS. Simil-
arly, fi, (E,n,p) and f (E,n,p) can be defined as ionization
probabilities with tail and Gaussian distribution for donor
DOS. Siggae is the capture cross-section of electron in Gaussi-
an distribution and sigtae is the capture cross-section for elec-
tron in tail distribution. Siggah and sigtah are the captured
cross-sections of the hole as Gaussian and tail distributions, re-
spectively. These parameters are for acceptor states. Siggde
sigtde, siggdh and sigtdh are the equivalents for donor
states. Here n; denotes intrinsic carrier concentration. v, and
v,, denote the thermal velocity of hole and electrons.

3.4. Double peak density of state (DOS)

There are two types of defect distribution models. The
first model is defined as a double peak Gaussian distribution.
The second model is defined with density and a characterist-
ic temperature. Here we consider first model.

NIA (E - Ec)?
= —— eXpl - ———
V21 sigmaia 2 sigmaia
NA (E-Ec + EA)?
+ . ex . >
V21 sigmaa 2 sigmaa

g (E)

9)

2
9o (E) E B }

- NID oxp| — 2 r
V21 sigmaid 2 sigmaid

1
ND {(EV - E+ ED)T (10)

+ exp - >
V21 sigmad 2 sigmad

The total intrinsic density is shown as NID for donor traps
and NIA for acceptor traps. Total density is denoted as ND for
the donor and NA for the acceptor. The difference between in-
trinsic and doping energy is EA and ED, EA for acceptor trap
and ED for donor traps. Sigmaia is the width of Gaussian distri-
bution of intrinsic acceptor traps. Similarly, Sigmaa is the
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Table 4. Hopping mobility model parameters of P3HT.

Parameter Value

Bn_hop 1.6

Yn_hop 2.0x108cm™’
Von_hop 40x 10" Hz
Bp_hop 1.7

Yp_hop 9.0x 108 cm™’
V op_hop 1.0x 102 Hz

width of Gaussian distribution of the dopant for acceptor
traps. Sigmaid and sigmad are the same for donor traps.
Here, parameters for captured cross-sections charge are also
defined. Sigae defines the capture cross-section of the elec-
tron for acceptor traps. Sigah defines the capture cross-sec-
tion of the hole for acceptor traps. Similarly, Sigde and
sigdh are related to donor traps. For P3HT device modelling
the values are shown below.

3.5. Hopping mobility model

The hopping mobility model is based on charge genera-
tion and recombination. Here u, po, and p, hp is the effect-
ive mobility of electrons and holes. The Eq. (11) is related to
electrons. Here Vjy, pop is frequency of attempts to jump an
electron in the conduction band and g, (E) is the density of
state (DOS) for the acceptor-like conduction band. B, 1 is per-
colation constant, y,_nop is 1/carrier localization radius. Simil-
arly, in Eq. (12) subscript p stands for holes and all these para-
meters corresponding to previous description and ggq (E) is
the density of state (DOS) for the donor-like valance band.

qu h -2/3
Hn_hop = /:T - |;/_‘°0 ga (E) dEi|

3 " 113
X exp{— 2( B;;:Op) Yn_hop[/; ga(E)dE} ,
(11)

(12)

3.6. Poole-Frenkel mobility model

The Poole-Frenkel mobility model depends on charge
movement. It is described by Egs. (13) and (14).

B (Sn_ f 1

“n_pf(E) Hno€Xp |:( kT —Vn pf) IEl - an:ff ) (1 3)
By p 8o o |

IJp_pf (E) = VpoeXp |:( kT Vp pf) \/E - k;p:ff_ (14)

In these equations effective mobility of negative and posit-
ive charges is , ,r and u, o respectively. Here u, is the zero
field electron mobility, uyo is the zero field hole mobility,
8, ot On_pf are activation energy for holes and electrons. 3, ¢
and B, . denote the Poole-Frenkel factor for electron and
hole, respectively. Net effective temperatures are T, and

Table 5. Pool-Frenkel mobility model parameter for P3HT-based OT-
FT.

