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A method for extracting the density and energetic distribution of the trap states in the semiconductor of
a field-effect transistor from its measured transfer characteristics is investigated. The method is based on
an established extraction scheme [M. Griinewald et al., Phys. Stat. Sol. B 100, K139 (1980)] and extends
it to low-voltage thin-film transistors (TFTs). In order to demonstrate the significance of this extension,
two types of TFTs are fabricated and analyzed: one with a thick gate dielectric and high operating voltage
and one with a thin gate dielectric and low operating voltage. From the measured transfer characteristics of
both TFTs, the density of states (DOS) is calculated using both the original and the extended Griinewald
method. The results not only confirm the validity of the original Griinewald method for high-voltage
transistors, but also indicate the need for the extended Griinewald method for the reliable extraction of the
trap DOS in transistors with a thin gate dielectric and low operating voltage.
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I. INTRODUCTION

In an ideal crystalline semiconductor, there are no
electronic states between the valence-band edge and the
conduction-band edge and, therefore, this energy range is
called the energy gap [1]. In contrast, the energy gap of
polycrystalline or amorphous semiconductors is typically
characterized by localized states that arise from struc-
tural defects (i.e., static disorder, induced, e.g., by grain
boundaries) [2,3]; intentional [4,5] or unintentional [6]
impurities; interaction of the charge carriers with polar
molecules [7]; and, particularly in van-der-Waals-bonded
molecular crystals, from dynamic disorder due to the ther-
mal motion of the molecules [8—10]. These nonidealities
lead to localized states in the energy gap of the semicon-
ductor that act as charge-carrier traps. The density and
energetic distribution of these localized states [trap density
of states (DOS)] strongly influence the electrical char-
acteristics of field-effect transistors based on disordered
semiconductors.

When the applied gate-source voltage and, thus, the
gate-induced carrier density in the semiconductor are
small, most of the charges are trapped deep in the energy
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gap. When the gate-source voltage is increased, trap
states closer to the transport level are gradually filled.
The density of trap states therefore affects the subthresh-
old slope of the transistor, i.e., the slope of the transfer
curve in the exponential region below the threshold volt-
age. For practical applications, this slope should be as
steep as possible, ideally close to the room-temperature
limit of 58 mV/decade, but a large density of deep trap
states will lead to a less steep subthreshold slope. At
the same time, as the gate-source voltage is increased,
more and more charge carriers reach the transport level
where they contribute to the charge transport in the
semiconductor.

The origin of the frequently observed electric-field
dependence of the effective carrier mobility is often
believed to be trap filling and the associated change in
the ratio of the densities of localized and delocalized car-
riers [11,12]. Other field-effect-transistor characteristics
affected by the density of trap states are the bias-stress
effect [13] and the alignment of the energy levels at the
interfaces between the semiconductor and the source and
drain contacts [14]. Aside from transistors, the trap DOS
also has a critical influence on the charge-transport prop-
erties of other electronic devices based on disordered
semiconductors, such as organic light-emitting diodes
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(OLEDs), in which trap states can induce the undesirable
nonradiative recombination of electrons and holes [15,16],
and photovoltaic cells, in which trap states may be bene-
ficial for the separation of the photo-induced excitons, but
also detrimental as they may impede the dissociation of
formed charge transfer states or disrupt the transport of the
separated carriers to the electrodes [17]. The exact anal-
ysis of the density and distribution of traps in disordered
semiconductors is, thus, an important task, both from a
fundamental perspective and from an application point of
view.

