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The capacitance characteristics of pentacene metal-oxide-semiconductor (MOS) capacitors
with a large uncovered pentacene area have been investigated. The capacitance measured
was examined by assuming that the uncovered area is represented by a distributed constant
circuit. The frequency dependence of the capacitance was reproduced by an equation
derived based on the assumption. The sheet resistance for the uncovered area of a MOS
capacitor was calculated as a function of the gate voltage from the capacitance measured.
The mobility of a MOS capacitor with an uncovered area was estimated by fitting a curve to
the gate-voltage dependence of the sheet resistance, and was in the range of 0.48 to 0.64 cm?
V' sl In addition, the mobilities were compared with those calculated from the

current-voltage characteristics of pentacene transistors fabricated on the same substrate.
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1. Introduction

Organic semiconductor devices, including thin film transistors (TFTs),"? light-emitting
diodes,*® photovoltaics,>® and chemical sensors,”® have attracted attention because of their
potential application to flexible, large-area, light-weight, and low-cost electronic devices. In
addition to these features, the field-effect mobilities in organic TFTs significantly improving
with finding of novel materials ® have reached over 10 cm? V™! s7.!9 With the improvement
of organic device performance, the carrier transport in organic devices is required to be
investigated in more detail.!"!?

For organic TFTs, the field-effect mobility and threshold voltage calculated from the
current-voltage characteristics are used as standard evaluation for them.'®) The contact
resistance between the contact electrode and the organic semiconductor in organic TFTs is
often calculated based on a transfer line method.'*'® In this method, the contact resistance is
also calculated from the current-voltage characteristics obtained by DC measurement. On
the other hand, impedance spectroscopy based on AC measurement is an evaluation methods
for organic TFTs when focusing on the metal-oxide-semiconductor (MOS) or
metal-insulator-semiconductor (MIS) structure.!”!® Actually, the capacitance-voltage
characteristics measured at a certain frequency have been used for investigation of the

21-23) the injection barrier,?® and the stability.?

interface states,'”?? the flat-band voltage,
The investigation is based on theory for Si-based MOS capacitors.?® However, an organic
MOS capacitor often has an area uncovered with the contact electrode to the organic
semiconductor. In order to eliminate the influence, it is necessary to remove the organic layer
uncovered with the contact electrode.'®

Some groups have examined organic TFTs*’?® and organic MOS capacitors®’3*
considering organic semiconductor areas uncovered with the contact electrode. Hamadani et
al. and Girolamo et al. investigated the characteristics of organic TFTs using equivalent
circuits consisting of distributed elements for the uncovered area.?’-?® On the other hand,
Jung et al. and Hayashi ef al. reproduced the characteristics of organic MOS capacitors with
uncovered organic areas using a distributed constant circuit? and a diffusion equation,®
respectively. In order to reproduce the measured results, it is necessary to consider both the
effect of the uncovered area and that of the MOS capacitors covered by the electrode. The

lengths of the uncovered areas were up to about 95 um for Ref. 29) and 235 um for Ref. 30).
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On the other hand, Ucurum and Goebel investigated the capacitance-voltage characteristics
of pentacene MOS capacitors having uncovered areas up to 4 mm in length.>" They
analyzed the characteristics separating into three components for metal/insulator/metal,
covered MIS, and uncovered MIS structures. Although the method of the analysis is
effective, it is seems that the hysteresis in the capacitance-voltage characteristics caused
difficulty in quantitative analysis. If a MOS capacitor having an uncovered area sufficiently
larger than a covered area is examined, it is possible to eliminate the influence of the covered
MOS area and intensively analyze the carrier transport in organic layers uncovered with an
electrode. Actually, we have reported the voltage and frequency dependence of capacitance
in pentacene MOS capacitors with a large uncovered area without detail analysis.**

In this paper, we report the capacitance characteristics of pentacene MOS capacitors with
a large uncovered area in detail. The measured capacitance is systematically examined by
assuming that the uncovered area is represented by a distributed constant circuit. The sheet
resistance derived from the measured capacitance is used for calculation of the carrier
mobility in the pentacene layer. The carrier mobilities are compared with those calculated

from the current-voltage characteristics of pentacene TFTs fabricated on the same substrates.