Parameter Value
n_pt 6.524 x 10-5 eV
Bn_of 1.243 x 102 eV(cm/V)1/2
Yn_pf 1.545 x 1075 (cm/V)1/2
8p_pf 1.792x 102 eV
Bp_pf 7.758 x 1075 eV(cm/V)1/2
Yp_pf 1.807 x 1075 (cm/V)1/2
Interface charge (Qy) 1x100cm2
(@) P3HT
0.06 |
08} .
. 2004
3 3
©
o 0.02 +
g /1 eV
8 0 L L
S04l 150 175 200 225
38 hv (eV)
<
0 . . .
300 450 600 750
Wavelength (nm)
(b)

Fig. 2. (Color online) (a) UV -Vis spectra of P3HT thin film on glass
[(ahu)? versus hu plot has been shown in the inset] and (b) AFM im-
age of P3HT thin film on the SiO,/Si substrate.

Theff for holes and electrons respectively. In this modelling in-
terface charge (Qy) between insulator and semiconductor is es-
sential to describe the characteristics of device. It also de-
scribes the recombination velocity at the interface surface.

In this modeling we use two different mobility models so
1 1

+

I 1
the net resultant mobility is — = —— + —.
Uhopping “pf

Hefective

4. Result and discussions

Fig. 2(a) shows the UV-Vis absorption spectra of the
P3HT thin film coated on the cleaned glass substrate. The
high absorption peak at the 458 nm wavelength corres-
ponds to m-m" transition. The absorption spectra also display
absorption bands at 613 nm which correspond to m—m stack-
ing, similar to our previously reported paper!34 331, The (ahv)?
versus hu plot has been shown in the inset of the Fig. 2(a)
from which the band gap of the P3HT has been estimated to
be E5 = 1.9 eV. The surface morphology of polymer thin film
is a very important parameter for studing and understanding
the charge transport. We performed the study of the surface
morphology of P3HT dissolved in chloroform and coated on
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the SiO,/Si substrate using AFM in tapping mode. The AFM im-
age of P3HT thin film shows the large numbers of tiny crystal-
lites as shown in Fig. 2(b). The fabricated OTFT has a bottom-
gate bottom-contacts structure as shown in Fig. 1 which is sim-
ilar to the structure as in Ref. [18]. A 50 nm thick P3HT layer is
employed for 50 um channel on 300 nm SiO, dielectric. A 30
nm thick Au electrode work as the source and drain terminal.
The length of contacts is 2 mm. A heavily doped n* Si act as
the gate terminal. The width of the device is 2 mm. We cre-
ated the similar structure as shown in Fig. 1 using ATLAS™
commercial device simulator for numerical simulation of the
device using the above reported TCAD model for P3HT based
OTFTs.

4.1. Discussion on density of state

During the simulation, we have observed the effects of
parameters. Here we present the observation with respect to
absolute values of all input-output variables. NTD affect the
threshold voltage, when it increases, the absolute value of
drain current decreases and off region of OTFT increases.
WTD also shows the same impact but it also depends on the
range of NTD. Now about NTA, it affects the curvature of cur-
rent output graph but up to a certain limit. Increasing the
value of this variable bends the graph but after a critical
value, the drain current becomes zero or about to zero. The ef-
fect of WTA is also similar but WTA also depends on NTA.
Thus the tail distributions of DOS is observed. Despite these,
it is also observed that donor parameters play a more effect-
ive role than the acceptor parameter. Now we discuss deep dis-
tributions. NGD affect the drain current graph at the lower
and middle region of the gate voltage. When we increase the
value of NGD the drain current of specified region decreases.
EGD and WGD show similar effects on drain current graph
but partially dependent on NGD. At another side, NGA dir-
ectly affects the leakage current of the device. When the
value of NGA increases, the leakage current also increases. Sim-
ilarly, EGA and WGA also affect the leakage current but these
are partially depended on NGA. Here one more point is notice-
able, that captured cross-section charge variables (i.e. sigtae,
sigtah, etc.) control the current through the traps. Therefore,
the effect of other DOS parameters also increases at higher val-
ues of these variables. Because of the increase of the total
traps in the cross section area, the drain current increases.