While the trap DOS cannot be measured directly, it can
be accessed indirectly by means of a number of experi-
mental techniques, including photoemission spectroscopy
[18,19], Kelvin-probe force microscopy [20,21], electri-
cal transport measurements [22], photoconductivity mea-
surements [23,24], electron spin resonance spectroscopy
[25], and capacitance-voltage measurements [26]. In the
1980s, Griinewald et al. developed a method, initially
intended for thin-film transistors (TFTs) based on hydro-
genated amorphous silicon (a-Si:H), to convert a single
transfer curve of a field-effect transistor (i.e., the drain
current measured as a function of the applied gate-source
voltage) to the underlying density-of-states function [27—
29]. Over the past decade, the Griinewald method has
been employed with great success to calculate the DOS
of TFTs based on a wide range of organic semiconduc-
tors and fabricated with a variety of device architectures
[30-37].

However, in all these previous reports, the Griinewald
method was employed exclusively to TFTs with thick
gate dielectrics and high operating gate voltages of a few
tens of volts. The reason is that the original Griinewald
method requires that the potential drop across the semicon-
ductor layer be negligible compared to the potential drop
across the gate dielectric, which significantly simplifies the
computation but limits the applicability of the method to
TFTs with high operating voltages. Here, we explore an
extension of the Griinewald method in which this simpli-
fication is removed, thus making the method applicable
to low-voltage TFTs with very thin gate dielectrics. This
extension is an important upgrade, since organic TFTs
are generally targeting mobile and wearable electronics
applications in which low-voltage operation and, thus, thin
gate dielectrics are critical prerequisites. The formalism
for this extension was recently introduced by Jeong et al.
and applied to inorganic TFTs with a 120-nm-thick gate
dielectric, but without analyzing the implications of the
extension depending on the thickness of the gate dielec-
tric [38]. In contrast, we apply both the original and the
extended Griinewald method to organic TFTs with two
different gate-dielectric thicknesses and are, thus, able to
show that the original Griinewald method is indeed appli-
cable to high-voltage transistors, but not to low-voltage
transistors.

II. EXPERIMENT

A. Device fabrication

All TFTs are fabricated in the bottom-gate, top-contact
device structure using boron-doped silicon wafers with
an electrical resistivity of 0.005 € cm as the substrate
[39]. For the TFTs with the thick gate dielectric, the
doped silicon wafer also serves as the gate electrode.
The thick gate dielectric is a stack of three layers: a
100-nm-thick silicon dioxide (SiO,) layer grown by ther-
mal oxidation in dry oxygen, an 8-nm-thick aluminum
oxide (Al,03) layer deposited by atomic layer deposition,
and a 1.7-nm-thick self-assembled monolayer (SAM) of
n-tetradecylphosphonic acid. This triple-layer gate dielec-
tric has a total thickness of 110 nm and a unit-area
capacitance of 34 nF/cm? [39]. For the TFTs with the
thin gate dielectric, a 30-nm-thick layer of aluminum is
deposited onto the silicon substrate by thermal evaporation
in vacuum as the gate electrode. The thin gate dielectric
consists of a 3.6-nm-thick aluminum oxide (AlOy) layer
obtained by briefly exposing the surface of the aluminum
gate electrode to an oxygen plasma and a 1.7-nm-thick
n-tetradecylphosphonic acid SAM. This double-layer gate
dielectric has a total thickness of 5.3 nm and a unit-area
capacitance of 700 nF/cm? [40].

For both types of TFTs, a 20-nm-thick layer of the small-
molecule organic semiconductor 2,9-diphenyl-dinaphtho
[2,3-b:2/,3/-f]thieno[3,2-b]thiophene (DPh-DNTT [41,42])
is deposited by thermal sublimation in vacuum. During the
semiconductor deposition, the substrate is held at a tem-
perature of 90°C. Finally, a 30-nm-thick layer of gold is
deposited through a polyimide shadow mask (CADiLAC
Laser, Hilpoltstein, Germany) to define the source and
drain contacts, with a channel width of 200 um and chan-
nel lengths ranging from 10 to 100 um. Figure 1 shows
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FIG.1. Schematic cross section of the thin-film transistors with
the thin gate dielectric, which consists of a 3.6-nm-thick layer
of aluminum oxide (AlOy) and a 1.7-nm-thick self-assembled
monolayer (SAM) of n-tetradecylphosphonic acid. The chemi-
cal structures of n-tetradecylphosphonic acid and of the organic
semiconductor 2,9-diphenyl-dinaphtho[2,3-b:2’,3’-f]-thieno[3,2-
b]thiophene (DPh-DNTT) are also shown.
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the schematic cross section of the TFTs with the thin gate
dielectric.