2. Analytical method

2.1 Characteristics of MOS capacitors

Figure 1(a) shows illustration of a pentacene MOS capacitor examined in this study. The
pentacene layer has an area uncovered with the top Au electrode. For measurement of the
capacitance, an AC voltage of frequency f'superimposed on a gate voltage VG was applied to
the Cr gate electrode as seen in Fig. 1(a). The length and the width of the uncovered area are
denoted by Ldis and Wais, respectively. The total capacitance of the MOS capacitor C can be
represented as

C=Co+ Cwmos + Cis, (1)

where Co, Cmos, and Cdis are the capacitances of Au/SiO2/Cr, Au/pentacene/SiO2/Cr, and
pentacene/Si02/Cr structures shown in Fig. 1(b), respectively. When the capacitance per unit
area of Si0: is denoted as Cox, Co = Cox So where So is the area of the Au/SiO2/Cr structure.

The capacitance of the Au/pentacene/SiO2/Cr structure Cmos is given by
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. (2

{Csm when carriers are accumulated in the pentacene
MOS

1/(1/Cq, +1/C,;) when no carrier presents in the pentacene

semi

where Csioz = Cox SM0S, Csemi = &pen SMOS/dpen, SMos 1s the area of the Au/pentacene/Si02/Cr
structure, epen 1s the dielectric constant, and dpen is the thickness of the pentacene. Assuming
that the pentacene/SiO2/Cr structure is represented by a distributed constant circuit, the
capacitance component Cdis in the admittance Y (Y = G + jB = G + j2afCuis), which is
composed of conductance G and susceptance B, is given by
I sinha+sina

Cdis = CoxVKnsLdis - s
a cosha +cosa

3)

where
a =\47Coy Ry, Ldis2 (4)

is a dimensionless quantity, Rsh is the sheet resistance in the pentacene layer, and f'is the
frequency for capacitance measurement.’>3?) Equation (3) can be derived by assuming that
the line inductance and parallel resistance in a distributed constant circuit with open
termination are equal to zero. When a function g(a) is defined as

1 sinha +sina

gla)=— , (5)
a cosha +cosa
the function has the following properties:
lim g(a)=1, (62)
lim g(@)=0, (6b)
Therefore, the dependence of Cais on Rsh exhibits that
Cas ® CoxWyslys  for Ry <<(1/ fi COXLdisz) ) (7a)
Cys =0 for Ry, >>(1/ fCoyLy’). (7b)

Since pentacene is a p-channel material, the decreases in VG leads to the accumulation of
holes in a pentacene layer, the decrease in Rsh, and the asymptotic to (Co + Csio2 + Cox Wais
Ldis) of C. On the other hand, the increase in Vg leads to the depletion of holes, the increase in

Rsh, and the asymptotic to {Co + 1/(1/Csio2+1/Csemi)} of C. Since Rsh is only an unknown
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value in the equation for C, a value of Rsh can be estimated from an experimental C value.
For the Au/pentacene/SiO2/Cr structure in Fig. 1(b), the bulk resistance for the pentacene
and the contact resistance at the interface of Au and pentacene are not considered in this
study. This is because we focus on the characteristics of Cais for the pentacene/SiO2/Cr
structure. Although C defined in Eq. (1) does not contain effect of the resistances mentioned
above, capacitances measured in this study are actually reproduced by the C defined in Eq.

(1) as seen in Sect. 4.

2.2 Mobility and threshold voltage in uncovered pentacene layers
When VG is applied to the Cr gate electrode, the sheet resistance Rsh induced by hole carriers

accumulated in the pentacene layer can be expressed as

1
 UCox [V =V (8)

sh

on the basis of the assumption that

1
Rsh =£, (93')
U Os
O=enp=e-sp=H, (9b)
O = COX|VG _V:)| . (%)

Here, u is the carrier mobility for the hole, o is the conductivity, # is the density of the hole, 0
is the thickness of the accumulation layer, ns is the area density of the charge, Os is the
surface charge density, and Vo is the maximum value in voltages at which holes accumulate.
Vo corresponds to threshold voltage of the MOS transistor. The notation for the voltage Vo is
used to distinguish it from the threshold voltage estimated from experimental results of
transistors. The Rsh value estimated from an experimental C depends on VG. The u and Vo

values can be calculated by fitting a curve to the relation between Rsh and V.

