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Abstract—In this study, a consistent analytical charge-
based model for the bias-dependent variability of the drain
current of organic thin-film transistors is presented. The
proposed model combines both charge-carrier-number-
fluctuation effects and correlated-mobility-fluctuation
effects to predict the drain-current variation and is verified
using experimental data acquired from a statistical
population of organic transistors with various channel
dimensions, fabricated on flexible polymeric substrates in
the coplanar or the staggered device architecture.

Index Terms— Carrier-number fluctuation, mobility fluc-
tuation, organic thin-film transistors (TFTs), trap density,
variability.

|. INTRODUCTION

N ORGANIC thin-film transistors (TFTs), the semicon-

ductor is usually a thin polycrystalline film of conjugated
organic molecules [1]. Organic TFTs can often be fabricated
at temperatures below 100 °C. This makes them promising for
low-cost large-area flexible electronic circuits [2].

Drain-current variability can be perceived as the
time-independent variation of the drain current of two or
more nominally identical transistors under the same biasing
conditions. Drain-current variability of organic-TFT-based
circuits is commonly determined using circuit-based Monte
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Fig. 1. Cross section of the organic TFTs fabricated in the inverted
coplanar (bottom-gate, bottom-contact) architecture.
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Carlo simulations [3], mismatch modeling [4] or novel
noise-based simulation approaches [5]. Here, a device-level
charge-based variability model is introduced. The proposed
physical model has two fitting parameters, can be applied
directly to the experimental statistical population without the
need for Monte Carlo simulations, and accurately describes
the bias-dependent variability of organic TFTs, fabricated
either in the coplanar or the staggered device architecture.

Il. DEVICES AND MEASUREMENTS

Organic p-channel TFTs with channel lengths (L) of 2,
3, and 5 um and a channel-width-to-length ratio (W/L)
of 10, were fabricated on a 125-um-thick flexible poly-
ethylene naphthalate (PEN) substrate in the inverted coplanar
(bottom-gate, bottom-contact) device architecture (Fig. 1),
using stencil lithography based on high-resolution silicon
stencil masks [6]. The TFTs consist of 25-nm-thick alu-
minum gate electrodes, a 5.3-nm-thick hybrid A10,/SAM gate
dielectric, 30-nm-thick gold (Au) source and drain contacts
coated with a pentafluorobenzenethiol (PFBT) monolayer, and
a 25-nm-thick vacuum-deposited layer of the small-molecule
organic semiconductor 2,9-diphenyl-dinaphtho-[2,3-b:2°,3’-
f]thieno[3,2-b]Jthiophene (DPh-DNTT) [7]. The maximum
process temperature was 90 °C. For each channel length,
16 nominally identical TFTs were fabricated and charac-
terized. The measurement protocol comprises transfer char-
acteristics at a drain—source voltage (Vpg) of —3.0 V and
gate—source voltages (Vgs) from 0 to —3.0 V with a step
size of —50 mV, recorded at room temperature. In order
to verify the proposed model for TFTs fabricated in the
staggered device architecture, experimental data from [8],
for bottom-gate top-contact DNTT TFTs with dimensions of
W/L =10 um/1 um, are used.
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Fig. 2. (a) Transistor channel divided into a noisy element between

positions x and x + §x and two noiseless transistors of channel lengths
x and L — x, respectively. (b) Small-signal representation.

I1l. DRAIN-CURRENT-VARIABILITY-MODEL DERIVATION

In this section, the impact of local charge-density fluctua-
tions in the carrier channel as a source of the drain-current
variability in nominally identical organic TFTs will be dis-
cussed. For the derived variability model, the charge-based
organic-TFT model described in [9] will be used as the basis.
The proposed current—voltage model provides a single current
equation that is valid for all operation regions that can be
obtained from

_ kT Qs — Qp | Q35— 0}
o = (- BT 22+ G2 )
X(l + i(VDS - VDsal)) (1)

where W is the channel width, L is the channel length,
C,. is the unit-area gate-dielectric capacitance, A is the
channel-length modulation factor, and u is the effective carrier
mobility. Qs and Qp describe the density of quasi-mobile
charges per gate area at the source and drain end of the
channel, respectively, and can be expressed as

S , Vas.o — Vro
e gl o

S/1n(10)
where L is the first branch of the Lambert W function, S is
the subthreshold swing and Vry is the threshold voltage.