B. Electrical characterization

The current-voltage characteristics of the TFTs are mea-
sured in ambient air at room temperature under yellow
laboratory light using an Agilent 4156C Semiconductor
Parameter Analyzer. The transfer characteristics are mea-
sured by applying a drain-source voltage Vps of —2 V
to the TFTs with the thick gate dielectric and —0.1 V to
the TFTs with the thin gate dielectric and by sweeping
the gate-source voltage in steps of —0.75 V (TFTs with the
thick gate dielectric) and —50 mV (thin gate dielectric).
The drain-source voltages are chosen so that the TFTs are
operated in the linear regime.

The effective charge-carrier field-effect mobility e is
calculated by fitting the following equation to the mea-
sured transfer curve:

LA
~ WCgialVps 3Vas®

Meft (1)

where Ip is the drain current, L the channel length, W
the channel width, Cge the unit-area capacitance of the
dielectric and Vs the gate-source voltage.

The subthreshold slope S is calculated by fitting the fol-
lowing equation to the subthreshold region of the measured

transfer curve:

Vs

=— 2
> d[log;(Ip)] @
For the analysis below, the value of the flat-band volt-
age Vpp is required. Following previous publications, we
approximate the flat-band voltage as the turn-on voltage
Von, 1.€., as the gate-source voltage at which the drain cur-
rent starts to increase sharply above the noise floor when
plotted on a logarithmic scale (see Fig. 2) [30].

III. ANALYSIS AND DISCUSSION
A. The original Griinewald method

In the following, a brief summary of the original
Griinewald method is provided, including the essential
equations and assumptions. More detailed information can
be found in the publications by Griinewald et al. [27,28]
and Kalb et al. [30].

The Griinewald method was developed to facilitate the
conversion of a single transfer curve of a field-effect tran-
sistor recorded in the linear regime of operation (i.e., with
a drain-source voltage that is negligibly small compared
to the difference between the gate-source voltage and the
threshold voltage) to the DOS of the semiconductor. For
the original Griinewald method, a number of simplifying
assumptions are made:
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(1) The gradual channel approximation is valid, i.e.,
the electric field £, (created by the gate-source voltage)
in the direction perpendicular to the interface between
the semiconductor and the gate dielectric is much larger
than the electric field £, (created by the drain-source volt-
age) parallel to the semiconductor/dielectric interface. This
requirement is fulfilled by operating the transistor in the
linear regime, i.e., with a small drain-source voltage.

(2) The semiconductor layer is homogeneous in the
direction perpendicular to the semiconductor/dielectric
interface.

(3) A nonzero flat-band voltage (caused, e.g., by a dif-
ference between the work functions of the semiconductor
and the gate electrode or by charged states in the gate
dielectric) can be taken into account by correcting the
applied gate-source voltage for the flat-band voltage: Vg =
Vs — Ves.

(4) The thickness of the semiconductor layer is larger
than the Debye length in the semiconductor, so that the
electrostatic potential at the distance d from the semicon-
ductor/dielectric interface (where d is the thickness of the
semiconductor layer) is essentially zero.

(5) The potential drop across the thickness of the semi-
conductor is much smaller than the potential drop across
the thickness of the gate dielectric, so that the contribution
of the potential drop across the semiconductor layer to the
total potential drop of the applied gate-source voltage can
be neglected.

(6) The Boltzmann approximation holds for the free
charge carriers.

(7) The transfer curve of the transistor is not affected by
the contact resistance.

