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ABSTRACT This journal paper introduces a charge-based approach for the calculation of charges and
capacitances in staggered organic thin-film transistors (OTFTs). Based on an already existing DC model,
the charges are yielded in an analytical and compact form. A linear charge partitioning scheme is applied
to ascribe charges to the drain/source side of the channel. The final equation is only dependent on
geometrical parameters and the charge densities at the drain/source end of the channel. Furthermore, the
fringing regions in fabricated devices are taken into account. The compact model is implemented in Verilog-
A and the capacitances are compared to Sentaurus TCAD simulation results as well as measurement data.
Additionally, simulation results for a differential amplifier are compared to measurements. The advantage
of this model is its unique formulation covering all operation regimes.

INDEX TERMS Capacitance, charge-based model, compact modeling, OTFT.

I. INTRODUCTION

Over the last decades, the interest in organic semiconduc-
tors (OSCs) has increased because of the falling costs in the
fabrication process. This makes them interesting for large-
scale, low-cost applications [1]-[3]. In OTFTs, the crystalline
semiconductor is replaced by an OSC like pentacene or
DNTT and the source/drain (S/D) electrodes consist of a
metal like gold. In contrast to crystalline semiconductors,
OSCs do not have a band-structure. Each molecule is char-
acterized by molecular orbitals. In some orbitals, electrons
behave like bound electrons and in some other orbitals with
higher energy, they can be characterized as quasi-mobile
charges. The highest occupied molecular orbital (HOMO)
is the highest orbital in which an electron behaves like a
bound electron. In contrast, the lowest unoccupied molec-
ular orbital (LUMO) is the lowest orbital in which an
electron behaves like a quasi-mobile charge. The energy dif-
ference between HOMO and LUMO can be compared to
the bandgap of a crystalline semiconductor. In OSC layers,

charge carriers can hop between adjacent molecules, and
this process can be described by a variable range hopping
transport model [4]. Usually, the whole OSC is modeled
by the band model with the HOMO-LUMO distance as
bandgap [5], [6], whereby in comparison to a band-like
transport due to hopping transport the effective mobility is
quite low (up to &~ 20cm? V~! s~! [7]). Furthermore, OTFTs
are operated in the accumulation regime [8]. Whether an
OTFT is an n- or p-type transistor, depends on the work
function of the electrode metal of source and drain in com-
parison to the energy levels of the OSC. If the work function
of the metal is close to the HOMO level, the OTFT acts like
a p-type transistor and if the work function is close to the
LUMO level, it acts like an n-type transistor [9].

In the channel of the transistor, there is a certain amount
of charge carriers which varies in dependence of the applied
terminal voltages. This causes capacitive charging currents
which mainly influence the dynamic performance of the
device. Hence, for circuit simulation, it is mandatory to have
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FIGURE 1. Sketch of the staggered OTFT showing structural parameters
and as well capacitances and charge densities.

a compact model covering both the DC and the AC behav-
ior. There already exists a variety of different capacitance
and charge models for OTFTs [2], [3], [10]-[15]. However,
these models distinguish between different operation regimes
such as weak and strong accumulation and provide a transi-
tion between them. In this work, a completely charge-based
model is proposed which covers every operation regime in
one unique equation. The DC model presented in [6] serves
as a basis for this work and will thus quickly be reviewed
in the following section. The charge model is derived and
the verification is presented. The OTFTs under investigation
(see Fig. 1) are p-type devices. This journal paper is an
extended version of the work presented in [16].

Il. CHARGE-BASED DC MODEL
The DC model in [6] is a charge-based model, which means
that the current is calculated based on the charge densities

s and @) . on the source and the drain end of the channel

(see Fig. 1). These charge densities are calculated as follows:
S Vestd — V10

-2 _c..r Zes/d — 10 L 1

Omsja = ncro) ~ Cox {exP< $/1n(10) M

where L is the first branch of the Lambert W function, C,,,
is the capacitance of the gate dielectric per gate area, and the
parameters S and Vrg are the inverse sub-threshold slope fac-
tor and the threshold voltage. The model takes into account
the hopping transport by a field-dependent mobility [17]:

N\ B
M:K.(%), @

where « [ecm?VA~1s71] is a proportionality factor and
B is the power-law factor. The Schottky barrier at the
source/channel interface as well as Ohmic contact resis-
tances are taken into account by modifying the effective
mobility [18]:
_ ®