4.2, Discussion on double peak density of state (DOS)

It is observed that single peak distribution of DOS could
not fit the model of OTFT. So a double-peak distribution is es-
sential for describing the characteristic of the device. NIA and
NA describe the curve of output current graph but not as
sharp as the single-peak DOS parameter. NID and ND affect
the off region of the device. It controls the point where the cur-
rent starts to flow, also known as threshold voltage. Similar
with single peak DOS, the captured cross-section of charge af-
fects the resultant drain current and the other DOS paramet-
er. As this is double peak distribution, the effects of these para-
meters show their effect in large region of output current

graph.
4.3. Discussion on mobility models

In organic semiconductors (OSCs) two types of charge
transport mechanism are there, localized and delocalized.
The hopping transport is localized and band transport is deloc-
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Fig. 3. The transfer (Ips — Vgs) characteristics of P3HT-based bottom-
gate bottom-contact (BGBT) OTFTs. Solid lines show TCAD simulation
and symbols show experimentally measured results.

alized transport. The mobility model is initially developed for
the inorganic crystalline semiconductor. After rigorous re-
search on OSCs, some other models are also developed for
OSCs i.e. multiple trapping and release (MTR), Pool-Frenkel,
and remote phonon scattering. In this work, Pool-Frenkel
and hopping mobility model are considered. The Pool-Fren-
kel mobility model has six parameters for the electron and
hole. In the simulation, it is observed that hole parameters af-
fect the output most and electron parameters do not affect
the output as much. When &, ¢ decreases 10-2 to 1075, drain
currentincreases. When §;, s decreases 105 to 10-", drain cur-
rent decreases. This model strongly depends on electric field.
So it shows a convergence problem many times. For double
peak DOS it is essential to define hopping mobility model.

4.4. Verification and parameter extraction

The electrical characterization of the considered device
has been performed and we got the experimental data from
the measured transfer and output characteristics of the fabric-
ated device. Here we have also simulated the electrical beha-
viour of this device. The transfer (/ps—Vgs) characteristic was ex-
tracted at 4 points of drain voltage, these were -15, -30, —45,
-60 V voltages for both the cases ie in measurement as well
as in TCAD simulation. The gate voltage was swept from +20
to -0 V by the step of 1 V. The comparison of the transfer
(Ips—Vgs) characteristics obtained from the TCAD simulation
and experimental measurement are shown in Fig. 3.

In this OTFT leakage current is about 2 nA. The dielectric
thickness influences the leakage current. In this OTFT dielec-
tric thickness is greater than usual so leakage is higher. The
gate leakage current also depends on traps and flows in oppos-
ite direction to the main /pg current.

The output (Ips—Vps) characteristic was also extracted like
this for both cases, i.e. in measurement as well as in TCAD sim-
ulation. The gate voltage was fixed at six points +10, 0, -10,
-20, -30, -40 V voltages. The drain voltage was swept from 0
to -60 V by step of 1 V. The comparison of the measured and
simulated output characteristics (Ips—Vps) is shown in Fig. 4.
The maximum drain current depends on charge carrier dop-
ing concentration. When doping concentration increases the
drain current also increases. Mobility of holes and electrons
also affect the output drain current. The resultant mobility of
charges, which is calculated by mobility model, plays a key
role in device performance. The device structure and W/L
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Fig. 4. (Color online) The output (Ips—Vps) characteristics of P3HT-

based bottom-gate bottom-contact (BGBT) OTFTs. Solid lines show-

ing TCAD simulation and symbols showing experimentally measured

results.

Table 6. Performance parameters of simulated P3HT based OTFTs.

Parameter Simulated Experimented
Cox (NF/cm?) 11.5 10

V; (V) 14 15

G (5) 1.48 %1070 1.61%x10°°
Uin (€m?/(V-s)) 536 x 10 6.70 x 10>
Usar (€m2/(V-s)) 520x 10 1.85%x 104

SS (V/dec) 14.61 11.29

Tond ot 103.52 84.69

also affect the device characteristic. Increase in width of OT-
FT increases the charge transport while an increase in length
of channel decreases the charge transport.

About the performance parameter, usually seven paramet-
ers describe the performance, which is shown in Table 6.
Here Coy is gate capacitance per unit area. It depends on the
dielectric constant of the insulator and its thickness.

_ €ox
o - - .
Tox

(15)

The threshold voltage defines the voltage point where
the majorly currents start to flow. The formulas for drain cur-
rents are as, Eq. (16) is for linear region and Eq. (17) for satura-
tion region

w VA
Ips = IJpCOXT (Ves = V) Vos - %S ) (16)
1 w
Ips = EIJpCOXT (Ves = Vo), (17)
Vips = VK (Vas — Vr). (18)

So Eq. (17) can be written as Eq. (18) and here according
standard notation, VK is slope and V4 is intersecting point on
x-axisl'9. The (Ips)"? - Vgs characteristics of OTFT is shown in
Fig. 5, from which threshold voltage is calculated from the
plot of \/E vs Vg values and best fit a line to the curve and
extrapolate it on x-axis. Thus, we get intersect point as V; =
14 V. The sub-threshold slope defines the control of drain cur-
rent through gate voltage. It shows minimum gate voltage