One important advantage of the Griinewald method
over other DOS extraction methods is that the Griinewald
method does not require any temperature-dependent mea-
surements, as the DOS is calculated from a single transfer
curve, which makes it, in principle, possible to investi-
gate the temperature dependence of the DOS [34]. Another
advantage of the Griinewald method is that it does not
require any abrupt approximations, i.e., it is not neces-
sary to assume that the charge-accumulation layer has a
homogeneous charge density or a sharp edge. Instead, the
band bending in the semiconductor induced by the gate-
source voltage is correctly taken into account. Figure 3
shows a sketch of the band bending in the semiconductor
for a gate-source voltage larger than the flat-band voltage.
The electrostatic potential at the semiconductor/dielectric
interface is called interface potential V.

The starting point for the calculation of the gate-induced
carrier density is the one-dimensional Poisson equation:
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FIG. 3. Schematic cross section of a field-effect transistor

showing the relevant energy levels. (a) Initial band bending in
the semiconductor in the absence of an applied gate-source volt-
age. (b) The flat-band voltage Vg is the gate-source voltage
necessary to compensate this initial band bending. (c) Applying
a gate-source voltage greater than the flat-band voltage (Vg =
Vss — Veg) induces a band bending in the semiconductor that
leads to charge accumulation in the semiconductor in close prox-
imity to the semiconductor/dielectric interface. At this interface,
the bands of the semiconductor are shifted by an energy eV, with
7y being the interface potential. E¢ and Ey are the conduction-
and valence-band energies.

where V(x) is the electrostatic potential at position x, e the
elementary charge, en(x) the total charge density (includ-
ing free and trapped charges as well as ionized acceptors
and donors), &y the vacuum permittivity, and ey the dielec-
tric constant of the semiconductor. As one of the boundary
conditions for the Poisson equation, the following criterion
is applied:

go&dictEdiel = —€0&sEs, “4)
Vas — Vs aV(x)
Bofdiel — = —80Es— , Q)
X x=0

where Egi) (Es) is the electric field in the gate dielectric (in
the semiconductor) at the semiconductor/dielectric inter-
face and oriented perpendicular to the interface, eg4ie) the
dielectric constant of the gate dielectric, and / the thickness
of the gate dielectric.
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For the calculation of the relation between the interface
potential and the gate-source voltage, it is assumed that
the current that flows in the accumulation channel paral-
lel to the semiconductor/dielectric interface can be written
according to the Boltzmann approximation:

d
I = I—O exp (eV(x)) dx, (6)

d J, ksT

where [, is the current at flat-band conditions, d the
thickness of the semiconductor layer, kz the Boltzmann
constant, and 7' the temperature.

By converting Eq. (6) and applying the first boundary
condition (5) and the second boundary condition V'(d) = 0
(see assumption 4 in the list above), the following dif-
ferential equation for the interface potential V, can be
derived:

dVy _ Edied 1 dl
d(Ves — Ves)  esl Iyd(Vgs — Vig)
Vos — VB

The form of this differential equation allows a partial inte-
gration to be performed, which yields an equation that
implicitly contains Vj as a function of Vgs:

eVo eV() 1
exp| — ) - — —
P\loT) ™ kst

Vas—=VrB -
x I1(Vgs — Vi) — / [(VGS)dVGS]- 3
0

e é&giad
B kBT 851[0

[(VGS — VeB)

From Eq. (8), the relation Vy(Vgs — Veg) can be deter-
mined numerically, so that for all gate-source voltages, the
interface potential V) is known. With this knowledge of
Vo, a conversion of the Poisson equation (3) using the first
boundary condition (5) and the second boundary condi-
tion [V(d) = 0] leads to an expression for the total carrier
density n:

oy = S0 )( Vo )1 )
n = ¢ — - .
U ese P T 8(Was — Vin)

Finally, within the zero-temperature approximation (which
requires that the Fermi-Dirac function be a step function),
the density-of-states function, which is therefore probed at
the energy Er + eV (see Fig. 3), can be written as