14+ u- vLVCC: '(Rc"‘Rsb)'Q;ns

et 3)

where Ry, is the non-linear resistance of the Schottky barrier
and R, is the Ohmic part of the resistance. Finally, the drain
current reads as follows:

kB . T Q/ _ Q/ Q/2 _ Q/2
Ids = Heff - Wch . < . mSLCh md > TnzCh : C"’/ld
ox
X (L+ A (Vas — Viasar)), “4)
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FIGURE 2. Transfer characteristics of a staggered OTFT. The compact
model is compared to measurement data [12]. The parameters of the
transistor are: Ly =200 um, Wy, = 400 um, Loy,s = Loy, g = 10 um. The
proportionality factor for the mobility in the compact model is set to

« =2.05cm2VA~15-1 and the power-law factor is set to 8 = 0.03.

Vro = —0.94V and S = 70 mV/dec. DNTT is used as 0SC.

where L., and W, are the channel length and width, Vg is
the saturation voltage, and A is the channel length modulation
factor. The saturation voltage is given by
1

C_/ox ’ (Q;ns -
At the interface between the S/D electrodes and the OSC
there can occur Schottky barriers. This is the case if there is
a mismatch of the work functions. The Schottky barrier at
the source to OSC junction creates an additional, non-linear
resistance (Ry) for the injection of holes. This resistance lies
in series with the Ohmic channel resistance (R.;). This effect
only plays a dominating role, if Ry, is high in comparison
to Rcn. The longer the channel, the higher becomes R.j. In
this paper, the transistors are long-channel devices. Hence,
the influence of the Shottky barrier is neglected in this work.
As it can be seen in Fig. 2, the model reproduces the cur-
rent transfer characteristics of a measured device well. In
the ON state the relative error of the model compared to
measurements is less than 10 % for Vg, = —0.1 V. This also
holds true for Vg = =2V if Vi is less than —1.5V. Close
to the threshold voltage the error increases to 20 %. Below
the threshold voltage, the transfer curves have a shift of
~ 0.04V regarding Vs, which is due to hysteresis effects
during measurements [19].

Vidsar =

Ora)- o)

11l. MODELING OF INTRINSIC CAPACITANCES

In this section, the derivation of the quasistatic charges and
capacitances is presented. Quasistatic means that the charges
and currents in any operation point are assumed to be the
same as in a steady-state condition.

A. INTRINSIC CHARGES

The total number of charges in the channel is calculated by
integrating the charge density per gate area over the channel
length. The linear charge partitioning scheme according to
Ward and Dutton [20] is applied to find expressions of the
charges associated with drain and source. The procedure is
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based on the approach presented in [21]. The three terminal
charges of a transistor can be calculated as follows:
L,

ch

Qe = Wep, - 0 Q;n(x) dx, (6)
Le X

04 = Wap - / =), ™
0 ch
Lch X

05 = We - / (1 - L—) QL Wdx, @)
0 ch

with x as an arbitrary position along the channel and Q,(x) as
the density of quasi-mobile charges per gate area at position
x. The difficulty is that the charge densities are only known
at the source and drain end of the channel according to
Eq. (1). In order to make use of this, the integration variable
of the charge equations has to be changed from dx to dQ),.
First, the drift-diffusion model is used:

dx = <M : Q;n(x)> v, 9)
ds

where dV is a voltage drop in the direction of the channel and
Hefr 18 the effective mobility. Equation (9) contains both, the
drift and the diffusion components and shows that the overall
current is proportional to the gradient of the channel voltage
which is a quasi-Fermi potential and not the electrostatic
potential [22]. In [6], a differential which links a change of
the gate voltage with respect to a point in the channel to the
change in the density of accumulated charges is derived:

dQ) 1
On _ (10)
dv,

a-Vu 1 ’
o,m T,

where @ = $/(In(10)-Vy,) is the slope degradation factor with
Vi as the thermal voltage. dV, is the change of the gate
voltage with respect to an arbitrary point in the channel.
The differential in Eq. (9), contains a voltage drop dV in
the direction of the channel and not from the gate to the
channel. However, the differentials can be linked together:
When the channel potential increases by a certain amount,
the voltage between gate and channel is decreased by the
same amount. Thus, dV = —dV,. Making use of this and
rearranging Eq. (10), both differentials can be linked:

Wen - a-V, 1
e g (o
Lgs m(x) Cox

In order to solve the charge equations for the drain and
source sides of the channel (Egs. (7) and (8)), an expression
for x in dependence on Q) (x) is calculated by integrating
Eq. (11) over the charges from Q) at the source end to

0,,(x):

)d%wm

Wep - Meff )

x=++
Ids

/2 Q:ns
%w] . (12)

2 Coclg,

Equation (6), Eq. (7) and Eq. (8) can now be solved ana-
lytically by integrating over Q;,(x) from Q) to Q, ,. The
solutions of these equations are given in Appendix A. As
the equation for the source charge Qg is very long, it is

[5! Vi - O () +
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not presented there. The source charge can be calculated by
making use of the fact that Oy = Q. — Q4.

B. OVERLAP CHARGES

In staggered transistors, there exists an overlap between the
source/drain electrodes and the gate, as it can be seen in
Fig. 1. The overlaps are considered symmetric in this case,
and thus L,y s = Lovg = Lo. The overlapping electrodes
are separated from each other by a staggering of the gate
dielectric and the OSC. This can be regarded as a series
connection of two capacitors which can both be calculated
by the plate capacitor formula:

s

Csc == Loy - Wen, (13)

Isc
Eox

Cox,ov = Cﬁ;x . Lov : Wch = 'Lov . Wch-

oxX

(14)

If the transistor is biased in weak accumulation, the OSC
behaves like an insulator with a certain dielectric constant &g
and the voltage drop over the series connection of capacitors
causes a certain amount of charge to be stored. However,
if the transistor is biased in strong accumulation, there are
additional charges accumulated in the OSC at the insulator
interface and the OSC no longer behaves like an insulator.
Furthermore, the surface potential is nearly constant and does
not follow the gate-source voltage [11]. Hence, it leads to
wrong results if it is assumed that the voltage Vi or Vg
drops over the series connection of Cs and Cyy , at the
source/drain end of the channel. In order to overcome this,
the voltage drop is limited to

/

V. =V, _ Zms
8s 8 /
Cox

15)

for the source side. Vi, follows Vg, for small values of
Vgs and saturates to V7o in the strong accumulation. Now,
another assumption is made: The charge density Q) at the
source end of the channel is supposed to be present in the
whole overlap region and thus, the total amount of charges
stored in the overlap regions can be calculated as the sum of
the charges in the series connection and these accumulation

charges:

Cye - C
Qs,ov = Cw—i-% . V{:;s + Q:m : Lov : Wch
sc 0x,0v
C
= % : (Cxc . Vgs + Q;m 'Lov . Wch)~ (]6)
sc ox,0v

A similar consideration holds true for the drain end of the
channel which leads to

Cox, ov

Qdov= 77—~
> Cse + Cox,ov

. (Csc ' ng + Q;nd : Lov ' WC ) (17)

The overlap charges are added to the intrinsic charges.
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FIGURE 3. (a) Layout of a fabricated single-finger OTFT [25]. The OTFT
layers, which are aluminum gate, DNNT (0SC), and gold S/D contacts are
evaporated through silicon stencil masks in the vacuum. After the
aluminum deposition, the aluminum is oxidized and afterwards, a
self-assembled monolayer (SAM) of n-tetradecylphosphonic acid is
formed. Together, the aluminum oxide and the SAM form a hybrid
dielectric [12]. (b) Sketch of a multi-finger OTFT.

C. CAPACITANCES
The capacitances of the transistor are defined as the change
of the charge at terminal i/ with respect to the change of the
voltage at terminal j [23]:

80i ;4
Ci=1s ,»Vj l 7&].
(S_Vj’ L=].

i,j=g,s,d
i=¢ as)

The equations for the capacitances can be obtained by differ-
entiating the charge expressions with respect to the terminal
voltages. However, this is not necessary, because in the
Verilog-A implementation, only the charges at each operation
point are needed.

