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An analytic current—voltage (/-V) equation for top-contact organic thin film transistors (OTFTs) is derived by analyzing the
channel and the overlap region separately. From the analysis on the overlap region, the series resistance of OTFTs is found to
be a function of the gate voltage due to the sheet resistance change of the accumulation layer. Using the derived /-V equation,
the characteristics of both the channel and the overlap region are well-explained. The /-V equation is verified with fabricated
top-contact OTFTs and metal-insulator—semiconductor (MIS) capacitors, and the predicted /-V characteristics from the
equation agree well with the measurements. Also, the ratio of the series resistance to the total resistance of the device is up to
60% which shows significant influence of the series resistance on top-contact OTFT performance.
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1. Introduction

Recently, organic semiconductors are used not only to
fabricate a single transistor but also to make integrated
circuits such as radio-frequency identification (RFID)
tags.") As a result, it is necessary to establish a physically
meaningful device model to extend the applicability of
organic thin film transistors (OTFTs). For OTFTs, series
resistances near source and drain electrodes have been
known to have serious effects on the device characteristics,
so that integration of an accurate series resistances model
has been one of the key issues in the device modeling.”
Moreover, if OTFTs are scaled down to realize fast opera-
tion, the series resistance model becomes more critical factor
on the accuracy of the device model.

Although bottom-contact OTFTs are known to have
relatively large series resistance, top-contact OTFTs which
are suitable for fast operation also have a serious series
resistance problem.” There have been a lot of attempts to
analyze the series resistance in top-contact OTFTs,>® and
some of recent researches show that the series resistance of
top-contact OTFT is not a constant value. By using gated
transmission line method, Gundlach er al® showed that
the series resistance is a function of gate voltage. Direct
measurements on the series resistance with Kelvin probe
microscopy® or four-probe system>® also showed that the
series resistance changes with the gate voltage. However,
there has been no analytic current—voltage (/-V) equation
which reflects this observation except for a few empirical
models.” Therefore, in this paper, by analyzing the gate—
source overlap region, an analytic /-V equation including
the effects of variable series resistance is derived. Further-
more, the derived equation is verified by applying them to
the -V characteristics of fabricated OTFTs.

2. Derivation of I-V Equation

The cross section of a top-contact OTFT is shown in
Fig. 1. The drain current of the device flows from source to
drain electrode through the source resistance Ry, the channel
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Fig. 1. Cross-section of a top-contact OTFT in the linear region.
Accumulation layer is induced uniformly at the bottom of semiconductor
due to the negative V. Vs and Vp' represent intrinsic source and drain
voltage, respectively. R, Rq, and R, denote source, drain, and channel
resistance, respectively.

resistance R.,, and the drain resistance Ry. Prior to the
derivation of /-V equation, following assumptions are made.
For linear region operation, the gate is biased to Vg < Vg to
accumulate charges in the channel and the drain is biased
to a very small value, e.g., Vp = —0.1 V. Under this bias
condition, the accumulation layer is induced not only in the
channel but also at the bottom of the overlap region. The
sheet resistance Ry, (€2/sq.) of the accumulation layer can be
considered to be uniform because Vp is very small. The
current in the channel is assumed to flow only through
the accumulation layer, so that the net current in the bulk
semiconductor is zero. Due to the effects of R, and Ry, the
intrinsic source and drain voltages, Vs' and Vp/, are different
from the applied voltages Vs and Vp, respectively. To derive
I-V equation under these assumptions, the channel and the
overlap region are analyzed separately.