1dn(v%)

~ DOS(FE Vo). 10
e Vo (Er +eVy) (10)

V(x)
A Gate Semiconductor

dielectric
Ves = Ves

I d

FIG. 4. Sketch of the potential drop across the gate dielec-
tric and the semiconductor layer of the transistor. In the original
Griinewald method, it is assumed that | V| < |Vgs| and, hence,
Vy is ignored. In the extended Griinewald method proposed here,
this simplification is removed, and the contribution of Vj is
correctly taken into account.

B. Extension of the original Griinewald method

As mentioned in the Introduction, the original
Griinewald method makes a critical simplification in the
choice of the first boundary condition for the Poisson
equation: The contribution of the interface potential V)
to the total potential drop across the semiconductor and
the gate dielectric is neglected (this is assumption 5 in
the list above). A schematic of the potential across the
semiconductor-gate dielectric stack is shown in Fig. 4. As
will be shown, this simplification holds only for transistors
with a high operating voltage (i.e., a thick gate dielectric),
but not for transistors with a low operating voltage (i.e.,
with a gate dielectric that is either very thin, as shown
here, or has a large permittivity [43]). For low-voltage tran-
sistors, the final result of the density-of-states function is
greatly affected by the simplification regarding V.

For the purpose of this analysis, the gate dielectric can
be considered as “thin” if its thickness is no greater than a
few times the Debye length in the semiconductor, since in
this case the capacitance of the gate dielectric will be sim-
ilar to the capacitance of the charge-accumulation layer at
the flat-band voltage and, thus, the potential drop across
the gate dielectric Vi) will be similar to the potential drop
across the thickness of the semiconductor layer V;, which
implies that the contribution of V) to the total voltage drop
cannot be neglected [44]. As will be shown later, the aver-
age Debye length in the semiconductor is 2 nm, which
implies that the gate dielectric with a thickness of 5.3 nm
can be considered indeed as thin.

In order to extend the original Griinewald method and
make it applicable to any gate-dielectric thickness and
operating voltage, we repeated the mathematical deriva-
tion of the original Griinewald method, but instead of using
Eq. (5), which reflects the simplification

Vas = Vs + Vel (1)
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we included the term V) in this equation in order to prop-
erly take into account the contribution of V to the total
potential drop:

Vas = Ves + Viiel + Vo. (12)
As a consequence, Eq. (5) transforms into

Vas — Vi — Vo aV(x)
E0€diel 5 = —¢&o0¢és

/ x |._o

(13)

This adjustment has profound implications on the sub-
sequent equations. Following the original derivation, the
differential equation (7) translates to

dVO _ Sdield 1 dl
dVas — Ves)  &sl Iyd(Vags — Vig)

Vos — Ve — Vo
exp (%‘}) -1

This differential equation cannot be simplified analytically.
However, it is possible to determine the relation Vo(Vgs —
Vrp) using numerical methods (e.g., using the ordinary dif-
ferential equation solver scipy.integrate.odeint
included in the open-source PYTHON library SciPy [45]).
Because the extended boundary condition (13) now
includes the term Vy, the equation for the total carrier
density must be adjusted as well:

(14)

2
€ die1€0
85'[26

-1
x {(L> — 1] (15)
0(Ves — VrB)

All subsequent steps in the analysis are identical to the
original Griinewald method.