IV. FRINGING REGIONS

A. GENERAL OBSERVATIONS

In many OTFTs reported in literature, the OSC layer
extends beyond the channel and the gate-to-contact over-
lap regions [24], [25] [see Fig. 3(a)]. For stability reasons
of the evaporation masks, there is a limitation for the chan-
nel width that can be fabricated. If a greater channel width
is desired, the OTFT is fabricated as a multi-finger device.
In Fig. 3(b) a structure of a double-finger device is shown.
In both structures shown in Fig. 3, there are regions where
the OSC layer overlaps the gate electrode (separated by
the gate dielectric) but which are not part of the overlap
between source/drain and the gate or the channel region.
These regions are called fringing regions. In Fig. 4(a) the
length of the fringing regions is denoted as w,,;. Sentaurus
TCAD simulations have shown that the fringing regions,
however, have a huge influence on both the DC and the AC
characteristics. The reason is that charges are accumulated
everywhere where the OSC overlaps with the gate stack,
which can be seen in Fig. 4(b). This opens additional paths
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FIGURE 4. TCAD Sentaurus simulation of a single-finger OTFT with fringing
regions. Vgs = —4V, V4 = —1V. (a) shows a 3D sketch of the transistor
(not to scale) and (b) shows the cutplane in the OSC directly at the
0SC/dielectric interface which is denoted as C1 in (a). The color encodes
the density of accumulated holes. The scales are different in both plots. In
(b) it can be seen that in the channel region the density of holes is only
dependent on the x-position and nearly independent of the z-position.
Hence, a current can flow at each z-position and the charges contribute to
the total charges in the device. In the electrode region the charge density
is dependent on the z-position to a certain degree.

for the current. Furthermore, the amount of accumulated
charge in fringing regions has to be taken into account for
the charge calculations. The observations in Fig. 4 show
that modeling the fringing regions is essential for the cor-
rect device characterization. As the fringing regions influence
both, the DC and the AC model, changes to both models
have to be done.

B. ENHANCEMENT OF THE DC MODEL

The fringing regions open additional paths for the current
which can be denoted as a current spreading. However, the
current density in the fringing regions will be lower than in
the channel, especially in regions far away from the channel
center due to a weaker electric field. The reason is that the
path a charge carrier travels is longer if it takes a detour
through the fringing region instead of flowing directly from
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FIGURE 5. (a) Schematic of the current flowing in a planar OTFT. If there
are fringing regions, the current not only flows directly from source to
drain (solid arrows), but also in the fringing regions (dotted arrows). As
the paths through the fringing regions are longer, the current density in
the fringing regions is lower than in the center of the channel. At the
probe point, the current density is assumed to be low. However, the
density of accumulated quasi-mobile charges is assumed to be the same
as in the center of the channel. (b) Quasi-Fermi potential for holes in a
cutplane at the 0SC/dielectric interface of the same TCAD simulation as in
Fig. 4. The arrows in (b) show the vector data for the hole current density
in the plane. The current flows between regions with different Fermi
potentials, as predicted.

the source to the drain electrode. The current spreading is
schematically shown in Fig. 5. The behavior is modeled
as a change in the effective channel width for the current.
Hence, the drain current presented in Eq. (4) is modified.
It is assumed that the effective channel width lies between
Wen.sp and Wep . Thereby, as can be seen in Fig. 4(a) and
Fig. 5, We sp is the channel width as seen from the S/D
electrodes and Wy ¢ is the width including the overlaps wy;.
Furthermore, the sum of the distances between the fingers
(in case of a multi-finger device) is included in W, . The
following function for the effective gate width is defined:

Wenefr = 8fit - (Wen,g — Wen,sp) + Wen,sp, (19)

where 8 € [0,1] is a fitting parameter and W¢, g is
defined as

Wen,c = Nﬁng “Wen,sp + 2 - Wour + (Nﬁng - 1) : dﬁng’ (20)
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FIGURE 6. Electric field vectors in a small cutplane close to the
0SC/insulator interface of the same transistor as in Fig. 4 for (a)

Vgs = —1.333V and (b) Vgs = —4V. The drain voltage is Vg3 = —1V in (a)
and (b). For both gate voltages, the arrows point in the same directions,
but their lengths are different. This shows that a higher gate bias does not
influence the orientation of the field lines.

with Ngpe as the number of fingers and dp,, as the distance
between two fingers [see Fig. 3(b)]. The fitting parameter 5
might be bias-dependent. However, as we show in Fig. 6, a
change in the gate voltage V,; does not change the directions
of the field vectors, but only their lengths. Hence, the current
spreading is assumed to be bias-independent. Furthermore,
the electric field in the OSC close to the insulator interface
is independent of the OSC thickness #;, and the relative
dielectric permittivity of the OSC. Please note that dg is
only used to capture the effect that the current spreads over
a certain region beyond the channel center. Later, we will
show that in the charge equations d5 does not play a role.
This is because the density of accumulation charges at a
specific point does not depend on the current density at this
point. The effective channel width is now used in the current
equation which then reads as follows:

kB'T' Q;ns_Q;nd
q Len
x (1 +A- (Vas — Vigsar))-

Q;r%s - Q;ﬁd
2-Lep - C:)x
(21)

