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Hydrogenated Amorphous Silicon
Thin-Film Transistors

Jerzy Kanicki* and Sandrine Martin
University of Michigan, Ann Arber, Michigan, U.S.A.

3.1 MOTIVATION

This chapter focuses on issues related to the engineering of high-performance
hydrogenated amorphous silicon (a-Si:H) thin-film transistors (TFTs) suitable for
large-area high-resolution active-matrix liquid crystal displays (AMLCDs). In
particular, the underlying physics, numerical simulation, and characterization of
a-5i:H TFTs and a-Si:H advanced TFT structures are described.

Ever since the solid-state revolution, silicon-based devices and integrated
circuits have replaced most of the conventional circuitry in electronics. The
change is so significant that the lives of almost everyene in the world have
been affected. Vacuum tubes, once dominant composing elements of electronic
appliances such as computers and radios are now historic exhibits and can hardly
be seen without going to a museum. However, vacuum tubes have not completely
disappeared from our lives. The giant vacuum cathode ray tubes (CRTs) still
remain the major information display terminal for television and computers. Yet

* CPOS, University of California, Santa Barbara, California (sabbatical)
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72 Kanicki and Martin

the CRT is gradually being replaced by the emerging technology of flat-panel
displays (FPDs). The advantages of FPDs are obvious, especially for portable
applications such as laptop computers, medical imaging X-ray sensors, and avi-
onic displays. Today, it is also clear that the heavy and bulky CRTs will soon
become history just like their other vacuum counterparts. In fact, the commerical
battle between CRTs and FPDs is very intense. The main reason for FPDs’ not
having completely taken over the CRT market is that they cost more than CRTs,
but the gap is closing every year. In fact, 2003 is expected to be the first year
when FPD revenue will exceed that of CRTs.

Among various FPDs, the dominant product on the market is liquid crystal
displays (LCDs). There are two types of LCDs: passive and active addressing
modes; the advantages of the former lay in its low cost, while the latter enables
high-resolution displays. For active-matrix LCDs, silicon (amorphous or poly-
crystalline) thin-film transistors serve as the key pixel electrode—switching ele-
ment. Hydrogenated amorphous silicon is well suited for AMLCDs because it
can easily be deposited over large areas at low temperatures that are fully compati-
ble with glass or plastic substrates. In addition, it has a high dark resistivity,
leading to TFTs with low leakage currents. Films of a-Si:H can be #- or p-doped
to allow for the fabrication of low-resistance contacts. The processing of a-Si:H
TFTs is similar to the crystalline silicon metal oxide—semiconductor (MOS) inte-
grated circuit technology, which makes AMLCDs more mature than other tech-
nologies, such as organic displays based on light-emitting devices. Finally, a-
Si:H technology benefits from the tremendous investment in a-Si:H solar cells
made several years ago, and so has become the dominant player in the active-
matrix display world.

3.2 NUMERICAL SIMULATION OF AMORPHOUS SILICON
THIN-FILM TRANSISTORS

Since hydrogenated amorphous silicon thin-film transistors were described by
LeComber et al. in 1979 [1], they have been widely used as switching devices
in active-matrix liquid crystal displays [2]. To improve the electrical performance
of a-8i:H TFT for high-resolution AMLCDs, for instance, it was important to
evaluate how the a-Si:H density-of-states (DOS) and the TET source/drain series
resistances affect the device electrical performance [3-5]. It was expected that
a good understanding of a-Si:H physics combined with the a-Si:H DOS model
would substantially reduce the time and cost of a-Si:H TFT process optimization.

Device modeling can be preliminarily divided into two fields: analytical
modeling and numerical modeling. In the early days only analytical modeling
could be achieved because of limited computer resources for numerical modeling.
The advantage of analytical modeling of a-Si:H TFTs [6-9] is that the device
performance and design parameters are related by a closed-form equation, helping
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the understanding and improvement of the device electrical performance. Further-
more, analytical modeling can be integrated easily into existing CAD tools such
as SPICE for circuit simulation. However, for a device with more complicated
materials or structures, it is difficult to derive a closed-form equation that can
represent the device physics. For instance, it is more difficuit to model a-Si:H
TFTs anaiytically than metal oxide—silicon field-effect transistors (MOSFETSs)
because the a-Si:H large density-of-states makes it difficult to solve Poisson's
equation and other differential equations. Furthermore, analytical modeling has
difficulty dealing with two- or higher-dimensional structures. Therefore, analyti-
cal modeling often has to simplify the device structure into one dimension. How-
ever. some structures, such as the a-Si:H TFT with thin semiconductor layer,
cannot be simplified into a one-dimensional structure, and any simplifying as-
sumptions made during the derivation will limit the accuracy of obtained results.