1,12 (1078 A)2
N w IS

_
T

20 10 0 -10 -20 -30 -40
Ves (V)

1/2

Fig. 5. The (Ips) "“—Vgs characteristics of OTFT.

value to change one-decade drain current. It is calculated as
an inverse of maximum slope of log/lp vs Vg curvel20],

(19)

-1
SS = (dlog (Ios) |max)

dVGS

Transconductance is the effect of gate voltage on drain
current. According to its definition, it represents an effect on
output of input voltage. So it can also be estimated by the
first derivative of Ir-V; plot2',

_ a/Ds
™ OVes

(20)

Now Eq. (16) can be written as a standard liner equation
with slope ‘m’ and intersect on y-axis as ‘C.

w w v
Ips = (“pCOXTVDS) Ves — {VDS [“pcoxT (VT + %)]}7 (21)

Ips = (m) Vgs +[-C]. (22)

So by a graphical method slope it can be calculated by
first derivative of Ips vs Vs graph and it is equal to m. The
slope is already calculated as G,,. So

ol w
2= = Gm = (“pCOXTVDS) .
S

| =
Slope e

(23)
The carrier mobility in linear region is calculated as Eq.
(18), it is also used by Swati Singh et al. 211,

LGy

—— 24
WCoxVps (24)

Hiin =

Thus, carrier mobility in the saturation region is also calcu-
lated from Eq. (17), (18) and with help of slope extraction.

_ _ dylbs 1 w
VK = Slope = v - SHpCox s (25)
2t (dyigs\’
HMsat = v o . (26)
WCox | dVa

So carrier mobility in the saturation region is calculated
as Eqg. (26)129, The results are tabulated in Table 6. Now,
about I,/ I ratio, this is maximum to minimum current ratio.
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Fig. 6. (Color online) Different structure configurations of OTFT. (a) Bottom-gate bottom-contact. (b) Bottom-gate top-contact. (c) Top-gate bot-

tom-contact. (d) Top-gate top-contact.

It represents switching capability. It depends on leakage cur-
rent and maximum drive current. The higher ratio is good for
transistor, but in sensors, it also depends on sensitivity of
device and material. All calculated values are compared in
the table below.

5. Comparison of various structures of P3HT-
based OTFTs

The semiconductor is the core of the transistor. In differ-
ent structures, the OSC layer interacts with other material lay-
ers and these phenomena affect the charge injunction as
well as the charge transport. When a metal layer deposits on
the organic semiconductor layer, during the interaction some
charge transfer occurs to align the Fermi levels of semiconduct-
or and metal. These charge combination create a potential bar-
rier at the interface. It is known as the Schottky barrier. The
charge transportation across the barriers affects the resulted
drain current. Therefore, performance of different structures
varies. The interaction of the organic semiconductor with sub-
strate material also affects the charge transport. So this ef-
fect differentiates the performance of top gated device to bot-
tom gated device. To observe these theoretical effects on OT-
FT we decide to simulate other structures also. The previous
model is successfully examined with experimented data of
P3HT-based BGBC OTFTs. To observe the effects of structures
on output characteristic, three additional structures are also
simulated, i.e. bottom-gate top-contact (BGTC), top-gate bot-
tom-contact (TGBG) and top-gate top-contact (TGTC). These
structures are shown in Fig. 6. The comparison of perform-
ance parameter is tabulated in Table 7. All the dimensions of
structure are the same only the sequence of the layers is
changed.

The selection of geometry depends on required applica-
tion. The BGTC has good metal-semiconductor interface so it
exhibits high performance. Generally, it is used for research
to analyse the characteristic of new materials. On the other
hand, BGBC structure is more suitable for practical applica-
tions. It has lower device performance but it is suitable for fab-

Table 7. Performance parameters comparison of four structures of
P3HT-based OTFT.

Parameter BGBC BGTC TGBC TGTC

Vi (V) 14 13 18 16

Gy, (S) 149x 102 260x109 290%x107 3.10%x10°°
Hiin (€m?/(V:s))  536x 10> 9.42x 105 1.05%x102 1.12x 10!
Hsar (€mM?/(V:s))  520x 104 1.53x 103 2.19x102 8.73x 1073
SS (V/dec) 14.61 6.3 2.52 2.29

Ton/ lote 1.03x102 925x102 7.50x 10" 2.23x102

rication. TGBC is feasible solution for large area printing.