Iys = Meff * Wch,eﬁ‘ :

C. ENHANCEMENT OF THE CHARGE MODEL
C.1. INTRINSIC CHARGES

The intrinsic charges are as well affected by the fringing

regions. First, the three integrals for the total charges are
modified:

Lep
O = ch,G * Q;n(x) dx, (22)
Leh X
Qa = Wen,G - / I 0,,(x) dx, (23)
0 ch

Len X
0= Worg- | @——)%wm 24)
0 Len
In these equations, the geometric gate width W, ¢ is used
and not the effective gate width. The reason for this is that
the charges are accumulated all along the channel width,
as well in the regions where the current density due to the
current spreading is low. Looking at Fig. 5, this can be
seen. It is assumed that at the probe point the density of
accumulated charges is the same as at any other z-position.
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This can be verified by observing Fig. 4(b): In the channel
region, the contour lines are nearly horizontal which means
that the density of accumulated holes is equal in the channel
center and in the fringing regions. TCAD simulations have
shown that this is also true for very long fringing lengths
Wwoy in the range of several tens of micrometers.

In the next step, the differential shown in Eq. (9) has to
be adapted. As due to current spreading effects the current
is dependent on the effective gate width Wy, o (given by
Eq. (19)), this differential is:

W off -
dx = <M . Q;n(x)) dv

s (25)

and together with Eq. (10), this becomes

Weh,eff - Heff s ) (5‘ “ Vin 1 ) /
dx = — | el el B LT I 7o U
x ( 0,,(x) 0 + - O

Lys
(26)
The variable x is then expressed as
W~ ; . B 2 X Qinv
= bl P [a Vi - Q) + —Q’"(,)} . @7)
Ly 2.0, 0,

After these minor modifications to the equations, the inte-
grals Eq. (22), Eq. (23) and Eq. (24) can be solved again.
The solution of them is given in Appendix B. Looking at the
results in Appendix B, one interesting fact becomes visible:
The effective channel width W, o and the drain current
145 always appear on opposite sides of the fraction with
the same exponent. As Iy is linearly dependent on Wep, of,
this means that Wy, o is practically canceled in the charge
equations. Or, in other words: The total charges are inde-
pendent of the effective channel width W,y . and hence
independent of the factor o However, the fringing regions
influence the total charges through the gate width W, ¢
which includes the fringing length w,,; and the distances
between the fingers djig.

C.2. OVERLAP CHARGES

The charges in the overlap regions also have to be adapted
to the new model. The staggered structure of Cs. and Coy oy
(see Fig. 1) depends on the dimensions of the S/D electrodes.
Hence, in these equations, the electrode width Wy, sp is used:

Esc
Csc = - Lov : WCh,SDs (28)
Tse
Eox
Wch,SD = Lov . Wch,SD'
Tox

Cux,ov = C;;x Loy - (29)
These formulas are only valid for ideal plate capacitors,
where the electric field is assumed to be homogeneous in
the capacitor and zero outside the capacitor. This assumption
is also kept here, since the additional field lines beyond
the S/D electrodes are assumed to have a small influence.
This is because the layer thickness is assumed to be much
less than the lateral dimensions of the S/D electrodes. As
shown in Fig. 4(b), the density of accumulation charges in
the OSC is in the same order of magnitude in the whole
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overlap region for each electrode, although it varies a little bit
with the z-position. For simplification purposes, the charge
densities are assumed equal in the whole overlap regions.
Thus, Eq. (16) and Eq. (17) are modified as follows:

Cye - C
Qs,ov = CSC_I_% : V(és + Q:ns Loy - Wch,G
sc ox,0v
C
= % : (Csc ' Vgs + Q;m Loy - Wch,G), (30)
sc 0x,0v
C
Qaov = c—c—(Coc* Vea + Qg - Lov - Wen6)- 3D
sc ox,0v

V. MODEL VERIFICATION

In this section, the model is verified using TCAD
Sentaurus [26] 2D and 3D simulations, capacitance mea-
surements and measurements on a differential amplifier.