A general issue of the Griinewald method is that the
DOS is calculated as a function of Er + eV, i.e., that
the energy is referenced to the initial Fermi energy Er.
This may make it difficult to compare the DOS func-
tions of transistors in which the difference between the
energy of the transport level and the initial Fermi energy
is not the same, e.g., because the transistors are fabri-
cated using different materials. For this reason, it may be
more convenient to reference the DOS to the transport
level [30,46—48], i.e., to the lowest unoccupied molecu-
lar orbital (LUMO) or conduction band edge (E¢) in the
case of n-channel transistors, and the highest occupied
molecular orbital (HOMO) or valence-band edge (Ey) in
the case of p-channel transistors. One way to accomplish
this was recently suggested by Za’aba et al. [35]. In their
approach, the gate-source voltage at which the measured
effective charge-carrier mobility saturates (i.e., no longer

n(Vy) = (Vos — Ve — Vo)

increases with increasing gate-source voltage) is translated
to the corresponding value for the interface potential Vj
using Eq. (14) and this value is then taken as the ener-
getic position at which the Fermi level crosses the transport
level. This approach is adopted here, as illustrated in Fig.
2. We note, however, that this approach produces a reliable
result only if the gate-source voltage at which the effec-
tive carrier mobility saturates is unambiguously identified,
which will usually require that the measurement of the
transistors’ transfer curve is conducted over a wide range
of gate-source voltages.

C. Experimental comparison of the original and
extended Griinewald method

In the previous section, we showed how the Griinewald
method is extended by eliminating the simplification
regarding V, which leads to extended forms of two of
the three key equations of the Griinewald method, namely,
Egs. (14) and (15). In order to test how this extension
affects the result of the Griinewald method depending on
the gate-dielectric thickness, we fabricate two types of
transistors: one with a thick gate dielectric (110 nm thick)
and one with a thin gate dielectric (5.3 nm thick). After
device fabrication, the transfer curves (drain current as a
function of applied gate-source voltage) of both TFTs are
measured in the linear regime of operation, i.e., with a
drain-source voltage that is negligible compared to the dif-
ference between the gate-source voltage and the threshold
voltage (see Fig. 2).

From each of these transfer curves, the DOS of the semi-
conductor is calculated once using the original Griinewald
method [Eqgs. (7), (9), and (10)] and once using the
extended Griinewald method [Egs. (14), (15), and (10)].
Consequently, any deviations between the DOS calculated
using the original Griinewald method (i.e., with the sim-
plification regarding V) and the DOS calculated with the
extended Griinewald method (i.e., without this simplifica-
tion) can be ascribed to the simplification regarding V.

In the first step, the relation between the interface poten-
tial and the gate-source voltage [Vo =f (Vgs — Ves)] is
calculated numerically using PYTHON, once from Eq. (7)
and once from Eq. (14). In the case of the TFT with the
thick gate dielectric, the results are essentially identical,
as shown in Fig. 5(a). In contrast, for the TFT with the
thin gate dielectric, the original differential equation (7)
and the extended differential equation (14) produce notably
different results [see Fig. 5(b)], because the magnitude of
the gate-source voltage is, in this case, comparable to the
magnitude of the interface potential V; (a few hundred mil-
livolts), so that the latter can no longer be ignored without
introducing a significant error.

In the second step, the relation between the total carrier
density and the interface potential [n = f (V})] is calcu-
lated, once from Eq. (9) and once from Eq. (15), and
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Results of the first step of the Griinewald method in which the relation between the interface potential and the gate-source

voltage is calculated from the measured transfer curves. This calculation is performed once using Eq. (7) (original method, shown with
black lines) and once using Eq. (14) (extended method, shown with red lines). (a) For the TFT with the thick gate dielectric, the results
show that the simplification in the original Griinewald method is indeed justified. (b) For the TFT with the thin gate dielectric, the
original differential equation (7) and the extended differential equation (14) produce notably different results, because the magnitude
of the gate-source voltage is, in this case, comparable to the magnitude of the interface potential 7 (a few hundred millivolts), so that
the latter can no longer be ignored without introducing a significant error.

the results are shown in Fig. 6. From the total carrier
density, the Debye length in the semiconductor is calcu-

lated according to
83€0kBT
= [
en(Vas)

The average value of the Debye length in the semiconduc-
tor over the range of gate-source voltages considered here
is 2 nm; only for a narrow range of gate-source voltages
just above the flat-band voltage, the Debye length exceeds
the thickness of the semiconductor layer (20 nm). This
range of gate-source voltages is excluded for the follow-
ing analysis in order not to violate assumption 4 from the
list above and to keep the analysis self-consistent.

