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As the operation of organic thin-film transistors relies exclusively on injected charge carriers, the gate-
induced field assumes a dual role: It is responsible for charge-carrier accumulation and, provided that an
injection barrier at the contact-semiconductor interface is present, aids charge-carrier injection across this
barrier. Besides the gate-source bias, the thickness of the insulator and its dielectric constant influence the
gate field. Here, we explore the impact of the capacitance of the gate dielectric on the performance of
organic thin-film transistors utilizing drift-diffusion-based simulations comprising a self-consistent
consideration of injection. Upon varying the capacitance of the insulating layer, we observe a conceptually
different behavior for top-contact and bottom-contact architectures. Top-contact devices possess a nearly
constant contact voltage in the linear regime leading to an apparent mobility lowering. In strong contrast,
bottom-contact architectures possess non-Ohmic contact resistances in the linear regime due to a contact
voltage whose value depends strongly on both the gate-source bias and the capacitance. Counterintuitively,
this is accompanied by a mobility being apparently unaffected by the substantial contact resistance.
Additionally, threshold-voltage shifts appear due to gate-limited injection. The latter is particularly
dominant in bottom-contact architectures, where the threshold voltages steeply increase with the thickness

of the insulating layer.
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I. INTRODUCTION

Organic thin-film transistors (OTFTs) hold the promise
of realizing flexible, even transparent electronic circuits at
low cost. In terms of switching speed, they are promising
candidates for applications in radio-frequency identifica-
tion (RFID) tags and in active-matrix organic light-emitting
displays [1]. However, a successful introduction of OTFT-
based electronics on the market requires a reliable oper-
ation at frequencies in the megahertz region [2]. Such an
additional boost in switching speed can be expected from
enhancing the drain-source conductance. As originally
inspired by the widely used gradual channel approximation
(GCA), one seeks to enlarge the drain-source current by
either (i) reducing channel lengths [3-5], (ii) reducing the
insulator thicknesses (geometry parameters) [6—8], (iii) pro-
foundly increasing charge-carrier mobilities [9-11], or
(iv) increasing the dielectric constant of the insulating
material ¢, ;,; (material parameters) [1,12—-15]. A compli-
cation in this context is that highly promising advances in
reaching this goal demonstrate that the contact resistance
Rc, known to reduce the current, becomes particularly
prominent when approaching the limits of the
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aforementioned scaling parameters, such as submicrometer
channel lengths and mobilities exceeding 1 cm?/(Vs)
[1,4,16,17]. Previous numerical studies indicated that
(i) Rc occurs in part due to the presence of an injection
barrier and that (ii) the related voltage losses at the contact
strongly depend on the device architecture due to the
geometry-specific distribution of the electric field [18-20].

In general, injection plays a much more crucial role for
organic transistors compared to transistors consisting of
conventional inorganic semiconductors (e.g., MOSFETsS).
Owing to their large band gap, organic semiconductors
(OSC) possess only a negligible density of mobile charges
at room temperature. Moreover, the materials are usually
not electrically doped. For the time being, contemporary
attempts to utilize doping in OTFTs are, in essence, aimed
at establishing efficient injection of the carriers with the
desired charge polarity without interference from the level
alignment at the immediate metal-semiconductor interface.
Le., they typically aim at realizing Ohmic contacts [16,21].
Thus, the OTFT operation cannot rely on pn junctions, i.e.,
on the control of the associated space-charge region. As a
consequence, OTFTs operate in accumulation rather than
depletion or inversion (apart from a recently reported
attempt [21]). In doing so, they exclusively rely on charges
injected at the contacts. This is further illustrated by the fact
that organic CMOS devices do not consist of transistors
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with different doping profiles. Rather, the CMOS concept is
realized by a combination of transistors with deliberately
chosen semiconductor-electrode properties such that the
contacts in one OTFT predominantly inject electrons while
in a second one holes are injected.

It is, therefore, crucial to explore and comprehend how
the material and geometry parameters in the focus of
scaling efforts affect injection in the first place. In this
work, we explore how changing the insulator capacitance
alters the operation of OTFTs due to imperfect injection as,
in analogy to the gate bias Vg, it does not only determine
the carrier density in the channel but also directly modifies
the electric-field distribution and, thus, the current being
injected at the contact. To that aim, we employ drift-
diffusion-based simulations for two different device archi-
tectures, i.e., the staggered (top-contact bottom gate) and
the coplanar (bottom-contact bottom gate) one, in which
the thickness and the dielectric constant of the insulator
are varied. As we expect an intricate interplay of injection
and transport through the transistor channel, we will also
determine how the observed effects depend on the present
material properties, i.e., on the charge-carrier mobility and
the injection barrier.

II. METHODOLOGY

To study the impact of the gate insulator capacitance,
the gate bias, and the device architecture on injection, we
performed drift-diffusion-based simulations on a two-
dimensional cross section of the transistors, as schemati-
cally indicated in Fig. 1.

The details of our implementation are described in
considerable detail in Refs. [18,22] and, in particular, in
the Supplemental Material of Ref. [18] (available free of
charge from the publisher’s home page). In essence, we
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FIG. 1. Schematic cross section of TC (a) and BC OTFTs (b).
The white arrows indicate the position and direction from which
injection mainly occurs.