2.3 Characteristics of TFTs
In the gradual channel approximation, the drain current /p flowing from the drain to the

source for p-channel organic TFT is given by
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1 w
I, = _EIUFECOX Z(VG _VTH)Z’ f0r|VD| 2 |VG Vil (10a)
w 1 >
Iy == ppp Cox T Ve =Vr)Vp _EVD ) fOr|VD| < |VG 'VTH| (10b)

where ure is the field-effect mobility, W and L are the channel width and length, Vru is the
threshold voltage, V6 and Vb are the source-gate and the source-drain voltages. In this study,
the field-effect mobility (usat) and Vru values experimentally estimated in the saturation
regime were calculated by fitting a line to a measured |Ip|"?-VG curve with Eq. (10a). The
experimental field-effect mobility (uiin) in the linear regime was calculated from a measured
|Ip|-VG curve using Eq. (10b).

When |V, | <<V -Viy

, the drain current is approximated as
- w
Iy = —pp Cox T(VG Vo . (11)

Equation (11) relates to Eq. (8). Actually, Eq. (8) is derived from Eq. (11) by dividing V'p by
Ip. Since the structure in Fig. 1(a) corresponds to a transistor having no drain electrode, the

measurement for the structure satisfies the condition that |Vp| is small.

2.4 Contact resistance and sheet resistance for TFTs

The on-resistance Ron, the channel resistance Rch, and the contact resistance Rc for a TFT
were calculated to compare Rsh estimated from C with the sheet resistance Rrer calculated
from the characteristics for the TFT. In the transfer line method,'>'® the on-resistance, which

is defined as |8 V,/0I,|, is assumed to be

L
R.= +
/ulWCOX|VG - VTH|

R. (12)

where w1 is the mobility in the intrinsic transistor without contact resistance. Rrrr is given by

w 1

Ryr=R,—= ) 13
" "L IUICOX|VG _VTH| (13)

As aresult, Eq. (13) has the same form as Eq. (8).
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3. Experimental method

Pentacene MOS capacitors and pentacene TFTs were fabricated on glass substrates, Corning
(R) EAGLE XG. The cross sections are shown in Figs. 1(a) and 2(a), respectively. Each
layer for the capacitor and the TFT was prepared by use of a metal mask common to the
capacitor and the TFT. After cleaning the glass substrate, a 20-nm-thick Cr layer for the gate
electrode was deposited on the glass substrate by thermal evaporation. Then, a 120-nm-thick
Si02 gate dielectric was deposited by rf sputtering under a condition that a flat surface is
obtained.>> The SiO: dielectric had a capacitance per unit area (Cox) of 26.5 nF/cm?, which
was determined by measurement of the capacitance at 1 kHz. The SiO2 surface was treated
with UV/ozone for 15 min, and was immediately exposed to hexamethyldisilazane (HMDS)
vapor at 120 °C for about 30 min. A 45-nm-thick pentacene was deposited on the SiO2
surface at room temperature. The deposition rate was 0.02 nm/s. Finally, a 45-nm-thick Au
layer was deposited as the drain/source electrodes for TFTs and as the top electrode for MOS
capacitors. For MOS capacitors, the width (Wiis) and length (Ldis) of an uncovered pentacene
layer are 200 um and in the range of 500 to 2500 pum, respectively. For TFTs, the channel
width (W) and length (L) were 400 pm and in the range of 55 to 215 pum, respectively.

All the measurements were performed in a dry-nitrogen filled glovebox at room
temperature. The capacitance characteristics of MOS capacitors were measured with a
source/measurement unit, Keysight Technologies, B2912A. An AC voltage of 100 mVrms
superimposed on a DC voltage was applied to the Cr gate electrode. The current
characteristics of TFTs were measured with a semiconductor parameter analyzer, Agilent

Technologies, BI5S00A.