5.1. Discussion on output characteristics

The developed model is used to simulate structures and
I~V characteristics ie Ips—Vgs and Ips—Vps characteristics of the
OTFTs in all four configurations. From the /-V characteristic of
the OTFTs the performance parameters of the OTFTs are calcu-
lated and compared.

5.1.1. Bottom gate bottom contact (BGBC)

The [-V characteristic of BGBC structure is shown in
Fig. 7. As previously discussed, BGBC has lower performance.
So in output characteristics, it can be easily observed that BG-
BC has the lowest drain current among the various configura-
tions. It implies, that the structure is feasible for sensors, dis-
plays and biodegradable circuits. During this simulation it is
observed that in BGBC structure, the drain current exponen-
tially increases at high voltage. The saturation level is miss-
ing till the high voltage level. In the lps—V;s plot, it is ob-
served that the mobility of charge carrier in the high voltage
region is higher than lower voltage.

5.1.2. Bottom gate top contact (BGTC)

Fig. 8 shows the /-V characteristics of BGTC structure.
The BGTC structure has better carrier injection. The character-
istics imply that it has higher charge carrier mobility. In this
graph the maximum drain current is almost double than BG-
BC. The simulation shows that the structure has lower leak-
age current and better on-off ratio. In this structure, the OSC
layer deposits on smooth surface of dielectric layer. On the oth-
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Fig. 7. (Color online) I-V characteristic of BGBC structure. (a) Transfer characteristics. (b) Output characteristics.
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Fig. 9. (Color online) /-V characteristic of TGBC structure. (a) Transfer characteristics. (b) Output characteristics.

er hand, bottom contact structure has staggered the OSC
layer that decreases interface charges between contacts and
the semiconductor. Therefore, the top-contact device per-
forms better than the bottom-contact device.

5.1.3. Top gate bottom contact (TGBC)

Fig. 9 shows the /-V characteristics of TGBC structure.
The main difference in this structure is that OSC layer inter-
acts with substrate layer. So the number of traps increases
and it affect the charge carriers contributing in charge trans-
port. Thus, the charge mobility is higher than the bottom-
gated device. The traps affect drain current positively. In
Ibs—Vgs graph, it can easily be observed that drain current
slowly saturates. The maximum drain current is much higher
than bottom gate structures. The mobility is also highly af-

fected due to traps. All the properties signify that this struc-
ture is suitable for printing.

5.1.4. Top gate top contact (TGTC)

Fig. 10 shows the /-V characteristics of TGTC structure. In
this structure, the OSC and substrate interacts in large area.
So in this case the number of traps increases and it affect the
charge carriers available for charge transport. The OSC is also
placed on one plane rather than staggered. The contacts also
inject more charge for charge transport. Therefore, we are
able to get more drain current in the TGTC structure as compa-
red to the other structures and the output is better than TG-
BC. But it has greater leakage current than BGTC so the
on-off current ratio is less than BGTC. The mobility in this struc-
ture is also the highest. The saturation region is also sharp
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Fig. 10. (Color online) /-V characteristic of TGTC structure. (a) Transfer characteristics. (b) Output characteristics.

due to increased traps. This structure is better for switching ap-
plications.

After simulation, it is observed that among these four
structures top-contact structures shows higher drain current.
The performance is varying due to metal-OSC interface layer
resistance. The second cause is increment in traps between
OSC and substrate. This justifies that layer design affects the
performance of OTFTs and channel formation is also affected
by structure configuration.

5.2. Discussion on performance parameter

The performance parameters describe its characteristics
on some scale. Here six parameters are extracted and com-
pared in Table 7. The BGTC structure has the best on—off ra-
tio. The threshold is nearby each other. The charge carrier re-
sponse is the highest in TGTC, it can be estimated by mobil-
ity. The sub-threshold voltage also defines the minimum
voltage required to change the drain current to 10 times. So
TGTC also has a good response ratio. The leakage current of
TGTC is an issue for lagging in performance of the TGTC struc-
ture. It can be considered as a future work to minimize leak-
age current.