The channel is considered first as shown in Fig. 2. For the
channel, it is assumed that the current flows only through the
accumulation layer, so that derivation of an /-V equation is
quite similar to that of general metal-oxide—semiconductor
field-effect transistor (MOSFET) equations except for con-
sidering the effects of the series resistances. Due to the series
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Fig. 2. For the channel, the current is determined by Ry, and the intrinsic
source and drain voltage, i.e., Vs" and Vp'.
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Fig. 3. For the overlap region, /,(x), V(x), and J,(x) are determined by Ry,
R, and Kirchhoff’s law. For the current continuity, /,(x) becomes Iy, at
x=0.

resistances, Vs’ and Vp' should be used in the equations
instead of V5 and Vp. Therefore, the drain current I3, can be
expressed using the sheet resistance Ry, as

W Vvp — V'
Iy =+ ——
L Rsh

where W, L, we, Ci, and Vry represent the device width,
device length, effective field-effect mobility, insulator
capacitance, and threshold voltage, respectively. Although
all the parameters such as mobility and threshold voltage are
known, the drain current can not be determined with this
equation due to unknown Vp' and Vs'. Therefore, Vp' and
Vs’ should be obtained prior to calculating /4.

For eq. (1) and other equations described in this paper, the
notation Ry, itself is preferred instead of more complex form
using mobility and threshold voltage. One reason for using
Ry, is its simplicity and the other reason is that the relation
of Ry, with other parameters such as effective mobility
and threshold voltage is still under discussion in OTFTs.”
Therefore, Ry, itself is used for further discussion and a
detailed analysis on Ry, will be bypassed in this paper.

To obtain the potential drop over the series resistance,
the overlap region is considered as shown in Fig. 3. For the
accumulation layer, V(x) and I,(x) represents the electric
potential and the current which changes with position x,
respectively. The sheet resistance of the accumulation layer
is the same as Ry, in the channel because the accumulation
layer is considered to be uniform. From the source electrode
to the accumulation layer, it is assumed that the current
flows only in y-direction represented by current density
Jy(x). R, denotes the apparent y-direction resistance per unit
area (2 cm?) which includes both contact and bulk semi-
conductor resistance. In fact, lots of factors in OTFTs are

W /
R et G i (Vo — Vm)(Vp' — Vs'), (1)

related to R, such as contact metal, metal/semiconductor
interface, semiconductor thickness, intrinsic charge con-
centration, bulk trap and even morphology.>'" As a result,
detailed analysis on y-direction resistance can be very
complex and unessential for the device modeling. Instead,
by using the apparent resistance, the equations become
simpler and more intuitive without losing the generality.
This apparent resistance R, is assumed not to depend on Vg
because the effects of Vg on Ry can be screened by the
charges induced in the accumulation layer by the same V.

Using these electrical quantities and Kirchhoff’s law,
three equations can be derived for the overlap region. First,
for I,(x) and V(x), the potential change in dx is determined
by Ry, as

dx
V(x+dx) = V(x) — L(x)Rs W @
Next, the potential from the source electrode to the
accumulation layer changes from zero to V(x) undergoing
potential drops by J,(x) and R, as

0 — (Jy(x)W dx)

Ry =V 3
oo (). 3)

W dx

Finally, because J,(x) contributes to /,(x) when reaching the
accumulation layer, I,(x) is integral of J,(x) given as

IL(x) = W/x Jy(x) dx. @
L

—Lov

If L,y is assumed to be infinite for the ease of solving
process, J,(x), I:(x), and V(x) are simply obtained as

Jy(x) = Jyo exp(x/Lo), &)
1,(x) = WLoJyo exp(x/Lo), (6)
V(x) = =Ry Jyo exp(x/Ly), @)

Lo = /Ry/Ry. ®)

where J,g is an integration constant and Ly is a characteristic
length given by eq. (8). The derived equations show that the
current density J,(x) is not uniform along the overlap region,
and most of current flows within Ly from the edge of the
overlap region. The maximum current density is J,o at x = 0,
which needs another boundary condition to be determined.
Ly is determined only by the ratio of R, to Ry, and other
parameters such as channel length do not affect Ly. Another
point that should be noted for Ly is that L is function of Vg
because Ry, is dependent on Vg while R, is not a function
of V. Considering the relation between Ry, and Vg, Ly
increases with larger Vg, i.e., smaller Rg,.