A. TCAD
A.1. 2D SIMULATION

A 2D simulation of OTFTs has been conducted with TCAD
Sentaurus. The OSC is simulated as a conventional semicon-
ductor with some changes in order to reproduce the physical
effects that occur in OSCs. The mobility for holes is set to
a very low value and the band diagram is adapted so that
the valence band has the energy of the HOMO level of
the OSC and the conduction band has the energy of the
LUMO level. The TCAD simulations yield the internodal
capacitances of the transistor. As the compact model has
total charges as outputs and not capacitances, the charges
are numerically derived with respect to the terminal volt-
ages. The TCAD simulations are conducted for a very low
frequency of 0.01 Hz in order to simulate only quasistatic
effects. As it can be seen in Fig. 7, the compact model
reproduces the capacitances well, especially at the plot over
Vus. In OTFTs, the overlap lengths of the S/D electrodes
are often long in comparison to the channel length. Hence,
a remarkable amount of charge is stored in the overlap
regions. Figure 8 shows the capacitances for a transistor
with a shorter channel and comparatively long S/D over-
laps. As it can be seen, the model fits well, especially for
the OFF-State (Vg = 0V) and the very linear operation
regime (Vg = —4V). This shows that the modeling of the
overlap charges fits the simulation data well.

A.2. 3D SIMULATION

For the verification of the fringing model, a 3D TCAD
simulation has been conducted. A single-finger OTFT is
simulated with different fringing lengths w,,; in order to see
the influence on the DC currents and the capacitances. The
parameter &5, which has been introduced in the modeling sec-
tion has to be determined for each fringing length. Therefore,
each simulated current transfer curve is compared to the com-
pact model and the parameter g is manually determined
so that the model and the simulation curves fit. Figure 9
shows the normalized drain current of a single-finger OTFT
with different fringing lengths w,,; and the extracted value
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FIGURE 7. Capacitances of the compact model (solid lines) of a staggered
device in comparison with a 2D TCAD simulation (dashed lines)

for f = 0.01Hz. In (a), the capacitances are plotted over Vgs for V43 = —1V.
In (b), the capacitances are plotted over Vg for Vgs = —3V. The
parameters of the transistor are: Vrg = —0.86V, L, =200 um,

Wep = 1um, Lov,s = Loy g = 10 um, S = 60 mV/dec. The mobility for holes
in TCAD is set to up = 1ecm2V~"s~1 and the mobility in the compact
model is set to a constant value of « = 0.96 cm2V—'s~1 with g = 0. In a 2D
simulation, no fringing regions are present and hence, the simple current
and charge equations are used.

0.0 T

-0.05

C[pF]

-0.1

Z0.15 [

Cd q

Vgs[V]

FIGURE 8. Capacitances of the compact model (solid lines) of a staggered
device in comparison with a 2D TCAD simulation (dashed lines)

for f = 0.01 Hz. The parameters of the transistor are similar to that in Fig. 7,
but the channel length is in this case L., = 20 um and % = 0.031V~!.

for 84;. The drain current is normalized with respect to the
value at wy,; = Oum for each drain voltage. It has proven
out that the extracted value for dg; is the same for both drain
voltages. This shows that &5, can be assumed to be inde-
pendent on Vy. The drain current values reveal that if the
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FIGURE 9. Simulated drain current of a single-finger OTFT at the bias point
Vgs = —4V for different fringing lengths w,, for V45 = —0.1V (red circles)
and V4 = —1V (green triangles). The drain current is normalized with
respect to the current of a transistor with w,,; = 0 .m for both drain
voltages. The extracted values for 55 are shown in blue squares. The
transistor parameters are: Loy,s = Loy,g =5nm, Loy =20um, fox = 5.3 nm,
Wep sp = 1um, pup = 1cm2V=Ts~1, In the compact model, the mobility is
set to k = 0.93cm2V—1s~1 with g = 0.
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FIGURE 10. TCAD simulation of the current transfer characteristics of a
single-finger OTFT (blue circles) with different fringing lengths w,,, and
manually fitted compact model curves (red solid lines). The values for 55,
that have been used to fit the curves are shown in Fig. 9. The other
transistor parameters are the same as in Fig. 9.

fringing length becomes greater than 20 um, the current is
only slightly increased. Hence, the current spreading reaches
some kind of saturation.