4. Results and discussion

4.1 Transistor characteristics

Pentacene TFTs were fabricated on the same substrate for MOS capacitors in order to
compare the characteristics of TFTs with those of MOS capacitors. The schematic
illustration of the TFT is shown in Fig. 2(a). Figure 2(b) shows the transfer characteristics
of a pentacene TFT with L = 115 um measured at V'p = -20 V. The transfer curve showed
characteristics of a typical p-channel organic TFT, and exhibited no large hysteresis in the

forward and reverse sweep. For the TFT in Fig. 2(b), the usat and Vru values in the
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saturation regime were estimated to 0.86 cm? V! s™! and —4.51 V, respectively. The transfer
characteristics in the saturation and linear regime of pentacene TFTs with different channel
lengths are respectively shown in Figs. S1 and S2 in the online supplementary data. The
Luin, usat and Vn values calculated from transfer characteristics are summarized in Table 1.
The tuin and psat values did not largely depend on L. Although suin was slight lower than ysat,
the difference between wuin and usat was not large. The averages of uin, psat and Vru for TFTs
with L = 55 to 215 um were 0.79 cm? V' s, 0.84 cm? V! 57! and —4.3 V, respectively. The
mobilities are in the range of typical values for pentacene TFTs with top contact
structure.'*3¢

Figure 2(c) shows width-normalized Ron versus L calculated for the TFT of Fig. 2(b). The
plots for each VG is almost on a line. From Egs. (12) and (13), the slope and the intercept of
the line fitting to data of Ron versus L are equal to Rrer and (Rc W), respectively. The Rc W
values decreased with an increase of |V — Vrnl, and 3.24 kQ cm for Vo — Vru=-4V and 214
Q cm for Vg — Vtu=—-20 V. The Ron W values of the TFT with L = 55 um are equal to 52.06
kQ cm for Ve — Vtu=—-4 V and 13.12 Q cm for Ve — Vru = =20 V. The Rc W value is less
than 10% of the Ron W value even if V6 — Vtn =—4 V. The low contact resistance supports
no large channel-length dependence of tuin and usat. The output characteristics of pentacene
TFTs with different channel lengths are shown in Fig. S3. It seems that the contact
resistance did not largely influence on the output characteristics.

Figure 2(d) shows Rtrr obtained as a function of (V—V1H). A curve fitting to the plots is
obtained as

1
Rypr = 2 vr—1 -1 .
(0.63cm® V's)x Cox Vg — (Vg +0.10 V)|

(14)

The threshold voltage requires a small calibration of 0.10 V. On the other hand, the
mobility ui is estimated to be 0.63 cm? V! 5”1 Although Rrrr does not include the influence
of contact resistance, the mobility estimated from Fig. 2(d) is lower than win and usat

calculated from transfer curves. The slope of the |Ip|"?

-VG curve in the saturation regime
slightly increases with a decrease of VG as seen in Fig. S1. Also, the |/p|-VG curve in the
linear regime slightly differs from the linearly increase as seen in Fig. S2. The nonlinearity
may lead to over-estimation in the mobility estimated from the transfer curve. Thus, it is

possible that the mobility estimated from Rtrr is close to the intrinsic mobility in the

8
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pentacene layer.

4.2 Characteristics of MOS capacitors

Figure 3(a) shows the capacitance-voltage (C-V) characteristics measured for a pentacene
MOS capacitor of Ldgis = 500 pum. The C-V characteristics had no large hysteresis in the
forward and reverse sweep. For /=1 and 10 Hz, the capacitance approaches 44.1 pF with a
decrease of VG. The value is close to (Co + Csio2 + Cox Waiis Ldis) = 42.4 pF. Thus, the
approach is consistent with Egs. (1), (2) and (7a). The capacitance of 44.1 pF indicates the
accumulation of holes to the whole pentacene area of the pentacene/SiO2/Cr structure. On
the other hand, the capacitance at V' > 5 V is about 15.7 pF for f=1 to 1k Hz. The value is
close to {Co + 1/(1/Csio2 +1/Csemi)} = 15.1 pF. Thus, the capacitance at Vg > 5 V is
consistent with Egs. (1), (2), and (7b). Note that it is difficult to know the accumulation of
holes in the pentacene of the Au/pentacene/SiO2/Cr structure from the C-V characteristics.
This is because the difference between 1/(1/Csio2 +1/Csemi) = 4.5 pF and Csio2 = 5.3 pF is
small. For f=1 Hz, the C value dramatically decreases between VG =—2 and 0 V. The gate
voltage around —1 V corresponds to the threshold voltage Vo in Eq. (9¢) for a MOS
capacitor.