In the third step, the trap DOS is calculated using
Eq. (10), yielding the DOS as a function of Er + eVy. In

(16)

the final step, the DOS is obtained as a function of £ — Ey
by determining the gate-source voltage at which the carrier
mobility saturates and translating it to the corresponding
value for the interface potential V. This value of V) is
taken as the energetic position at which the Fermi level
crosses the transport level (see Fig. 2).

The results are shown in Fig. 7. As can be seen, in the
case of the TFT with the thick gate dielectric, the devia-
tion between the DOS functions obtained using the original
and the extended Griinewald method is extremely small,
which confirms that, for transistors with high operating
voltages, the commonly employed simplification regard-
ing the contribution of the interface potential Vj to the
total potential drop is indeed justified [30-37]. In con-
trast, the choice of the method has a profound effect on
the DOS extracted from transistors with low operating
voltages, as the simplification regarding V; that is made

(a) (b) FIG. 6. Results of the second

22 22 .
1 y y T T T T 107 step of the Griinewald method
ic 10"r Thick dielectric , 1| Thin dielectric {1077 i which the relation between
S iz N G the carrier density and the inter-
= 10 17T 110 a face potential is calculated. This
= 10"} 1t 410" = calculation is performed once
S 10" 11 110" § using Eq. (9) (original method,
4 . " 5 shown with black lines) and once
g 10°r : 107 %5 using Eq. (15) (extended method,
'g 16 Original Grinewald Original Griinewald 16 'g 8 = (15) ( ;
£ 10"} —_— e 1t —_—thod 10" £ shown with red lines).
O 4015} Extended Griinewald - — Extended Griinewald {10"® o

method method
1014 N N N N N " 1014
0.0 0.2 0.4 0.6 0.0 0.2 0.4 0.6
V, (V) Vv, (V)
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FIG. 7. Results of the final steps of the Griinewald method. Using Eq. (10), the trap DOS is calculated, yielding the DOS as a
function of Er + eV}, which is then converted into the DOS as a function of £ — Ey by taking the gate-source voltage at which the
carrier mobility saturates (see Fig. 2) as the gate-source voltage at which the Fermi level crosses the transport level Ey. The DOS
is calculated once using the results from Eq. (9) (original method, shown with black lines) and once using the results from Eq. (15)
(extended method, shown with red lines). (a) For the TFT with the thick gate dielectric, the results show that the simplification in the
original Griinewald method does not affect the calculated trap DOS and is thus justified. (b) For the TFT with the thin gate dielectric, the
trap DOS functions obtained with and without the simplification deviate substantially, as the original Griinewald method significantly

overestimates the trap DOS in this case.

in the original Griinewald method leads to an overestima-
tion of the DOS compared to the result from the extended
Griinewald method.

It is important to note that both the original and the
extended Griinewald method yield reliable results only if
the transfer curve of the transistor is not dominated by the
contact resistance, i.e., if the potential drops across the

1.0 , . . . 1.0
Thick Thin
__ 0.8 dielectric dielectric 10.8
E —
x 0.6 10.6 E
g_ 0.4} 0.4 §
[§) .
x e
1] —->3 02—
S
0.0 . . . . 0.0
-30 -20 -10 0 -1.5 -1.0 -0.5 0.0
Ves = Vi (V) Ves = Vin (V)

FIG. 8. Ratio between the channel-width-normalized con-
tact resistance (R¢ - W) and the channel-width-normalized total
device resistance (R - W) for TFTs with a channel length of
100 pm, measured using the transmission line method (TLM)
and plotted as a function of the difference between the gate-
source voltage and the threshold voltage. For both types of TFT
(thick and thin gate dielectrics), the contact resistance is small
compared to the total resistance.