solve the current density and continuity equation for holes
and the Poisson equation self-consistently on a two-
dimensional nonuniform rectangular grid. The net carrier
injection at the contacts is self-consistently determined for
any given point of operation by obtaining the contributions
of thermionic emission, tunneling, and interface recombi-
nation resulting from the field- and carrier-density distri-
bution present at the contacts [18]. For varying the
capacitance per unit area we either alter the thickness
d;,s or the dielectric constant &, ;,,. We successively refine
the mesh used for the discretization of the cross section,
until both the current as well as the charge-carrier density
are not affected by the chosen discretization any more. The
I-V curves are obtained for hole-conducting—top-contact—
bottom-gate (TC) and bottom-contact—bottom-gate (BC)
devices with L =5 pum, W=7 mm, and ¢,05c = 3.4
(matching the range of values reported for pentacene
[23]). We choose SiO, with ¢, ;,; = 3.9 as our reference
dielectric medium considering that it plays exactly this
role in organic electronics. Furthermore, we consider &, j,
values of 11.7 and 35.1 obtained by consecutively tripling
€, si0,- The thickness of the organic semiconducting (OSC)
layer in the top-contact-bottom-gate device is set to
dosc = 30 nm. This value is also chosen for the height
of the source and drain contacts in the BC OTFTs
[Figs. 1(a) and 1(b)]. The total thickness of the semi-
conductor layer in the BC OTFT is dggc = 40 nm. We set
the temperature to 7 = 300 K, and the density of states in
the active material close to the contacts entering into the
interface recombination current to 3 x 1027 m™3 [24]. The
threshold voltage entering the simulations, V,?, is defined
as the flatband voltage in the spirit of Meijer et al. [25].
Here, it is exactly zero as we assume identical electrode
materials and do not consider trapped interface charges. For
the operating conditions, if not stated otherwise, we choose
Vps = —20 V for the transfer characteristics and Vgg
either —10 or —35 V for the output characteristics. The
charge-carrier mobility u is set to a constant value of
1 cm?/(V s) and the nominal injection barrier ® (defined as
the offset between the chemical potential in the metal and
the transport level in the semiconductor) is either 0.0 or
0.5 eV [26]. To corroborate our findings, additional
calculations with mobilities of 4 = 0.1 cm?/(V's) and yu =
10 cm?/(V's) as well as with an intermediate injection
barrier of ® = 0.3 eV are performed. For each point of
operation, the contact voltages are determined using the
procedure outlined in Ref. [18]. The basic idea is to
determine first the evolution of the potential in the channel
region from the simulated potential distributions. The
channel potential is then extrapolated to the edges of the
contacts; finally, the contact voltage is taken as the differ-
ence between this “extrapolated channel potential” and the
potential of the source contact. The potential distributions
associated with the initial state are determined by solving
the Poisson equation within the cross section with the
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potentials at the electrodes fixed corresponding to the
values of the external biases. The charge density in the
insulator is set exactly to zero, while in the semiconductor,
a small, homogeneous density of fixed charges of
109 m=3, is used as an initial condition to stabilize the
self-consistent solution of the Poisson equation [27].

III. ROLE OF INJECTION FOR THE
TRANSISTOR OPERATION

To connect injection to the appearance of a contact
resistance, it is useful to recall the following. In the ideal
case of homogeneous organic semiconductor layers, the
contact resistance can be viewed as arising from two
factors: The need to (i) overcome an injection barrier at
the contact and (ii) pass through a low conductivity zone
prior to reaching the channel entrance [18,28,29]. The
former contribution to R arises from the fact that injection
occurs across a barrier at the metal-semiconductor inter-
face. The injected current increases markedly if a local
electric field present at the contact reshapes the potential
barrier and so effectively lowers the barrier height [30].
This local field predominantly originates from the applied
gate-source bias and contains further contributions from
already injected charges (screening) and from the drain-
source bias. The latter contribution is, however, comparably
small to the typically large channel-length—to—dielectric-
thickness aspect ratio.

Top-contact-bottom-gate OTFTs [Fig. 1(a)] feature a
depleted, low-conductivity region between the source
contact and the channel entrance. Charge carriers injected
at the electrode-semiconductor interface need to travel
across this region to reach the dielectric-semiconductor
interface, where the channel is formed. In the absence of an
injection barrier, this “access region” gives rise to an
“access” resistance. However, the presence of an injection
barrier adds an additional contribution to the voltage drop
across this depletion region due to the need to provide an
injection-aiding field at the contact. This renders the
contact resistance non-Ohmic. Somewhat counterintui-
tively, nonzero injection barriers in BC devices [Fig. 1(b)]
also lead to the occurrence of a region largely depleted of
mobile carriers in the vicinity of the contact. This results in
a “depletion” region between the contact and the entrance
of the actually conductive channel, even though the
injecting facet is located directly at the semiconductor-
insulator interface [18,19,23]. Again, there is a contact
voltage V- dropping across this depletion region that gives
rise to a non-Ohmic contact resistance V/Ipg.

In both OTFT architectures, the need to inject across a
barrier requires the contact voltage V- to adjust such that
the admitted injection current matches the space-charge-
limited current through the channel. The latter is driven by
Vps — Ve, i.e., the applied drain-source voltage minus the
potential drop due to the contact resistance [18]. As a
consequence of this current matching condition, the contact

resistance R and the channel resistance R, act as a non-
Ohmic voltage splitter sharing the same current Ipg [29].
Since the strength of the barrier-shaping field and the
extension of the depletion zone depend strongly on the
orientation and position of the injecting electrode with
respect to the gate electrode, the value of R is determined
by factors such as (i) the device architecture, (ii) the charge-
carrier mobility, (iii) the injection barrier at the contact,
(iv) the point of operation, and (v) geometry parameters
such as channel length and thickness of the dielectric
layer [18,19,22].