It is difficult to measure Jy(x), I,(x), and V(x) directly from
an experiment and there has been no report which tried to
measure these quantities in OTFTs. However, using tech-
nology computer-aided design (TCAD) simulation, one
can indirectly verify the validity of the derived equations.
Figure 4 shows one example which compares the simulation
results with the equation for J,(x). As shown in the figure,
the simulation results agree well with the derived equa-
tion and the values of Ly also changes with Vg as predicted
above. Different simulation parameters such as different
insulator thickness or different channel length do not affect
the exponential shape of J,(x) while the values of Ly and Jg
can be changed.
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Fig. 4. To verify eq. (5), Jy(x) is obtained from the simulation on an
amorphous Si (a-Si) TFT. Good agreement between simulation and
calculation confirms that the equation for Jy(x) is properly derived. For
the simulation, oxide of 45nm and a-Si of 250 nm is used for the a-Si
TFT. The channel length of the device is 10 um.

Using the derived equations, a lot of information related to
the overlap region can be obtained. Although the equations
are derived for the source overlap region, the same equa-
tions can be applied to the drain overlap region. First, the
total current flowing through the overlap region can be
obtained by I.(x = 0) = WLyJ,0. Second, the total potential
drop along the overlap region becomes V(x = 0) = —R,Jq.
Finally, the total series resistance Ryg which is twice of Ry is
determined by

V(x=0) 2R,
L(x=0) WLy

The equation shows that Ry is proportional to R, and
inversely proportional to Ly. While R, is independent on
Vs, Lo is a function of V. Therefore, Ry also becomes a
function of Vg, which coincide with previous experimental
observations.”® With large Vg, the series resistance de-
creases because L increases. Looking into eq. (9) in more
detail, the origin of variable series resistance can be found.
Ly itself is a function of Vg because it is related to Ry, in
eq. (8). Therefore, the main origin of Vi-dependent series
resistance must be Ry, the sheet resistance of the accumu-
lation layer. This observation indicates that Ry in top-
contact OTFTs changes with V5 because of the top-contact
structure itself, not because of the organic semiconductor. In
other words, any thin film transistor which has top-contact or
inverted-staggered structure can have Vg-dependent series
resistance. On the other hand, most of the unique character-
istics of Ryy for the OTFTs are related to the characteristics
of R, which is directly related to Ry in eq. (9). Usually, high
contact resistance and high bulk resistivity of OTFTs result
relatively high Ry, so the effects of the series resistances
seem to be larger than those of other TFTs. For some organic
semiconductors such as pentacene, the anisotropy of the
thin film also affects on R,. If the mobility of an organic
semiconductor is very small, the series resistance becomes
very large not only due to large R, but also due to large Rqp,
i.e., small L.

Using the analysis so far, the /-V equation for top-contact
OTFTs can be derived. At the boundary of the channel
and the overlap region, the current should be continuous.
Therefore, using eqs. (1) and (6), the relation

Ry = 2Rs =-2 (9)

W Vp' — V¢
L Rsh

should be satisfied. Next, Vs’ and Vp' can be obtained using
eq. (7) as

Iy = = WLoJyo (10)

VS/ = V(x = 0) = —Ry.]y(),

, (11)
Vo =Vp—Vkx=0)=Vp+ Ry.]yo.

By solving egs. (10) and (11), the final /-V equation for top-
contact OTFTs can be obtained as

Vb

Ig=W—" .
LRy, + 2R, /Lo

12)
As generally expected, the equation of Iy in the linear region
is proportional to Vp and W. The other parameters to
determine /g are Ry, Ry, and Lg. Because Lo can be obtained
from Ry, and R, using eq. (8), if one can obtain Ry, and Ry,
I4s can be obtained from eq. (12). As mentioned above, the
equation is valid only for very small Vp. For larger Vp to
break the symmetry of the device, the equation can not be
used due to the different source and drain resistances.