As it can be seen in Fig. 10, the fringing model fits
the simulated current transfer characteristics well. For each
curve, a constant, bias-independent value for d5, has been
determined. This proves that modeling a bias-dependence
is not necessary. In Fig. 11, it is shown that the fring-
ing model fits the simulated capacitances, too. However,
for high drain voltages and large fringing regions, the
capacitances of the model show some deviations in com-
parison to the simulation results. The reason for this is
that at higher drain voltages the charge distribution, espe-
cially in the electrode regions, is dependent on the z-position
[see Fig. 4(b)]. This has been neglected in the overlap
charges.
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FIGURE 11. TCAD simulation of the capacitance Cgs of a single-finger
OTFT (blue circles) with different fringing lengths w,,; compared to
compact model curves (red solid lines) for (a) V4 = —0.1V and (b)

V4s = —1V. The transistor parameters are the same as in Fig. 9. The
parameter iz, has no influence on the capacitances, since the effective
channel width is canceled in the final charge equation.
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FIGURE 12. Simulated drain current of a double-finger OTFT at the bias
point Vgs = -4V for different fringing lengths w,,, for Vg5 = —0.1V (red
circles). The drain current is normalized with respect to the current of a
transistor with w,,; = 0 um. The extracted values for 5g; are shown in blue
squares. The transistor parameters are the same as for the single-finger
OTFT in Fig. 9. Here, the device has two fingers, where each finger has a
width of 1 .m. The overlap width w,,, is varied simultaneously with dg;, .

The model also works for multi-finger devices. In Fig. 12
it can be seen that a variation of the fringing length and finger
distance also leads to a change in the current which can be
captured by a fitting of 5. Nevertheless, the parameter &g,
is an empirical fitting parameter. For the future, it might
be interesting to find an even more physics-based way to
calculate the effective channel width for the current.
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FIGURE 13. Capacitances of the compact model (solid lines) of a
staggered device in comparison with measurement data (symbols with
dotted lines) [12] for f = 500 Hz. In (a), the capacitances are plotted over
Vgs for Vg = —1V. In (b), the capacitances are plotted over Vg

for Vgs = —2V. The S/D channel width is W, gp = 400 um, the fringing
length is w,,; = 30 um and 5z = 0.27. The value for 55 does not play a
role. However, a value has to be provided. The value of 0.27 is taken from
Fig. 9. The threshold voltage is Vr¢ = —1.2 Volt and the mobility is set

to x = 2.05cm2VA—1s=1 with g = 0.03. The transistor data are the same as
in Fig. 2.

B. CAPACITANCE MEASUREMENTS

In this section, the capacitance model is compared to the
measurements of a single-finger device presented in [12].
In Fig. 2, the fitting of the compact model to the mea-
sured current transfer characteristics is shown. However, at
this stage, the model not considering the fringing regions
has been used. As it can be seen, the transfer curves fit,
though. The reason is that neglecting the fringing regions
leads to a higher mobility value in the compact model [24].
An increase of the mobility has the same effect on the cur-
rent as an increase of the effective channel width. Hence, it
is difficult to separately extract the mobility and the param-
eter dy, if there is only one transistor with a certain fringing
length. As described in the modeling section, the param-
eter 85 has no influence on the capacitance model which
can thus be verified without fitting J4,. As it can be seen in
Fig. 13, the compact model reproduces the measured capaci-
tances well. The capacitances from [12] have been measured
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FIGURE 14. Measured loss of the transistor presented in Fig. 13. The loss
is defined as G/», where G = Re(Y) and w is the angular frequency.

VDD

M4

RCS

FIGURE 15. Schematic of the differential amplifier [25].

at a frequency of 500 Hz using an LCR meter (HP 4284A).
The amplitude of the superimposed AC signal is 100mV.
Compensation of the parasitic capacitances due to the field
lines between the probe tips is done. However, measurement
errors are inevitable but are expected to be small because of
the relatively long channel of the transistor. The LCR meter
determines the complex admittance Y at each operation point.
From this, the capacitance and the conductance can be deter-
mined. Although the compact model presented in this work
only models the capacitances, the measured conductances
can be of interest as well. In Fig. 14, the measured loss G/w
is presented. OTFTs based on DNTT are sensitive to bias
stress which means that an applied gate voltage over a certain
time may cause a shift of the threshold voltage [12], [19].
As a consequence, the threshold voltage which is used to
fit the current transfer characteristics is different from the
threshold voltage used for the capacitance measurements as
they have been conducted at different times.