IV. TRANSISTOR CHARACTERISTICS

To be able to identify the particular impact of injection
on the transistor behavior, it is advisable to compare the /-V
characteristics affected by injection to those corresponding
to the ideal situation without injection. The commonly used
results from the gradual channel approximation (GCA)
serve as a starting point for the following discussion. It is
known to provide a good description of device character-
istics in the absence of a contact resistance (at least as long
as the mobility is constant and spatially uniform). The GCA
expression yields the current Ing [31],

W ey€, ins o Vbs
Ipg = ——2orins ) (oo —y0 — DSy 1
DS = T dis H{ Vs th 2 DS (1)
for |Vgs| > |Vps| (linear regime), and
Wgogrins 0\2
Ipg = —05mins (o — Y 2
DS = 57 do. 1(Vas ) (2)

for |Vgs| < |Vps| (saturation regime). According to
Egs. (1) and (2), Ipg depends on the externally applied
biases Vpg and Vg, on material parameters like the relative
dielectric constant of the insulator &, ;,; and the charge
carrier mobility g, and geometric parameters like the
thickness of the insulator d,, and the length L and width
W of the channel. V;,° denotes the threshold voltage and &
the vacuum permittivity. Dividing Ipg by the capacitance
per unit area C’, which is given by C' = &yé, i/ dins, yields
a renormalized current ipg. The advantage of using that
quantity is that in case the GCA is applicable it is
independent of C’' [cf. Egs. (1) and (2)]. The relation
between ipg, Ipg, the thickness of the insulator, and its
dielectric constant is given by

. _ IDS _ dins
Ips =  ~'ps

(3)

€0€rins

With this definition any set of ipg—V curves (i.e.,
scaled device characteristics) in an ideal device described
by the GCA collapses onto a single curve when the
insulator thickness or the dielectric constant are varied.
Consequently, deviations from such GCA-based scaled
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FIG. 2. (a),(b) Scaled output curves ipg (Vpg) for an injection
barrier ® = 0.5 eV for different insulator thicknesses and ¢, ;,, =
3.9 for a TC (a) and a BC (b) OTFT. For comparison, the result of
the gradual channel approximation (red, solid line) is shown. The
devices with a mobility 4 =1 cm?/(Vs) and L =5 um are
operated at Vgg = —35 V.

characteristics indicate a deviation from an ideal device
behavior.

This is shown in Fig. 2 for the BC and TC devices
described in Sec. II: The ideal, scaled GCA output curve is

displayed as a thick solid line. In passing, we note that the
GCA curve essentially coincides with the results of a drift-
diffusion simulation at ® = 0.0 eV. The results for an
injection barrier of 0.5 eV, however, show marked devia-
tions from the idealized case. Interestingly, these deviations
are qualitatively different for the two device architectures.
The scaled current in the TC device [Fig. 2(a)] is reduced
with respect to the ideal curve by a roughly constant
multiplicative factor and is hardly affected by the insulator
thickness [Fig. 2(b)]. In strong contrast, the BC devices
[Fig. 2(b)] exhibit a pronounced dependence of ipg on dj.
While a thin insulator film (d;,; = 30 nm) almost repro-
duces the ideal output curve in spite of the appreciable
injection barrier, an increase in d;,, reduces the current (in
the saturation regime by a factor of nearly 2 when
increasing d,,, to 270 nm). With increasing insulator
thickness, the straight rise in the linear regime is also
increasingly superseded by an S-shaped curve. Such a
nonlinear increase is usually attributed to the occurrence of
a contact resistance [32]. In passing, we note that, particu-
larly for the small injection barrier, the S shape observed in
the output characteristic can be also caused by (i) the field
dependence of the mobility [33] or (ii) the parasitic
charging of the regions below the contacts in TC archi-
tectures, particularly at small gate and drain-source
biases [34].

To explain the apparently architecture-specific behavior,
we turn to the scaled transfer characteristics Ipg(Vgg) for
TC and BC devices, as they allow a more in-depth analysis
of the role of the injection-aiding gate field that is
determined by an interplay between Vg5 and d,,,. They
are shown in Figs. 3(a) and 3(b). Without an injection
barrier ® =0, the scaled current [blue-filled and open

TC BC FIG. 3. (a),(b) Scaled transfer curves ipg

(a) ; (b) - o] (Vgs) for TC (a) and BC OTFTs (b) for
-~ no barrier -~ no barrier / A injection barriers of 0 (dj,, = 30 nm, filled
o 0.6/ * 30nm o 067 "4 30nm /}5 //d diamonds; d;,; = 270 nm, open diamonds)
E ® 270nm E ©270nm g and 0.5 eV (d,,, = 30, filled, black circles;
> 04 > 047 / / 150 nm, gray circles; and 270 nm, open
°:°_ barrier °"°_ /}3 barrier circles). For comparison, also the curve
= 021 0.5eV 4 ~, 021 /d _._0'350:\:" obtained from applying the gradual channel
L :232 :m 2 —0-150 nm approximation is shown (solid line). (c) Con-
0 ] 0 0-270 nm | tact voltage V- in TC OTFTs as a function of

(©) 15f (d) 15 o 30 nm] gate-source bias V gg for insulator thicknesses
x4 -0-150 nm of 50 (black circles), 150 (gray circles), and

~0-270 nm 270 nm (open circles). Also shown are V-

-~ 10} —~ 10 curves for 50 and 270 nm scaled by a factor of
L :123 ::"1 2 4. The dashed lines indicate the upper limit of
NN / -0-270 nm Ny Vegivenby Ve = |Vgg| (fordetails, see text).
St / ) St (d) Analogous to (c) for BC devices for dy,,y =

// 30 (filled circles), 150 (gray circles), and

0 ‘ . . 0 . " ! . ) 270 nm (open circles). The crosses and ver-

0 10 20 30 0 10 20 30 40 50 tical bars indicate |Vgg| = Vy, and |Vgg| =

Vas (V) Ves (V) |Vps| + Vi, at different dj,. The devices are

044002-4

operated at Vpg = —20 V.



IMPACT OF THE CAPACITANCE OF THE DIELECTRIC ...

PHYS. REV. APPLIED 4, 044002 (2015)

diamonds in Figs. 3(a) and 3(b)] again corresponds
excellently to the GCA prediction (red solid line).

Upon increasing the injection barrier to & = 0.5 eV the
TC and BC architectures, however, evolve differently: In
the former, the presence of the injection barrier leads to an
overall reduction in the slope of the transfer curves largely
independent of d;,,. This is seen best in the linear regime
beyond |Vg| > 20 V in Fig. 3(a). The BC transfer curves,
on the other hand, appear rigidly shifted with respect to
each other [Fig. 3(b)] with the magnitude of the shift
increasing with the thickness of the dielectric.