Figure 3(b) shows the capacitance characteristics measured for pentacene MOS capacitors
of Ldis = 500 to 2500 um at f= 1 Hz. Since the MOS capacitors have different Vo, the
horizontal axis is represented by (V—Vo). Here, the Vo value roughly estimated from the C-V
characteristics was used for Fig. 3(b). For all Ldis, the capacitance decreases down to 15.7 pF
with an increase of (VG—V0). Since the MOS capacitors have the same So and Smos values,
the approach to 15.7 pF is reasonable. On the other hand, the capacitance at (V—Vo) = -5V
depends on Ldis. The value of (C—15.7 pF) is almost proportional to Ldis. This indicates that
holes accumulate to the whole pentacene area at (V6—Vo) =—5V even for a long Ldis of 2500
pm.

Figure 4 shows the frequency dependence of Ciis at (V—Vo) of about =10V for Ldis = 500 to
2500 pum. For each Ldis, the Cais value at f= 1 Hz almost equals (C—15.7 pF) for the C value at
(V—Vo) =—5V shown in Fig. 3(b). The Cuis value gradually decreases with an increase of f.
The dotted lines in Fig. 4 were obtained by fitting to the plots of Cais with Eq. (3). For each

Ldis, the plots are almost on the dotted line. This indicates that the frequency dependence of
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Ciis 1s reproduced by Eq. (3), which is derived from the equivalent circuit shown in Fig. 1(c).
In other words, Cuis at a certain Vg is determined by Rsh independent of f. Thus, Rsh at a
certain VG can be calculated from the Cuis at the VG of the C-V characteristics using the
inverse function of g(a) defined in Eq. (5). Note that the calculation of Rsh does not require
the measurement of the frequency dependence of Ciis. In addition, the plots of Cais measured
are almost on the line fitting to them by use of Eq. (3) without the influence of the contact
resistance. This suggests that the influence of the contact resistance on Ciis is negligible in
the range of 1 Hz to 1 kHz. The low contact resistance described in Sect 4.1 also supports
the suggestion. On the other hand, if a MOS capacitor with low channel resistance and/or
large contact resistance is evaluated, the influence of the contact resistance should be
considered.?” In addition, the method is limited to a frequency range in which the presence
of trap sites does not affect the admittance of evaluated MOS capacitor. If a MOS capacitor
is evaluated at a frequency that trap sites affect the admittance, it is necessary to

incorporate the component for the trap site into the admittance.*”

4.3. Sheet resistance and mobility

The sheet resistance of pentacene MOS capacitors were calculated on the basis of method
described in Sect. 4.2. Figure 5(a) shows the Ve dependence of Rsh for Ldis = 500 pm. Since
the C-V characteristic at f= 100 Hz exhibits gradual change to VG as seen in Fig. 3(a), the
characteristic was used for the calculation of Rsh. The x and Vo values were estimated by
fitting a curve to the plots of R« with Eq. (8). The plots are approximately on the dotted
line obtained by the fitting. The agreement supports the validity of derivation process for
Eq. (8) explained in Sect. 2.2.

Figure 5(b) shows mobilities usat, iin and w for pentacene TFTs, and u for pentacene MOS
capacitors. The u values were calculated from the VG dependence of Rsh, and were in the
range of 0.48 to 0.64 cm? V! !, The average of u was 0.55 cm? V! s!. As shown in Sect.
4.1, the values of st and the value of u1 were 0.84 and 0.63 cm? V! s°!, respectively. On the
other hand, the average of Vtu for Eq. (10a), the value of V'tu for Eq. (13), and the average of
Vo for Eq. (8) were —4.3, —4.2, and —3.7 V, respectively. The ascending order for V'tu and Vo
corresponds to the order of usat, 1, and u. The difference among Vtu and Vo may relate to

difference among usat, (1, and . Another possibility of the reason is the difference in lateral

10
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DC voltage in the channel layer. Drain current for calculation of the mobility in a TFT is
measured under a condition that a DC voltage is applied to the drain electrode. On the other
hand, capacitance for calculation of the mobility in a MOS capacitor is measured under a
condition that no lateral DC voltage is applied to the channel layer. Thus, u represents the

intrinsic carrier mobility in the channel material under no static electric field.