6. Compact modeling, model parameter
extraction & compact model verification

6.1. Compact modeling

To address the various physical phenomenon of the OT-
FT device, the compact modelling is needed to understand in
a wider form with respect to all OTFT devices by incorporat-
ing device physics and their operation by defining various
device parameters such as charge carrier (holes in our case) ac-
cumulation mode, the exponential density of states (DOS),
parasitic resistance caused due to non-linearity, source/drain
contacts without junction isolation, dependence of mobility
on electric field (E) and temperature (7)[20 28-39], Since the OT-
FT device is mainly operated in the accumulation region, a
unique and robust model i.e., universal organic TFT (UOTFT)
model with the accurate implementation of UCCM[20 has
been used in this work to validate our experimental results
due to various key features of this modell26-32 for which the
equivalent circuit is given in Fig. 11.

The charge accumulation in n-channel OTFT per unit
area at zero-channel potential (-Q,c), is calculated by the
help of solution of the UCCM equation!28-32] given by the fol-
lowing equations.

G
|
R Rox
—|—oGs Qo T
s N
7 o) ﬁ,ﬁ b

S d

Fig. 11. Equivalent circuit of UOTFT model3". 38,

(_Qacc)o = Civgse: (27)
eu+1
Vaso = Vo (T) Ir{hL1+k(u+2)|n(1+e“"1)]’ (28)
Vgs - VT(T) [SH
where u = AR G= EOT,-’ (29)

where symbols have their usual meaning and more informa-
tion can be found in Refs. [31, 32]. P-channel OTFT equations
can be obtained by direct change in voltage, charge polarity
and current.

6.1.1. Effective channel mobility
According to the results of percolation theory!28-33], effect-
ive channel mobility is expressed in the UOTFT model as:
(_Oacc)o .
Hc = “eﬁ(m) ) (30)

where symbols have their usual meaning and more informa-
tion can be found in Ref. [31]. The power-law dependence of
the mobility on carrier concentration is defined by the temper-
ature-dependent model parameter a.

6.1.2. Intrinsic drain-source current

Drain-source current of intrinsic transistor due to charge
carriers accumulated in the channel is defined by general inter-
polation expressions[28-32,39]

ch = GenVise, (31)

Vds

Gch Vds >m:|
14—
|: (/sat (1 + M/ds)

(32)

Vise =

El
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The effective channel conductance in the linear region
G, is obtained in the following way:

_ GchO
GCh = 1+ GchoRds, (33)
%
Geno = L_E:Uc(_oacc)@ (34)
e

The drain saturation current [, is determined by the fol-
lowing formula:

Isat = GenVsats (35)
where V,,, is the saturation voltage obtained as:
_ a(T) [ (=Qacc)o . CiVo(T)
Veat = < [VT v+ | (36)

with a being the temperature dependent model parameter,
where symbols have their usual meaning and more informa-
tion can be found in Refs. [31, 33]. The total intrinsic drain to
source current is given by following:

acc leak
los = lgs + s

(37)

where Iy, is total current and [5° is accumulated current and

l'fsak is leakage current given by31.32
W, v, V

joak _ Zeft {/OL ) [exp (NDSLﬁ) - 1} exp (-NGSLE)MOV(,S}
Lest Vin Vin

(38)

where Iy is the temperature-dependent leakage saturation cur-
rent model parameter, NDSL and NGSL are the drain and
gate bias non-ideality factors, respectively, o, is the model
parameter representing the zero bias drain source sheet con-
ductivity and V4, is the thermal voltage at device operating
temperature.

6.2. Comparison of experimental characteristic and
compact model-based simulated characteristics

In this section we compared the OTFT compact model-
ling results with the experimental results. Fig. 12(a) shows the
comparison of transfer characteristics obtained from experi-
mentally measured data & compact model based simulated
characteristic of P3HT-based BGBC OTFT. The transfer charac-
teristics are obtained by varying the gate to source voltage
(Vgs) from 20 to —60 V keeping drain voltage constant at -15,
-30,-45,and -60 V.

Fig. 12(b) shows the output characteristics obtained from
experimentally measured data and compact model based sim-
ulated characteristic of P3HT based BGBC OTFT. Output charac-
teristics is obtained by varying the drain to source voltage
(Vps) from 0 to —60 V keeping gate to source voltage (Vgs) con-
stant at 20, 10, 0, -10, -20, -30, and -40 V. There is very good
agreement between experimentally measured and compact
model based simulated transfer and output characteristic of
P3HT-based BGBC OTFTs.