To further quantify these observations, we performed a
linear fit for each transfer curve in the far linear regime
(|Vgs| > |Vps|) and used Eq. (1) to extract the apparent
threshold voltage Vy, and the slope Olpg/OV s of the
characteristics, which can be recast as an apparent mobility
i = Ldiy(VpsWeoe,ins) " (0Ips/ OV s ). The resulting ap-
parent threshold voltage Vy, and the ratio between the
apparent mobilities zz and y entering the simulation ji/u are
given in Figs. 4(a) and 4(b) as a function of the insulator
thickness.

The apparent threshold voltage Vy, is practically zero
without injection barrier [open symbols in Fig. 4(a)] for
both devices. In BC devices for ® = 0.5 eV one, however,
observes an apparent threshold voltage (green hexagons)
that significantly shifts to higher voltages with increasing
thickness. In strong contrast, V,, in TC devices (squares)
remains close to 0 V independently of d;.

(a)
15
=
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I~
5 L
0 L
) 1} | | ]
¥
$EX
= 0.8 r -_././.-/"_
I3
TC BC
0.6 - no barrier AV
barrier0.5eV m e
0 100 200

dins (nm)

FIG. 4. Apparent threshold voltage V,, (a) and ratio of the
apparent mobility to the input mobility (b) for a BC (green down
triangles and hexagons) and TC device (red up triangles and
squares) as a function of d;,, for injection barriers of ® = 0 (open
symbols) and 0.5 eV (filled symbols). The devices have L =
5umand y = 1 cm?/(Vs) and are operated at Vg = —20 V.

As far as the apparent mobility is concerned, the values
extracted for a vanishing injection barrier again correspond
to the expectation from the GCA [Fig. 4(b), up and down
triangles]. Upon increasing the barrier from & =0 to
0.5 eV (open and filled symbols), the apparent mobility
in BC devices remains only marginally smaller than the
ideal one; in a TC device, however, i is significantly
reduced and reaches only 75% of the ideal value at the
smallest considered oxide thickness (d;,; = 30 nm).

V. ORIGIN OF THE ARCHITECTURE-SPECIFIC
BEHAVIOR

A. Threshold voltage

The observed complementary occurrence of either (i) an
apparent mobility or (ii) threshold voltage is rooted in the
peculiar, architecture-specific potential distribution that is
adopted in the vicinity of the injecting source contact [18].
To rationalize first the occurrence of nonzero apparent
threshold voltages in BC devices and their nearly zero
counterparts in TC OTFTs, it is useful to return to the set of
scaled transfer curves shown in Figs. 3(a) and 3(b). For a
given gate bias, e.g., Vgg = —10 V, we can readily see that
the BC device with d;,; = 30 nm shown in Fig. 3(b) is
clearly in the “on state” [Vy, =1 V in Fig. 4(a)]. For
dins =270 nm, the device is off [V, = 18 V in Fig. 4(a)]. In
that case, essentially the whole potential difference between
source and gate drops at the contact and the associated V
value approaches the largest possible value, namely Vo ~
|Vgs| [cf. open circles and dashed line in Fig. 3(d)].

To understand the fundamentally different state the two
devices are in, it is useful to consider their initial potential
and carrier-density distributions (i.e., the situation right
after applying the respective potentials to the electrodes but
prior to carrier accumulation in the channel) and to compare
them to the distributions assumed in the steady state. The
corresponding potentials along the semiconductor-
dielectric interface are shown as dashed (initial condition)
and solid (steady-state) lines in Fig. 5(a) for the smallest
and largest considered thicknesses of the dielectric. Initially
(i.e., in the absence of free-charge carriers), the potential in
the central region between the contacts must assume the
value of the gate potential (Vg5 = —10 V) due to the large
aspect ratio L /d, of the device [27]. As the potential at the
source contact is fixed, there is an inherent potential drop of
Vgs between the contact and the channel [white arrow,
Fig. 5(a)]. The smaller d;,, becomes, the shorter is the
distance from the source over which the potential drops
from source to gate potential. For d;,; =30 nm this
distance amounts to ~100 nm, while it increases by more
than an order of magnitude in a device with d;,, = 270 nm
(cf. blue and black dashed lines). Associated with the
potential drop is an initial gate-induced field. As its strength
is proportional to the slope of the potential drop, it is an
order of magnitude lower in the 270-nm device than in the
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FIG. 5. Evolution of the electrostatic potential (a) in the initial
state (dashed lines) and steady state (solid lines) and the steady-
state hole density (b) along the organic semiconductor-insulator
interface as a function of the distance from the source contact in a
BC device at Vgg = —10 V, Vpg = =20 V, and & = 0.5 eV for
different insulator thicknesses d;,; = 30 (filled circles) and
270 nm (open circles).

30-nm device. By allowing now an influx of charges, the
injected and accumulated charge carriers screen the initial
electric field until the steady state is reached. In the 30-nm
device, the initial potential drop of |Vgg| = 10 V is largely
reduced to a remaining voltage of V- =2 V in the steady
state [cf. blue arrow between dashed and solid lines in
Fig. 5(a)]. In this situation, an accumulated carrier density
of 10%6 m=3 [Fig. 5(b)] gives rise to an appreciable current.
In the case of the 270-nm-thick insulator, the field is too
weak to sufficiently reshape the barrier and a much smaller
number of charges is injected. Because of the weak
screening by injected charge carriers, the distance over
which the potential in the steady state drops from the source
to the gate potential is only weakly reduced. Hence, with
ca. 9V the steady state V- remains close to the initial |V 5]
value of 10 V. Concomitantly, the charge density in the
region between the contact and the conductive channel is
particularly strongly depleted. In addition, the charge
density in the channel region is reduced; it is more than
3 orders of magnitude smaller than for the 30-nm device
[Fig. 5(b)]. This is significantly less than expected from the
GCA expression (2), which—disregarding the contact
resistance—would have only implied a decrease by a factor
of 9 as a consequence of the reduced capacitance of the
insulator.