The fluctuation of the drain-current around its nominal
value is considered to be a result of the sum of all local
fluctuation contributions along the channel. The transistor
channel is divided into a noisy element between positions x
and x 4+ Jx and two noiseless pseudo-transistors 77 and 7,
(Fig. 2) of channel lengths x and L — x, respectively. The
local drain-current fluctuation is modeled as a current source
ol, connected in parallel to the resistance R of the channel
element. The term JI, is considered to be a zero-mean
stationary process on x. The equivalent small-signal circuits
of transistors T1 and T2 can be reduced to the conductances
G and G, [10]. Consequently, the local current fluctuation is
given by

olyp = Geu OR 1, 3)

where Gcy = Gepu(x) is the conductance at point x of the
channel. Moreover, Gcg and JR can be expressed as

dip W
= — = — (= 4
Geu v oM (—Qcn) “4)
and
0 0.
sk =2V ol (5)

I Wu(—Qcn)

respectively. By substituting (4) and (5) into (3) the following
can be obtained:

ox
ol.p = Za‘lx. (6)

Considering again the elementary section of the channel
between x and x + Jx, the current at position x is given
by

dv
Ip = WCIN(X),UE (7

where N(x) = Qcu(x)/q is the number of charge carriers per
unit area. Following [11], if a certain number of carriers get
trapped at position x of the channel, the relative local current
fluctuation can be described as

ol,  dlp(x)  dQcu n p
Ip Ip Ocu P
where the term Jf/f describes the effect of charge trapping or
edge effects [4] on f = uC. (W/L). Attributing all variations
to charge trapping and following [11], based on Matthiessen’s

rule, the carrier mobility including the effect of the trapping
mechanism can be expressed as

)

1 1 +a.0, & Ho
= — ta, p=—"0
Lo o ' 1 +acQipo

where Q, = —¢g N, is the density of trapped charges and a, =
d./q is the Coulomb scattering coefficient [12]. Using (9),
the following can be obtained:

9

op
P (10)
50, up
and the relative current fluctuation can be expressed as
61p(x) ( 1 00cu )
= —a 00 (1)
Ip Ocn 90, ot '

where 0Q; is the local charge fluctuation related to the
fluctuation in the trap density.

Considering that the variation 0Q, will cause a surface-
potential variation Jy;, the number of charges depending
directly on w, will also change. Consequently, the charge-
conservation principle yields

—0Q; =0Q; +6QcH

where 6Q, and dQcy are the induced fluctuations of charges
on the gate electrode and of mobile charges in the channel,
respectively. Furthermore, 6Q, and dQcy are related to the
surface-potential variation dy, according to [13]

0Q, = —C, . 0ys, 60cn = —Ccndy;

where Ccy is the channel-charge capacitance. Recalling that
Ccy can be approximated by

Ccun >~ —Qcu/Ur

where Ur = kT /q is the thermodynamic voltage, and com-
bining (12) and (13), the following can be obtained [13]:

00cH _ Ccu
00, Ccu+C), '

(12)

13)

(14)

5)
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Using (14), (15) can be transformed into

0Qcu _ Ocu _ 4eh (16)
00,  QOcu+0%/a gm+1/a
where gon = Qcy/Q* is the normalized charge, Q* =
—aUrCl, and a = S/In(10)U7.

By substituting (16) into (11), the relative local current
fluctuation can be rewritten as

olp(x) _ ( 1 e )5Qz
ID (Ich_’_ 1/a a Q*

where a* = a.(— Q") is a parameter related to the Coulomb
scattering coefficient given in units of Vs/m>.

Using (6), the mean square of the total drain-current
fluctuation can be expressed as [10]

o2lp =013 = > oI%,
L

2
(i)
L
1 L
= ﬁ/o OxS13(x)dx.