6.3. Parameter extraction

Extracted OTFT model parameters for P3HT based bot-
tom-gate bottom-contact (BGBC) OTFTs using the UOTFT mod-
el are given in Table 8. The extraction process starts with the
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Fig. 12. (Color online) (a) Comparisons of transfer characteristics of the
experimentally measured data with the compact model-based simu-
lated data. (b) Comparisons of output characteristics of the experiment-
ally measured data with the compact model-based simulated data.
Symbols show experimentally measured data and solid line show com-
pact model-based simulated data.

Table 8. Compact model parameters extracted for P3HT-based OTFT.

Parameter Symbol  Unit Values
The thickness of gate insulator L m 300 x 10-°
Relative dielectric permittivity of ¢, - 3.37

the insulator at gate

Relative dielectric permittivity of ¢, - 3.0

the semiconductor

Zero bias threshold voltage Vi \Y 14.57

Trap densitystates Characteristic \ 1.92
voltage

Characteristic effective Heft m2/(V-s) 7.14x 1077
accumulation channelmobility

Characteristic voltage of the Vice Y 9.05
effective mobility

Saturation modulation a(m - 3.25
parameter

Output conductance parameter A 1V 0.0

Knee shape parameter m - 0.20
Power law mobility parameter a - 0.99
Leakage saturation current oL A 3.1x10°
Leakage current gate bias non-  NGSL - 534x 1073
ideality factor

Leakage current drain bias non-  NDSL - 3.18x 107
ideality factor

The minimum bulk conductance 0o S 1.20 X 10712
Contact Resistance Rs+ Ry MQ 262.81

collection of data for Ips—Vgs and Ips—Vps characteristic and
providing it in the UTMOST /-V data base in.uds format. Fur-

......



ther simulation of Ips—Vps and Ips—Vis characteristic using the
above mentioned compact model and optimization of this
characteristic using Levenberg Marquardt optimization tech-
nique with respect to experimental data for extraction of
model parameters have been performed. Extracted model
parameters are listed in Table 8.

6.4. Simulation of logic circuit

The current state of art with respect to organic logic cir-
cuit design and implementation is quite challenging in ma-
nufacturing point of view, a different n-type material as well
as p-type material-based OTFT having different threshold
voltage of complementary MOS technology3¢ 371, which is
not desirable. Therefore, a different n- and p-type material
based complementary logic circuits are still tough to make a
place in commercial market. Although a unipolar-based invert-
er has their own pros and cons. In this paper we have inten-
ded to make a modest attempt to realize a practical logic in-
verter circuit. We applied the above discussed compact mod-
el for simple logic circuit simulation based on p-channel
P3HT-based OTFTs only. The p-channel zero gate source load
(ZGSL) configuration-based inverter circuit36-38] has been de-
signed and studied as a part of the compact model valida-
tion as shown in Fig. 13(a) which is used for simulation of
voltage transfer characteristics (VTC plot) and transient charac-
teristics of the inverter. We choose a unipolar configuration
having similar threshold voltage and fixed the channel length
of both load and driver OTFT. In the steady state the load cur-
rent (Ip.) and driver current (Ipp) are equal. In this circuit top
p-channel OTFT (W = 1000 um, L = 50 um) with W/L ratio
1000/50 acts as load transistor and bottom p-channel OTFT
acts as driver. In the given inverter circuit the load OTFT is al-
ways in on condition and depending on the input at driver OT-
FT it switches between the ON and OFF condition. When the in-
put voltage is lower than the threshold voltage (more posit-
ive than V), the driver OTFT turns off. On the other side,
when it is more than the threshold voltage (more negative
than V4), the driver OTFT turns on. The operation of the invert-
er also depends on load TFT size relatively with the driver
TFT. Fig. 13(b) shows the voltage transfer characteristics (VTC)
plot of the inverter circuit under consideration for W/L ratio
of 1, 2, 4, 6, 8 and 10 of driver TFT. As the W/L ratio of the
driver OTFT increases, its impedance decreases and the trans-
ition between high and low states becomes clearer.

When the load OTFT is in saturation (ON) condition, the
drain current

liocl = BL[(IVas] = [Vap]) = (IVop | = Voutl) /2] (Voo = [Voul) -
(39

When input voltage (Vi,) is zero [for ‘p’ type-high logic
state], the driver OTFT will be ‘OFF’" and load current is equal
to zero. Therefore, using Eq. (39) when |Ip.| = 0, the above ex-
pression changes as

|Vout| = |VDD| .