The behavior that V¢ closely follows Vg at small gate
biases due to a strongly reduced carrier injection is
observed for all BC devices [cf. Fig. 3(d)] at small gate
biases. Upon increasing |Vg| the rise of V., however,
slows down. The voltage at which this becomes relevant
depends strongly on the thickness of the gate insulator. The
point at which Vg reaches the value of the apparent
threshold voltage is denoted by large crosses in the curves
in Fig. 3(d), where it should be kept in mind that V, is
merely a fitting parameter in the linear regime of the
transfer characteristics. At this point, the difference
between V- 2 |Vgg| and the actual evolution of V(V)
has become appreciable. Thicker insulator layers require
larger V- values to provide a large-enough barrier-shaping
field to inject a sufficient number of carriers for reaching
that situation. Thus, the gate-voltage range over which
Ve = |Vgs| applies increases with the thickness of the
dielectric. In that sense, the apparent threshold voltage
[indicated by large crosses in Fig. 3(d)] can be associated
with the minimal gate bias necessary to overcome the
injection barrier, as suggested in Ref. [19].

In TC architectures, the threshold voltage does not
visibly shift when modifying the insulator thickness.
This roots in the fact that the above-described dependence
of the gate field on d,,, (and on the present aspect ratio)
is, for the given device dimensions, i.e., semiconductor
thickness dgsc = 30 nm and channel length L =5 pm,
and a mobility of 1 cm?/(Vs) much less pronounced.
Consequently, the field is sufficiently large to permit
injection across a barrier of 0.5 eV for all d,.

B. Apparent mobility

To understand why there is a reduction in the apparent
mobility in the linear regime in TC devices that does not occur
for the BC architecture, it is useful to track the impact of the
Vgs-dependent V- in the GCA expression [cf. Eq. (1)].
Accounting for the fact that the potential at the channel
entrance is not given by the source potential but rather by the
source potential reduced by V., the external biases in Eq. (1)
are replaced by Vpg— Ve and Vgg — Vi, respectively.
Considering that the threshold voltage V9 is set to zero
(see Sec. II), the current reads in the linear regime

K €0€rins

(VDS_VC>
Ire = ———" (Ve =V, — 22 C7
DS L d, /4( GS c

> )(VDS Vo).
(4)

This implies for the slope of the transfer characteristic,
and, thus, for the apparent mobility

aIDS _ K 80€r,ins
aVGS L dins

ov
ﬂ[VDs—Vc—(VGs—Vc) C}-

IVas
(5)
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The first summation term in Eq. (5) is inherited from the
ideal GCA and relates to the actual mobility of the used
material. The second term simply corrects Vg for the
presence of V-, while the third summation term accounts
for the change of V. with Vg. It is important to stress that
0V /0Vgs cannot be neglected a priori; in fact, it is this
latter term that explains the difference between the slopes of
the TC and BC transfer curves [Figs. 3(a) and 3(b)]: When
operating TC devices in the linear regime, i.e., at |Vgs|
exceeding |Vpg| = 20V, the contact potential V- depends
weakly on d;,, [Fig. 3(c)] and increases only slightly with
Vs [seen best for the magnified curves in Fig. 3(c)]. As V-
is approximately constant, the third term containing the
derivative of V. with respect to Vgg can, indeed, be
neglected. Then, the overall slope of the transfer curve is
reduced due to the second term in Eq. (5) being propor-
tional to V.. Because of the Vgg- and largely
d;ps-independent V-, this reduced slope can be simply
interpreted in terms of an apparent, constant mobility.

Conversely, for BC we find a V. that profoundly
varies with Vgg [Fig. 3(d)]. Thus, the contribution
(Vgs = Ve)(OVe/OVgs), extracted from the Vi (Vgs)
curves in Fig. 3(d) is nonnegligible. Given this strong
dependence of V. on both d;,, and on Vg, it appears
counterintuitive that the BC device recovers not only a
linear transfer curve, but also the ideal GCA-predicted
slope. Remarkably, though, in the linear regime, i.e., where
|Vgs| exceeds |Vpg| + Vi, [the corresponding values are
indicated by vertical bars in Fig. 3(d)], Vgs(0V/0Vgs) is
negative and almost completely compensates for V. in
Eq. (5) so that the “ideal” GCA slope is recovered despite
the enormous, Vgg-dependent values of V.

This implies for the analysis of experimentally obtained
transfer curves that the apparent dependence of the effective
mobilities on the gate bias [3,16,35] arises not only due to a
field- and concentration-dependent intrinsic mobility, but
also due to the Vg dependence of the contact voltage. The
latter fact poses the complication that any correction for V-
could be, at least in part, counteracted due to the con-
tribution from (Vgg — V) (OV/0Vgs). For the TC devi-
ces, the contact voltage extracted in the linear regime is
nearly independent of Vgg. The effect of practically
constant-contact voltages on the [-V characteristic can
be straightforwardly accounted for by following, e.g.,
the procedure outlined in Ref. [36]. However, a method
accounting for a possible compensation due to (Vgg —
Ve)(OV/OVgs) is, to the best of our knowledge, not yet
available.