C. DIFFERENTIAL AMPLIFIER

The compact model for the OTFTs has been implemented in
the hardware description language Verilog-A. In [25] design
and measurements on differential amplifiers based on OTFTs
are presented. The model has been used in the circuit sim-
ulator Cadence Virtuoso [27] to simulate the differential
amplifiers. In Fig. 15, a sketch of the differential amplifier
is shown. The transistors M3 and M4 constitute a current
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TABLE 1. Parameters of the two differential amplifiers.

Diff. Amp. 1 | Diff. Amp. 2
Wen,sD,M3/M4 2000 pm 1000 pm
Wen.sp,mi/m2 1000 um 500 um
Woul 50 um 50 um
Nying, m3/M4 20 10
Nying,m1/Mm2 10 5
Rp 22 MQ 4 M)
Rcs 22 MQ) 4 M)
Len 20 pm 20 um
30
Spir = 0.215 0

S = 140mV /dec
Cloaa = 95 pF

20 roe = 3.9 -0
15 Ersc = 5.5
R. =20k -60

toz = 5.3 nm
tse = 25nm

-90

Phase[°]

-120

Magnitude [dB]

-150

-10 | *** Magnitude meas.
= Magnitude sim. R
-15 |« =+ Phase meas. o] J180
= Phase sim.
-20
102 102 104

[ [Hz]

FIGURE 16. Magnitude response and phase response of the differential
amplifier 1. The measurements [25] (dotted lines) are compared to the
simulation results (solid lines). The inset of the graph shows further
parameters which are valid for all transistors in the circuit.

it = 0.215 0
25 S = 160mV /dec
Cloaad = 105 pF
20 Er,ox = 3.9 -30
= €r,sc = 5.5
8. 15 R, = 25kQ
F or = H.3nm 60 ©_.
”g 10 tse = 25nm Q
. 3
5 -90 o
S o0
=
I Magnitude meas. -120
— Magnitude sim.
-10 ... Phase meas. bk
— Phase sim. +[-150
-15 -
102 10° 10*
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FIGURE 17. Magnitude response and phase response of the differential
amplifier 2. The measurements [25] (dotted lines) are compared to the
simulation results (solid lines).

mirror which provides a constant current for the differen-
tial pair consisting of M1 and M2. As the current flowing
through M3 has to flow through M1 and M2, the channel
width of M3 is chosen to be two times the channel width of
M1 and M2. There have been fabricated two amplifiers with
the parameters shown in Tab. 1. If no transistor is mentioned
in the index, it means that the value holds true for all four
transistors.

The differential amplifiers are loaded with a capacitor
of 20 pF. However, the connector cables also have a capaci-
tance. Hence, the effective load capacitance can be regarded
as a fitting parameter. As it can be seen in Fig. 16 and
Fig. 17, the simulated amplifier circuit has a good match

VOLUME 8, 2020



LEISE et al.: CHARGE-BASED COMPACT MODELING OF CAPACITANCES IN STAGGERED MULTI-FINGER OTFTs

ELECTRON DEVICES SOCIETY

with the measured results with regards to both, the gain
and the phase. However, for higher frequencies, the model
has some deviations in comparison to the measurements.
The reason for this is that the compact model is only valid
for a quasistatic operation. However in OTFTs, a frequency
dependency of the capacitances is observed. In [13], it is
reported that already in the kilohertz regime the frequency
dependency start to play an important role.

VI. CONCLUSION

In this paper, a charge-based compact model for the total
charges in staggered OTFTs including multi-finger struc-
tures has been presented. Furthermore, the DC current
model has been extended to take into account current
spreading effects. The model includes the calculation of
fringing regions which appear in fabricated devices. The
compact model has been verified by comparing the capac-
itances to Sentaurus TCAD simulations and capacitance
measurements. Furthermore, a differential amplifier based
on OTFTs has been simulated with the compact model and
has been compared to measurements of a fabricated cir-
cuit. The model reproduces the simulation and measurement
data well.

APPENDIX A
CHARGE EQUATIONS WITHOUT FRINGING EFFECTS
The solutions of the three integrals in Eqgs. (6)-(8) are:
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T I \3C, 3C, 2 2 ’
(32)
3,2 ~
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~aa, ) &9
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APPENDIX B

CHARGE EQUATIONS WITH FRINGING EFFECTS
The solutions of the three integrals in Eqgs. (22)-(24) are:
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Qs = Qc - Qd. (37)
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