When the Vj, is =100 V [Low state], the driver is in the sat-
uration state, the drain current is passed into the ground and
therefore, |Vou| = 0 V. The low and high logic states used in lo-
gic circuit simulation based on P3HT based OTFTs are given
in Table 9.

When we entered into ‘low’ state to ‘high’ state, the
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Table 9. Low and high logic states used in logic circuit simulation
based on P3HT based OTFTs.

Vin (V) Vin logic state Vout (V) Vout logic state
-100 0 ‘Low’ 0 1 ‘High’
0 1 'High’ -100 0 ‘Low’
Voo
Load
OTFT
Vou(
Vi, q | Driver
OTFT
@)
0
-20
—40
s %
% ~60 —o— W/L =50/50
> —o— W/L = 100/50

—&— W/L =200/50
-80r —v— W/L=300/50
—o— W/L =400/50

<— W/L =500/50

-100 f
-100 -80 60 -40 -20 O 20 40
Vin (V)
(b)
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Fig. 13. (a) A circuit diagram of the inverter circuit used for assessing
the simulation results. (b) Voltage transfer characteristics of the invert-
er circuit shown for different W/L ratios of driver OTFT. (c) Transient
characteristics of the inverter with driver OTFT has W= 100 um and
L =50 um and load OTFT has W= 1000 um and L =50 um.

driver OTFT will be go from saturation to deep linear region
and gradually it will become less and less conductive, and
when it reached to the high state, the driver transistor will be
‘OFF’. When the driver goes into the linear regime, (i.e., close
to the lower state), sharp fall will be observed. When the
driver circuit is in deep triode region (close to high state re-
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Fig. 14. (a) Circuit diagram of the three stage ring oscillator circuits. (b)
Ring oscillator output waveform.

gion), as V4 gradually increases, again the gain will decrease.
The transition inverter gain increases as higher the W/L of
driver OTFT which can also be seen from simulations ob-
tained from UOTFT model as shown in Fig. 13(b). In conclu-
sion, ZGSL configuration provided, higher logic swing and
higher will be the gain along with improvement of noise mar-
gin of the inverter.

When |Vou| = |Vin| = |Vrp|. the driver transistor in satura-
tion regime, the drain current is expressed as

lioo| = Bo/2(|Vin| - |VTp|)2- (40)
When the driver OTFT goes into linear regime
|IDD| ZBD[(lvinl_ |VTp|_|Vout|/2) |Vout|]- (41)

In steady state, |Ipp| = |Ip.| and relationship between in-
put and output voltage can be obtained using load and
driver circuit operational regime. Fig. 13(c) shows the transi-
ent response of the inverter with driver OTFT has W = 100
um and L = 50 yum and load OTFT has W= 1000 um and L =
50 um.

We also simulated a three stage ring oscillator circuit
with the help of extracted compact model parameters and ba-
sic inverter circuit discussed above. The three stage ring oscil-
lator circuit is shown in Fig. 14(a) and simulated output wave-
form is shown in Fig. 14(b). Thus we successfully demon-
strated the application of universal organic thin film transist-
or compact model in design and simulation of p-channel OT-
FT based inverter and 3 stage ring oscillator circuit which sup-
ports that the compact model is suitable for circuit simula-
tion in order to take care of future needs of organic TFT
based integrated circuits.

7. Conclusion

In this paper we presented a TCAD-based model of
P3HT-based OTFT using the ATLAS simulator which is valid-
ated against experimental data for P3HT based BGBC OTFTs.
It includes double peak, tail and deep states of density of
states (DOS) for traps to describe the /-V characteristic in
both sub threshold and above threshold region of the OTFT.
It included Pool-Frenkel and hopping mobility models. Under-
standing the charge transport with physical phenomenon is
useful for optimizing the process of fabrication and device per-
formance. After validation of the TCAD model we simulated
three other configurations of the structures, i.e. BGTC, TGBC
and TGTC OTFTs and compared them on the basis of six per-
formance parameters of OTFTs. Further we also present com-
pact modeling and model parameter extraction of the P3HT-
based OTFT. Compact model has been applied for circuit simu-
lation of p-channel P3HT OTFT-based inverter circuit for simu-
lating its voltage transfer characteristics (VTC plot) and transi-
ent characteristics. Compact model performs well for these lo-
gic circuit simulations. Also we successfully simulated three
stage ring oscillator circuit using the extracted OTFT com-
pact model parameters. It shows that the compact model is
suitable for circuit simulation in order to take care of the
needs of the future organic TFT based Integrated Circuits.
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