VI. DEPENDENCE ON MATERIAL PARAMETERS

A. Dielectric constant

So far, the insulator capacitance has been exclusively
varied by means of the film thickness. Now we turn to the
equivalent route of varying instead the dielectric constant

E.ins- We start out from ¢,;,, = 3.9 for SiO, as the
commonly applied “reference dielectric.” To be able to
directly compare to the results obtained from the thickness
variation, we further employ values obtained by consecu-
tively multiplying the reference value by a factor of 3, i.e.,
3e,5i0, = 11.7 and 9e, 50, = 35.1. Together with film
thicknesses of d;,; =30, 90, and 270 nm, the same
capacitance value can be realized. Such &, ;,, values closely
correspond to dielectric constants of insulating layers
employed in OTFTs: Aluminum oxide ¢, = 8 [15] and,
e.g., cyanoethylated poly(vinyl alcohol) with &, = 12.6
[37] are close to 11.7, while 35.1 is close to TaO, and HfO,
(~25) [15,38]. We also incorporate €, = 2.7 in our study to
account for polymer dielectrics, pursued to realize flexible
devices, whose dielectric constants are as low as ¢, =2
[15]. However, in the present context the chosen values
only serve the purpose of illustrating the fundamental
aspects related to the interplay of the gate capacitance
and injection. In passing, we also note that systematic
experimental investigations revealed that upon increasing
€,.ins the interaction between an increasingly polar dielectric
surface and the OSC profoundly decreases the mobility at
the OSC-insulator interface [39,40]—an effect that can, at
least in part, be counteracted by modifying insulator
surfaces, e.g., by self-assembled monolayers [12,15].

In a first step, we simultaneously vary both ¢, ;,, and dj
by a factor of 3 and 9, so that the capacitance per unit area is
kept at the value of C' = 115 nFcm™2 as in the above-
discussed devices with dj,; = 30 nm and ¢, ;s = &, sio,
(vide supra). As expected, the characteristics of the
transistors coincide when the injection barrier is absent
(not shown). To explore whether this is also true for a
substantial injection barrier, we collected the scaled output
curves of TC and BC devices for an injection barrier of
0.5 eV in Fig. 6. In the case of a TC OTFT, again all output
curves coincide [Fig. 6(a)], albeit at currents that are
significantly decreased compared to the GCA case. This
means that for TC devices, reducing the thickness of the
gate dielectric or increasing its dielectric constants by an
equivalent degree has exactly the same impact and all that
counts in TC devices is the gate capacitance. In sharp
contrast, for BC devices, curves with the same ratio
€,ins/dins are distinctly different. As in the systematic
thickness variation at a constant &,;,; performed above,
we get lesser current when going to larger insulator
thicknesses [Fig. 6(b)]. The accordingly scaled e, ;. is
partially counteracting this effect, as can be seen from the
comparison of the 270-nm devices with €,;,, =3.9
(circles) and 35.1 (red, right triangles), but cannot fully
compensate this loss in current.

The larger-than-expected dependence of the current
on ¢, in BC devices is a consequence of the orientation
of the injecting facet of the electrode with respect to
the semiconductor interface in the BC OTFTs. There,
injection is enabled by field components parallel to the
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FIG. 6. (a),(b) Scaled output curves ipg (Vpg) for an injection
barrier & = 0.5 eV for TC (a) and BC (b) OTFTs sharing the
same capacitance per unit area, C' = 115 nFcm™ realized with
different insulator thicknesses and &, ;. In all cases, the result of
the gradual channel approximation (red, solid line) is shown for
comparison; the devices are operated at Vgg = —35 V.

OSC-insulator interface. Importantly, since the field near
the source electrode of a BC device is inhomogeneous, the
relative orientation of the field and, thus, the strength of the
lateral and vertical field components is not straightfor-
wardly determined by the gate capacitance alone. A

rationale for this based on a simplified model system is
provided in the Appendix. To comprehend the additional
influence of the dielectric constant on injection, we proceed
with a systematic variation of ,;,; at a given insulator
thickness. We show in Figs. 7(a) and 7(b) the output and
transfer characteristics of BC devices for different values of
€,ins at a fixed insulator thickness of dj,; = 270 nm.

All output curves show a similarly pronounced S shape
in the linear regime [Fig. 7(a)]. The scaled current rises in
the saturation regime (|Vpg| > 20 V) with increasing &, ;.
except for the smallest value of 2.7. Note that the device
with ¢, ;,, = 2.7 is the only one in which the dielectric
constant of the insulating layer is smaller than that of the
organic semiconductor &,ogc = 3.4. In the case of the
transfer characteristics, all curves show a similar turn-on
behavior [Fig. 7(b)]. The small increase in the apparent
threshold due an enlarged e, ;,, is far less pronounced
compared to the variation of the thickness of the dielectric
layer [cf. Fig 3(b)]. To explain this, we turn to the local field
and charge distribution near the source contact in the steady
state for Vgg = —35 V, i.e., for a point of operation in
which all considered devices are in an on state. In Fig. 7(c),
this field distribution is represented by the lateral evolution
of the potential (i) from the source into the channel and
(ii) perpendicular to the channel from the injecting source
facet 10 nm towards the gate [inset in Fig. 7(c)]. The
corresponding charge density along the channel is given in
Fig. 7(d). Interestingly, when going from ¢, ;,; = 3.9 (open
circles) to 35.1 (green triangles) for the d;,, = 270 nm, the
potential drop at the contact is only slightly reduced and
profoundly different from the d;, =30 nm, €,;,, = 3.9

FIG. 7 (a),(b) Scaled output ipg (Vpg)
(a) and transfer curves ipg (Vgg) (b) of

BC devices for varying dielectric con-
stants ¢€,,, at the insulator thickness
dins =270 nm and an injection barrier
of 0.5 eV. In (b), the value in brackets
indicates the multiplication factor of ¢,
with respect to the reference value of 3.9
corresponding to SiO,. (c) Lateral poten-
tial distribution at the OSC-insulator in-
terface from the position of the source

potential (V)

contact (x =0) for a BC device at

Vgs = —35 V. Shown are curves for

varying €,;,s at di,s = 270 nm (open
circles, left and right triangles) in com-
parison to &, = 3.9 and d;,, = 30 nm