Furthermore, from (17), the relative local drain-current fluc-
tuation normalized to the square of the drain current can be

expressed as

oI} 1 2607

o) van) 25
ID qch + 1/a Q*

Following [10], the square of the standard deviation of
the local fluctuations of the trap density, assuming a Poisson
distribution, is given by

0'2(5Qt) = quz/Wéx

a7

lim
ox—0

(18)

19)

(20)

where N;, given in units of m~2, is the density of traps
in which charge carriers may be accumulated and which
will be treated as a fitting parameter. Combining (18)—(20),
the variance of the total normalized drain-current fluctuation
can be expressed as

o’lp g*N, /L 1
13 WL2a*(kT)2C2 Jo \gam+1/a
and by solving the integral, the following can be obtained:

2
+a*,u) dx (21)

0'2[[) % %
5— = C*|an B*(gcen)an (22)
Iy
where
4
q°N;
Cc* = 23
law W La?(kT)>C2, 23)
and
B*(qs, qa)|an
1 (2(a — Da* 1 s
:._((a )a'u—}-l)ln( +aq )
ig a 1 +aqq
1 1—a 1—a 5
+— — + a*
ld(1+a‘Is 1+a61d) @r)
1
+52(a*u)(qs = qa)- (24)
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Fig. 3. Mean-value drain current E[Ips] versus gate—source voltage of
coplanar DPh-DNTT TFTs with channel lengths (L) of 2, 3, and 5 um.
Symbols: measurement data, solid lines: model.

The normalized drain current i; can be expressed as iy =
Ip/p(aUr)*C. W/L. The terms g, = Qs/Q* and q; =
Op/Q* account for the normalized charge densities at the
source and drain end of the channel, respectively. The impact
of the parameter a* is greatly reduced for gate—source voltages
approaching the subthreshold region. Note that neither the
current—voltage model nor the proposed variability model
cover the OFF-state regime (leakage current region) below
the turn-on (switch-on) voltage, i.e., the range of gate—source
voltages between 0 and —0.5 V.

IV. RESULTS AND DISCUSSION

Fig. 3 shows the mean-value transfer characteristics of
DPh-DNTT TFTs fabricated in the coplanar device architec-
ture, having channel lengths (L) of 2, 3, and 5 um, for a
drain—source voltage of —3.0 V. The experimental mean values
were calculated over a population of 16 nominally identical
TFTs fabricated on the same substrate. Symbols represent
the measurement data and lines represent the results of the
current—voltage model.

In Fig. 4(a)—(c), the normalized drain-current variance
0% Ips/I3g of the coplanar DPh-DNTT TFTs is plotted as
a function of the mean-value drain current E[Ips]. The values
of the parameters N; and a* were extracted as follows. In the
first step, the parameter a* was set to zero. In the subthreshold
region, (i.e., above the leakage-current regime), a specific
gate—source voltage was selected, and N, at this gate—source
voltage was calculated. In Fig. 4, the analysis was performed
for a gate—source voltage of —0.7 V; black dashed lines show
the results of the model without the mobility-fluctuation effect
(a*u = 0). In the second step, using the extracted value
of N,, the parameter a* was calculated at the maximum
gate—source voltage, in our case Vgs = —3.0 V. Note that the
two selected gate—source voltages, (subthreshold region and
maximum |Vgs|) correspond to specific experimental values of
o Ips/I5 that define the subthreshold and maximum-|Vgs|
asymptotes that are depicted in Fig. 4(a)-(c) as red dashed
lines. To improve the agreement between model and exper-
iment, the extraction of N; and a* was performed for each
channel length individually as proposed in [10]. In Fig. 4(d),
the standard deviation of the drain current normalized to
the device area o (Ips/WL) is plotted as a function of the
gate—source voltage Vs for the three different channel lengths.
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Fig. 4. Normalized drain-current variance o2 ID5/12DS versus mean-value
drain current E[lps] of coplanar DPh-DNTT TFTs with (a) L = 2 um,
(b) L =3um,and(c) L =5 um. (d) Standard deviation of the drain current
normalized to the device area o(Ips/WL) versus gate—source voltage of
the same TFTs. The experimental mean values were calculated over a
population of 16 nominally identical TFTs. Symbols: measurement data,
black solid/dashed lines: model, red dashed lines: asymptotes.