5. Conclusions

We investigated the capacitance characteristics of pentacene MOS capacitors with
pentacene area uncovered with the top electrode. The frequency dependence of the
capacitance was reproduced using an equation including a capacitance component based
on a distributed constant circuit for the uncovered pentacene area. The sheet resistance for
the uncovered pentacene area was calculated as a function of gate voltage from the
measured capacitance. The mobility of a MOS capacitor with a different length of an
uncovered pentacene area was estimated by fitting a curve to the gate-voltage dependence
of the sheer resistance. The mobility, which was in the range of 0.48 to 0.64 cm? V! s,
has no large dependence on the length. The mobility is considered as an intrinsic mobility

evaluated under a condition of no static lateral electric field.
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Figure Captions

Fig. 1. (a) Cross section of a pentacene MOS capacitor with an uncovered area
examined in this study. (b) Structures separated into three parts of Au/SiO2/Cr,
Au/pentacene/Si02/Cr, and pentacene/SiO2/Cr. (c) Distributed constant circuit
adopted as an equivalent circuit for the pentacene/SiO2/Cr structure uncovered
with a top electrode. (d) Microphotograph of a fabricated pentacene MOS

capacitor.

Fig. 2. (a) Cross section of a pentacene TFT. (b) Transfer characteristics
measured at Vp = —20 V for a pentacene TFT with L = 115 pm. (c¢)
Width-normalized on-resistance Ron W calculated for pentacene TFTs with L =
55,75, ..., 215 um. (d) Sheet resistance Rrrr for pentacene TFTs calculated from
the width-normalized on-resistance shown in (c); the dashed line is a line fitting

to measured Rrrr represented by filled diamonds using Eq. (13).

Fig. 3. (a) C-V characteristics of a pentacene MOS capacitor with Ldis = 500 pm
measured at /= 1, 10, 100, and 1k Hz. (b) C versus (V6—V0) characteristics of

pentacene MOS capacitors with different Ldis measured at 1 Hz.

Fig. 4. Cais versus f characteristics of pentacene MOS capacitors with different
Ldis measured at (Vo—V0o) of about —10 V. The dasehed lines are lines fitting to

measured Cdis data represnted by filled plots using Eq. (3).

Fig. 5. (a) Sheet resistance Rsh for pentacene MOS capacitors calculated from
C-V characteristics; the dashed line is a line fitting to measured Rsh data (filled
circule) using Eq. (8). (b) Mobility in the saturation regime (usat ; filled diamond)
and in the linear regime (win ; filled triangle) for individual pentacene TFTs;
intrinsic mobility g1 for pentacene TFTs (dashed line); carrier mobility x4 for

pentacene MOS capacitors (filled circle).
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Table I. Electrical properties of pentacene TFTs with different channel lengths: mobility in
the linear regime uuin, mobility in the saturation regime usat, and threshold voltage Vrh.

L in Usat Vn
(um) (cmV's™ (cmV's™ V)
55 0.81 0.86 —4.2
75 0.76 0.80 —4.3
95 0.77 0.82 —4.5
115 0.79 0.84 —4.7
215 0.80 0.83 -3.5
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Supplementary data

1. Transfer characteristics in the saturation regime of pentacene TFTs
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Fig. S1. The transfer characteristics in the saturation regime at a drain voltage of —20 V of pentacene TFTs.
The channel lengths are (a) 55 pm, (b) 75 pm, (c) 95 um, (d) 115 pm, and (e) 215 pm. The solid and dotted,
colored lines are data taken from positive-to-negative (forward) and negative-to-positive (reverse)
gate-voltage sweeps, respectively. The black dotted line is a line fitting to the |ID|1/ %V curve, being for
estimation of ug, and Vy.
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2. Transfer characteristics in the linear regime of pentacene TFTs
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Fig. S2. The transfer characteristics in the linear regime at a drain voltage of —1 V of pentacene TFTs. The
channel lengths are (a) 55 um, (b) 75 pum, (¢) 95 um, (d) 115 pm, and (e) 215 pum. The solid and dotted,
colored lines are data taken from positive-to-negative (forward) and negative-to-positive (reverse)
gate-voltage sweeps, respectively. The black dotted line is a line fitting to the |Ip|-Vg curve, being for

estimation of z,.



3. Output characteristics of pentacene TFTs
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Fig. S3. The output characteristics at gate voltages of —4, —8, and —20 V of pentacene TFTs with channel
lengths of (a) 55 um, (b) 75 um, (c) 95 pum, (d) 115 pm, and (e) 215 pm.