£ ins/dins INM1; (filled circles). Analogously, the inset

-~ 3.9/30 shows the vertical potential distribution
O 39270 | at the position of the source contact
< 11.7/270 starting at the OSC-insulator interface

> 3.5'.1/.2.7(.) . (y = 0). (d) Charge-carrier density along

-Vos (V)
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device [filled circles in Fig. 7(c) and in the inset]. Similarly,
the low-density region next to the source contact reduces
that somewhat in size, but is essentially preserved
[cf. Figs. 7(c) and 7(d)]. Nevertheless, the charge density
increases by almost 2 orders of magnitude when enhancing
€,ins DY a factor of 9 [cf. open circles and green triangles in
Fig. 7(d)]. An important consequence of that is that the
charge density for ¢, ;,; = 35.1 (open circles) in the channel
region, i.e., beyond the low-density region, approaches the
density associated with the thin device (d;,; = 30 nm,
€-ins = 3.9; filled circles). This illustrates that the orienta-
tion of the electric field near the source contact is strongly
dependent on the insulator thickness; the larger d;,, the
smaller the contribution of the vertical field component
becomes. The resulting change in field orientation cannot
be simply reversed by increasing €, ;. Rather, an increase
in &,y slightly enlarges the lateral field component and,
thus, the injected current. The evaluation of the curves in
Fig. 7(c) shows an increase in field strength of 35% when
going from €, ;,; = 3.9 to 35.1.

From Fig. 7(b), we find that the apparent mobility
slightly increases with ¢, ;,. In experiments, the latter
effects will, however, be most likely obscured by the
above-mentioned interaction between the increasingly
polar surface and the semiconductor [39,40].

B. Mobility and injection barrier

The impact of injection on the transistor characteristics
is crucially determined by the actual current demand
of the channel (cf. Sec. II). We, thus, briefly explore
how (i) the mobility (determining the current demand)
and (ii) the injection barrier (reflecting the ability of the
contact to supply this demand) affect the general picture
described above.

In Fig. 8(a), we show the scaled transfer curves for
dins = 270 nm, i.e., for the film thickness with the largest
and most distinguished injection-induced effect in a BC
architecture, as a function of the injection barrier.
Interestingly, the situation for an injection barrier of
0.3 eV (red hexagons) largely resembles the ideal case
associated with a vanishing barrier (blue diamonds). Only
when increasing the injection barrier to 0.5 eV, the above-
mentioned mobility reduction in TC devices [circles versus
blue diamonds, left panel in Fig. 8(a)] and threshold voltage
shifts in BC devices [circles versus blue diamonds, right
panel in Fig. 8(a)] become significant. In Fig. 8(b), the
scaled transfer curves are shown for different mobilities.
Note that, even in the ideal case, we need to divide the
current not only by the capacitance per unit area, but
also by the ratio of the mobilities u/u.s with pep =
1 cm?/(V's) to obtain equivalent curves and to determine
whether the expectation from the GCA [Eq. (1)] is altered
due to injection. With increasing nominal mobility, the
slope in the linear regime (|Vgg| > 20 V) of the TC device
is reduced [left panel in Fig. 8(b)]. L.e., the relative decrease

TC BC
(a) 08| ' I ' ] [ barrier (e;I) :
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FIG. 8. Comparison of scaled transfer curves of a TC
and a BC device with ¢, ;,, = 3.9 at Vpg = —20 V with different
injection barriers and charge mobilities. (a) ipg (Vgg) for
u=1cm?/Vs and d,,, = 270 nm for injection barrier heights
of 0, 03, and 0.5 eV. (b) ipshrer/H(Vgs) for an
injection barrier of 0.5 eV and d;,, for the mobility values
u=0.1, 1 (4et), and 10 cm?/Vs. To be able to compare the
mobility-dependent transfer curves, all curves are scaled with an
additional factor containing the ratio p/p.c. This factor is
indicated at the corresponding curve.

of the apparent mobility compared to the actual one is more
pronounced for higher mobilities. This is not surprising, as
a higher mobility means a larger current in the channel and,
consequently, requires an increased potential drop at the
contact to ensure the injection of a sufficient number of
carriers. In addition, for the largest considered mobility
u = 10 cm?/(V's) one observes a small threshold voltage
shift of Vg ~1V (at dy =150 nm) and =2 V (at
di,s = 270 nm). Thus, the device dimensions in combina-
tion with the large mobility require a current that, at least
for small gate biases, cannot be provided by the contact in a
TC OTFT.

In case of a BC device, the threshold-voltage shift
steadily increases with the mobility [right panel in
Fig. 8(b)]. A closer inspection reveals further that also in
a BC device the apparent mobility is slightly mobility
dependent: For the smallest mobility of u = 0.1 cm?/(Vs)
considered, the apparent mobility is 0.95 u, while for the
higher values the apparent mobility is as high as 0.99 u.

VII. CONCLUSIONS

In conclusion, we have shown that a limited ability of the
contact to inject charges contributes to an apparently
lowered mobility and an apparent threshold voltage. In
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TC architectures, a lowering of the apparent mobility is the
dominant contribution. In contrast, in BC devices no such
injection-induced mobility lowering in the linear regime is
observed, despite the fact that the contact voltage, i.e., the
potential drop at the injecting contact, is strongly dependent
on the gate bias. This is the consequence of the fact that
the actual value of the apparent mobility results from a
correction due to the contact voltage and a second correc-
tion caused by the gate-bias dependence of the contact
voltage. The latter correction can, at least partially, com-
pensate the impact of the contact voltage. Additionally, we
show that injection-related shifts in the apparent threshold
voltage appear in BC devices with increased insulator
thickness; for mobilities as high as 1 cm?/(V's) values
exceeding 10 V can be reached. As a consequence, when
trying to interpret experimentally obtained transfer char-
acteristics, observed shifts in the threshold voltage, espe-
cially in BC transistors, can arise, at least in part, due to the
presence of an injection barrier.