By checking the limiting cases, the validity of the equa-
tion can be proved. If R, becomes zero, Ig; converges to the
general MOSFET equation, i.e.,

Ias| —w o CW(V Var)Vo.  (13)
ds|r,—0 = LRShNH«etf 7 G TH)VD-

If the channel length L becomes zero, the whole device
characteristics should be determined only by the series
resistance. In this case, Iy in eq. (12) becomes
Voo Vo Wp
2R,/Ly  2R,/WLy Ry

Iasl o =W (14)
which corresponds to eq. (9). Therefore, the equation for /4
in eq. (12) can be considered to have both characteristics of
the channel and the overlap region.

3. Device Fabrication and Discussion

To verify the derived I-V equation, OTFTs are fabricated
as shown in Fig. 5. An n*-Si wafer with sheet resistance of
102/sq. is used as the gate electrode and 35-nm thick
thermal SiO, is used as the insulator. After pentacene films
of different thicknesses from 25 to 100nm are thermally
evaporated through shadow masks, gate and source elec-
trodes are e-gun evaporated with gold through another
shadow mask. The dimension W/L of fabricated OTFTs is

< OTFT > < MIS capacitor >

Au Au Au

pentacene (x nm) pentacene (x nm)

Au oxide (35 nm) oxide (35 nm)

n* silicon

pentacene thickness : 25,50, 75, and 100 nm

Fig. 5. Structure of the fabricated OTFTs and MIS capacitors. Pentacene
thicknesses are varied to obtain different R,. Gate—source overlap length
L,y is fixed to 100 um.
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Fig. 6. (a) The model used for the admittance modeling is composed of
the insulator capacitance C;, the semiconductor capacitance Cs, the bulk
capacitance Cg, the bulk resistance Rg, and the external series resistance
Rext. (b) The peaks of the loss curves shift to the low frequency due to the
large bulk resistance of the thick pentacene film.

600/60. I-V characteristics of the devices are measured with
Agilent 4156C parameter analyzer. Together with OTFTs,
metal—insulator—semiconductor (MIS) capacitors are also
fabricated as shown in the figure. For the MIS capacitors,
admittance measurements are done with HP 4284A LCR
meter. The frequency ranges from 100 Hz to 1 MHz, and the
gate voltage is fixed to —10V. All the /-V and admittance
measurements are done in the air.

To obtain R, values, the admittance measurement and
modeling of the MIS capacitors are used.®'” Figure 6(a)
shows the equivalent circuit model for the MIS capacitor in
the accumulation regime. For the accumulation regime, the
admittance is mainly determined by the insulator capaci-
tance Cj, the bulk resistance Rp, and the bulk capacitance
Cg. The semiconductor capacitance Cs which has relatively
large value in the accumulation regime can be neglected in
the admittance modeling because it is connected in series
with relatively small C;. The external series resistance Rex;
which exists in the n'-Si gate electrode and the gold
electrode also can be negligible in this experiment because it
is very small so that the effects can be observed above the
frequency of 1 MHz. Under this condition, the admittance of
the device is given as

(2)o
Y=|—)o+ joC,
w

s)

G wCi*Ry
— = 2 ) (16)
®w 1+ o?*(Cg + C;))"Rg?
Ci(1 2Cg(C C))Rg2
C— (I + wCp(C + )B)’ (17

1+ @*(Cp + C)°Rg?
where Y, w, G/w, and C represents the admittance, the
angular frequency, the loss, and the capacitance of the
device. The peak frequency fpeax of the loss curve is obtained
from eq. (16) as

1
271(C; + Cp)Rg

Therefore, Ry can be obtained from the peak of the loss
curve if C; and Cg can be obtained. Obtaining C; is not
hard because it can be measured directly from the metal—
insulator—metal (MIM) capacitor. Cy also can be obtained
from the capacitance—voltage (C-V) curve of the MIS
capacitor because it has the same value with the depletion
capacitance of the MIS capacitor.” Figure 6(b) shows the
measured loss curves with different pentacene thicknesses.
For the thicker pentacene film, the peaks of the loss curves
shift to the lower frequency. Considering the sum of C;j and
Cg becomes smaller for the thicker pentacene thickness, the
lower shift of the loss peak is mainly due to the increase of
Rg. The values of extracted Rg, which can be considered as
R, in this experiment, are summarized in the Table 1. At the
pentacene thickness of 25nm, R, can not be determined
because the loss peak is out of the measuring frequency
range. R, at the pentacene thickness of 100nm is 3,923
MQ um?, which is relatively large considering the thickness
of the semiconductor. The rod-like shape of pentacene can
be one of the reasons for this large R, values. Moreover, R,
changes significantly with the relatively small change of
the pentacene thickness, of which the origin is not clear.
However, although the characteristics of obtained R, are not
totally understood, Ry, still can be used for the /-V modeling
with eq. (12) because the characteristics of R, do not affect
the derivation of eq. (12).