In Fig. 5, the normalized drain-current variance multiplied
by the square-root of the device area o2 Ips/I3g x (WL)'/2
of the coplanar DPh-DNTT TFTs is plotted as a function
of 1/(WL)!/2. The dashed line is the result from the model
calculated for N, = 6.9 x 10" m~2 and a* = 750 vS/m?2.

in which a different set of parameters N; and a* was extracted
for each channel length, the predicted numbers of traps are
3.75x 10°, 6.75 x 108, and 2.40 x 10® for channel lengths of 5,
3, and 2 um, respectively. Both approaches correctly predict
that the number of traps increases approximately linearly with
the TFT area [14].

In Fig. 6(a) and (b), the results obtained for the staggered
DNTT TFTs having a channel length of 1 um [8], are
summarized. The values of the parameters N, and a* were
extracted at gate—source voltages of —0.25 V (subthreshold
region) and —2.0 V (maximum |Vgs|). The threshold voltage
(Vro) was found to be —0.33 V. Compared with the coplanar
DPh-DNTT TFTs, the measured transfer characteristics of the
DNTT TFTs show a larger OFF-state drain current (leakage)
and a larger subthreshold swing, which prevent the formation
of a clear plateau in the measured o2 Ips/ I]%s curve.

Table I summarizes the values of N, and a* extracted from
the variability model and the effective carrier mobilities of
the coplanar DPh-DNTT TFTs and of the staggered DNTT
TFTs for each channel length at the maximum gate—source
and drain—source voltages. As can been seen, the value of a*
is significantly smaller for the coplanar DPh-DNTT TFTs than
for the staggered DNTT TFTs. The reason is that the coplanar
DPh-DNTT TFTs have a larger intrinsic channel mobility,
a larger channel length and a smaller contact resistance than
the staggered DNTT TFTs, all of which leads to a significantly
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Fig. 6. (a) Normalized drain-current variance o2 ID5/12DS versus
mean-value drain current E[Ips] of staggered DNTT TFTs with L = 1 um.
(b) Standard deviation of the drain current normalized to the device area
o(lbs/WL) versus gate—source voltage of the same TFTs. Symbols:
measurement data, black solid/dashed lines: model, red dashed lines:
asymptotes.

larger effective carrier mobility [7], which in turn leads to
a smaller value of a*, in agreement with (9). In addition,
the parameter a* also accounts for the drain-current variability
caused by edge effects [see (8)], and since these tend to be
more pronounced in TFTs with a smaller area [4], the value
of a* is expected to increase with decreasing TFT area.
The observation that the extracted effective carrier mobility
of the DPh-DNTT TFTs decreases with decreasing channel
length is consistent with the fact that the contribution of the
contact resistance to the total device resistance increases with
decreasing channel length [7]. The trap densities predicted by
our model are smaller by three to four orders of magnitude
than the trap density predicted in [4] for staggered DNTT
TFTs with a channel length of 30 um and a channel width
of 100 um (6.8 x 10?'m~2), but larger by about two orders of
magnitude than the trap densities reported in [14] for devices
based on DNTT and DPh-DNTT (10'°m—2).

V. CONCLUSION

In conclusion, we have developed a physical charge-based
drain-current variability model suitable for organic TFTs. The
proposed model is based on charge-carrier-number-fluctuation
and correlated-mobility-fluctuation effects and can be applied
to TFTs fabricated in the coplanar or the staggered device
architecture. We have shown that the drain-current variability
decreases with increasing TFT area (product of channel length
and channel width), particularly in the subthreshold region.

We also found that the mobility-fluctuation effect is less
pronounced in coplanar DPh-DNTT TFTs than in staggered
DNTT TFTs and that the value of the parameter a* tends
to increase with decreasing channel length, due to the fact
that a smaller channel length causes a smaller effective carrier
mobility and more pronounced edge effects. Regardless of the
channel dimensions and the device architecture, the results of
the proposed model are in good agreement with the experi-
mentally measured bias-dependent drain-current variability of
organic TFTs.
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