In the case of a substantial injection barrier, here 0.5 eV,
the current in a BC transistor is much stronger controlled by
the insulator thickness than by its dielectric constant. In
contrast, TC devices show—as one would intuitively
expect—the same current for a given insulator capacitance
per unit area, independent of the actual values for the
dielectric constant or the thickness. This is the manifesta-
tion of the fact that injection into a BC device relies on the
field component oriented along the channel rather than the
one perpendicular to the OSC-insulator interface. Because
of the marked inhomogeneity of the electric field near the
source, the strengths of the lateral field (enabling injection)
and of the vertical field perpendicular to the channel
(allowing charge accumulation) strongly change with
increasing film thickness. An enlargement of the dielectric
constant, however, slightly enhances the lateral, injection-
aiding field without being able to change the strength of the
vertical field component near the contact.

The above-mentioned effects intensify with increasing
mobility and injection barrier. Vice versa, a reduction of the
injection barrier, e.g., to 0.3 eV, increasingly suppresses
threshold voltage shifts and mobility lowering.
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APPENDIX: INEQUIVALENCE OF DIELECTRIC
CONSTANT AND INSULATOR THICKNESS
VARIATION FOR INHOMOGENEOUS FIELDS

Here, we aim at developing a rationale for the a priori
unexpected observation that either reducing d,, by a

certain factor or increasing &, ;,; by the same factor does
not yield the same current in BC transistors. Rather, BC
devices with a given insulator capacitance per unit area
possess a potential distribution that depends on the value of
€,ins- Already in the initial state, potential distributions in
devices with the same capacitance per unit area are not
necessarily independent of the choice of €, ;,,. This is a
straightforward consequence of the marked inhomogeneity
of the electric field in the BC geometry.

To rationalize this from a purely electrostatic point of
view, we turn to the textbook example of a plate capacitor
sandwiching a dielectric, insulating material. Between infi-
nitely extended planar electrodes, an externally applied bias
causes a homogeneous electric field in the insulator. This
homogeneity is, of course, preserved upon changing either
€.ins Or the electrode separation. If the ratio between the
latter quantities is fixed, also the capacitance stays constant.

If, instead, the top electrode possesses a hole [shown in
Fig. 9], the electric field becomes inhomogeneous in the

a
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FIG. 9. (a) Two-dimensional cross section of a plate capacitor
with a hole in the top electrode, filled with a dielectric medium
with a dielectric constant of ¢,. (b) As in (a), with vacuum
replaced by the dielectric medium to omit an interface between
two dielectric media. The hole has a radius L and the separation
of the electrodes is d. The resulting two-dimensional cross
section is reminiscent of the BC geometry with the top electrodes
put at the same potential. (c) Potential in the plane of the top
electrode for four cases sharing the same capacitance per unit
area. Starting out from a reference case (circles), either are all
dimensions scaled as the dielectric constant (factor 3, diamonds;
factor 9, crosses) or only the separation of the electrodes (factor 3,
rectangles) by keeping the hole radius constant. The calculations

are carried out for the cross section shown in (b) with an applied
bias of 10 V.
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vicinity of the hole. For an in-depth discussion of the field
distribution, the reader may refer to Ref. [41]. Note that the
corresponding cross section shown in Fig. 9 is reminiscent
of that belonging to the transistor architecture: In the case
of a BC device, the capacitor contains one, in the TC case a
sequence of two dielectric layers (the gate dielectric and the
organic semiconductor). When going from the remote area
towards the center of such a capacitor, the local orientation
of the electric field changes. This orientation is further
affected by the value of ¢, ;,;. Inspired by the discussion of
the transistor, the question arises of how the extensions of
this plate capacitor ought to be rescaled to preserve (i) the
capacitance and (ii) the orientation of the local electric
field. We will answer this question in turning to a related
system, shown in Fig. 9(b), in which the top electrode is
immersed in a dielectric medium. This obliterates the need
to consider an interface between vacuum and the dielectric
and, thus, simplifies the following considerations. In the
model system, the radius of the hole is denoted as L, the
vertical separation between the electrodes as d, and a bias
of V.= wop — Whotom 18 applied, i.e., the potentials y at the
electrodes are fixed to yo, and Yipgom- Starting out from a
given L and d, the field orientation is reflected by the ratio
(Ow/0y)/(Ow/0x). To explore the impact of changing
the extensions of the capacitor, it is convenient to introduce
dimensionless coordinates x” = x/L and y”" = y/d. The
preservation of field orientation corresponds to the
condition

oy
o _od
Ay
Ox ox"

That means that the field orientation is kept only if the
separation d and the hole radius L are stretched simulta-
neously by the same factor. To illustrate this conceptual
aspect, we numerically calculated the potential distribution
for a cross section shown in Fig. 9(b) with a starting
geometry of d =30 nm, L = 1.67 ym, €,;,, =1, and a
bias of V = 10 V. All further cases kept the ratio ¢, ;,,/d
constant. Figure 9(c) compares the resulting potentials in
the plane of the top electrode by plotting y as a function of
the dimensionless x coordinate x/L. Enlarging ¢, ;,; by a
factor of n and, at the same time, enlarging all device
dimensions (including d, L, and the electrode extension) by
the same factor keeps the potential distribution unchanged,
i.e., for n = 1,3, 9 (filled circles, open diamonds, crosses).
When, however, restricting the stretch to the separation of
the electrode d (for n = 3, rectangles), the x component of
the field is differently altered than the y component. This
results in a shallower slope of the potential in the plain of
the top electrode (cf. filled circles and rectangles).

This implies for an OTFT that any variation of the ratio
€,.ins/ dins Without a corresponding change in L causes a

nonequivalent change in the field components. As, due to a
constant channel length, the starting conditions inherently
depend on ¢, ;,,/d, also the steady-state potential distribu-
tions for a given capacitance C’ cannot be expected to
coincide.
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