To obtain Rg,, I-V characteristics of OTFTs should be
used. Because R, of 25 nm device is relatively small, Ry, can
be approximately obtained using the /-V curve of 25nm
device as shown in Fig. 7(a). Using the obtained R, and Ry,
Ly can also be calculated with eq. (8) as shown in Fig. 7(b).
Ly changes with the pentacene thickness because R, is
different for each thickness. In addition, the values of Ly
change with Vg as expected from the equation and the value
is as large as 20 um at its maximum.

Finally, I3 for pentacene thickness of 50, 75, and 100 nm
are calculated using the obtained Ry, R,, and Ly with
eq. (12) and compared with the measured values in Fig. 8.
The Ij; equation predicts the measured /-V values with

Joeax = (18)

Table 1. The values of extracted R, from the admittance modeling in
Fig. 6.
Pentacene thickness Ry

(nm) (MQum?)

25 <46

50 426

75 1799

100 3923
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Fig. 7. (a) Ry, of the fabricated OTFTs obtained from /-V characteristics

of 25nm device. (b) Ly of the fabricated devices which are calculated
with eq. (8). Ly is always smaller than the overlap length L,, = 100 um.

250 — T T T T
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200] L, :100um N
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~ 100 o 75 hm )
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Fig. 8. Measured -V curve (dotted line) and the calculated /-V curve
(solid line) using eq. (12) show good agreement.

relatively small error. In Fig. 9, Ry of the devices using
eq. (9) and its ratio to the total resistance are depicted.
Although the value of Ry decreases with larger Vg, the ratio
of Ry increases with larger V. The ratio is as large as 60%
at the pentacene thickness of 100 nm, which shows signifi-
cant influence of Ry on OTFT performance. In addition, it is
interesting to notice the shape of I-V curve changes with the
ratio. If the ratio is 0%, the /-V curve would be proportional
to (Vg — Vi) by eq. (13). In contrast, although the ratio is
100%, the drain current can be still modulated by the gate
voltage due to the change of the series resistance with V. In
that case, the drain current would be approximately propor-
tional to (Vg — Vry)'/? by eq. (14). For the I-V character-
istics of OTFTs in this paper, the power factor would be
between 1/2 and 1, and it deceases with pentacene thickness
as shown in Fig. 8 because the ratio becomes larger with
thicker pentacene thickness.

6 — T T péntacene ‘ ‘
pentacene 60 - thickness 7
thickness —=— 25 nm
+§gnm 50 - ——50 nm 1

al ——50nm | —a+-75nm
——75nm § 40 - —— 100 ni 1

a —— 100 nm S

= 2 30l 1

< <

o’ o’ 20; )
10+ W 1

0 . 1
5 s 10 0 -5 -10
v, (V) Vi (V)
(a) (b)

Fig. 9. (a) Obtained Ry using eq. (9) for the fabricated OTFTs. (b) The
ratio of Ry to the total resistance is as large as 60% when the pentacene
thickness is 100 nm.

4. Conclusions

An analytic [-V equation for top-contact OTFTs is
derived including the effects of variable series resistance
and verified with fabricated OTFTs and MIS capacitors.
Based on the analysis of the current flow in the overlap
region, the origin of series resistance and its dependence on
the gate voltage can be understood. Because only the linear
region operation of the device is discussed in this paper, the
saturation region operation should be discussed for further
modeling of top-contact OTFTs.
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