contact resistances are small. To evaluate whether this
requirement is fulfilled in the TFTs examined here, we
measure the width-normalized contact resistance of both
TFTs using the transmission-line method (TLM) [49,50]
(for details, see Fig. S3 of the Supplemental Material [51])
and calculated its contribution to the width-normalized
total resistance. The results are shown in Fig. 8. As can
be seen, in the TFT with the thin gate dielectric, the contri-
bution of the contact resistance to the total TFT resistance
is indeed no greater than 10%, which means that the error
in the calculation of the DOS in the TFT with the thin gate
dielectric is relatively small. In the TFT with the thick gate
dielectric, the contribution of the contact resistance to the
total TFT resistance is about 20% and will thus introduce
a somewhat larger error. On the other hand, Fig. 8 also
indicates that the ratio between the contact resistance and
the total TFT resistance is essentially independent of the
gate-source voltage, which means that the overall shape of
the density-of-states function is not significantly affected.
One possibility to further reduce the influence of the con-
tact resistance on the extraction of the DOS would be to
perform the measurements on TFTs with an even greater
channel length [31].

IV. CONCLUSION

We explore an extension of the Griinewald method for
the extraction of the density and energetic distribution of
the trap states in the semiconductor of a transistor from
its measured transfer characteristics to transistors with low
operating voltage. The contribution of the interface poten-
tial V; to the total potential drop of the applied gate-source
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voltage is incorporated correctly into the formalism, lead-
ing to the extension of two of the three key equations for
the Griinewald method. To demonstrate the significance of
this extension, we perform the calculation of the trap DOS
on TFTs with a thick and with a thin gate dielectric, once
using the original Griinewald method and once using the
extended Griinewald method. For the TFT with the thick
gate dielectric, the original and the extended method yield
essentially the same result, which confirms the validity of
the original Griinewald method for such transistors. In con-
trast, for the TFT with the thin gate dielectric, the need
for the extended Griinewald method is verified, as in such
transistors, the contribution of the interface potential can-
not be ignored without introducing a significant error in the
calculated trap DOS.
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OUTPUT CHARACTERISTICS
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FIG. S1. Measured output characteristics of the transistors with the 110-nm-thick gate dielectric
(a) and the 5.3-nm-thick gate dielectric (b).

TRANSFER CHARACTERISTICS IN THE SATURATION REGIME
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FIG. S 2. Transfer curves measured on the TFTs with a 110-nm-thick gate dielectric (a) and

a 5.3-nm-thick gate dielectric (b). The transfer curves were measured in the saturation regime of

operation.



TRANSMISSION LINE METHOD
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FIG. S3. Channel-width-normalized contact resistance (Rc-W') measured using the transmission
line method and plotted as a function of the difference between the gate-source voltage and the
threshold voltage (Vgs - Vin) for the TFTs with the 110-nm-thick gate dielectric (a) and the 5.3-
nm-thick gate dielectric (b). Exemplary results of the channel-width-normalized total resistance
(Riot - W) as a function of the channel length for the TFTs with the 110-nm-thick gate dielectric

(c) and the 5.3-nm-thick gate dielectric (d).



	I. INTRODUCTION
	II. EXPERIMENT
	A. Device fabrication
	B. Electrical characterization

	III. ANALYSIS AND DISCUSSION
	A. The original Grünewald method
	B. Extension of the original Grünewald method
	C. Experimental comparison of the original and extended Grünewald method

	IV. CONCLUSION
	ACKNOWLEDGMENTS
	. References
	Supporting Information.pdf
	Supplemental Material: Quantitative Analysis of the Density of Trap States in Semiconductors by Electrical Transport Measurements on Low-Voltage Field-Effect Transistors
	Output Characteristics
	Transfer Characteristics in the saturation regime
	Transmission Line Method




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