Although it is time censuming and difficult to incorporate into circuit simu-
lators, numerical modeling usually provides a more flexible method in the model-
ing of devices, so different model assumptions may be analyzed and compared.
The numerical method resolves basic semiconductor equations such as Poisson’s
and continuity equations without any simplifications. Based on these equations,
the influence of different distributions of density of states and source/drain contact
resistances can be analyzed from the point of view of two-dimensional current
flow.

3.2.1 Simulation Model

Today the most popular structure for a-Si:H TFTs is the inverted-staggered struc-
ture shown in Figure 3.1. The semiconductor layer consists of intrinsic a-Si:H
and heavily P-doped (n*) a-Si:H. The gate insulator is usually hydrogenated

Ips L .
__Source - Drain
N N ation] ARSI
o a.SiH passivation layer ot a5 Hl
a-Si-H E
a-SiN:H :
&G IOOUHUNINININNNNNNNNNNN
overlap 1™ Gate
Ohmic confact == = = = Neurnann boundary

Ficure 3.1 Cross section of the a-Si:H TFT structure used for numerical simu-
lations. (Adapted from Ref. 19 with permission from Elsevier Science.)
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amorphous silicon nitride (a-SiN,:H). The inverted-staggered a-Si:H TFT oper-
ates in the accumulation mede. When a positive voltage is applied to the gate
electrode, the band bending at or near the gate insulator/amorphous semiconductor
interface is increased and electrons accumulate near the interface to form the
conduction channel. If a positive drain voltage is applied to the drain electrode.,
the drain—source current flows from the drain to the source electrodes through
n* a-Si:H, intrinsic a-Si:H, and conduction channel (see Fig. 3.1),

If the electrostatic potential and quasi-Fermi levels are known as a function
of position, all the physical phenomena can be determined. To calculate these
three vartables, the two-dimensional Poisson's equation and continuity equations
are solved simulianeously [10]. Poisson’s equation is given by

VeV =glp — n — SINT — N3] (3.1)

where € is the permirttivity of a-Si:H, W s the electrostatic potential, ¢ is the
electronic charge, p and r are electron and hole concentrations, respectively. and
Ni and Nj are the concentrations of ionized acceptor-like and donor-like states.
respectively.

The continuity equations for electrons and holes, respectively. are as fol-
lows:

—'év"]n = Gu - Rn (32)
l
Ve = G = Ry (3.3)

where J, and J, are the current density for electrons and holes, respectively, G,
and G, are the generation rates {(cm~*s ~'} for electrons and holes, respectively,
and R, and R, are the recombination rates (cm~3s™ 'y for electrons and holes,
respectively. The net recombination rate through every defect state is given by
the Shockley—Read~Hall formulation [11].

The two-dimensional a-Si:H TFT structure is decomposed into a discrete
mesh structure by the finite-¢lement method. Grid points are placed nonuniformly
and depend on the estimated distribution of carrier concentrations. The area near
the a-Si:H/a-SiN,:H interface and the source/drain-gate overlap have denser grid
points. A larger number of grid points can improve the accuracy of simulation
but will also increase computation time. To ensure an acceptable compromise,
the number of grid points is increased until the simulation results are within 2%
of variations: for a 10 wm-channel-length a-Si:H TFT, the tota] number of grid
points in our device structure is about 800. Once the grid points are determined
and drain and gate voltages are set, the simulation program resolves the nonlinear
partial differential equations (Poisson’s equation, electron and hole continuity
equations) using Newton's method [10] and W, n, and p as unknowns. All the
physical parameters, such as current, electrostatic potential, electron concentra-
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tion, hole concentration, electrical field, and energy band bending, can be calcu-
lated.

3.2.1.1 Boundary Conditions

Two types of boundary conditions are used in this simulation: ohmic contact and
Neumann (reflective) boundary. These boundaries are illustrated in Figure 3.1.
The contacts between source/drain metal and n* a-Si:H, and gate metal and gate
insulator interfaces are assumed to be ohmic. On the other hand, the outer edges
of a-Si:H TFT are assigned to be Neumann boundaries. Ohmic contacts are con-
sidered as simple Dirichlet boundaries, where the boundary fixes the electrostatic
potential and the electron and hole concentrations along the boundary. For a
given specific contact resistance (R, in Q-cm?), the electrostatic potential W is
determined by

R,
P = Yrer + Ve — Xln (3.4)

where A is the area of the boundary, e = E. — Ef/q at the terminal, Er is the
Fermi-level position, V,, is the terminal voltage, and /, is the terminal current.

On the other hand, the outer edges of the a-Si:H TFT are assumed to be
limited by the Neumann boundary conditions, so the current flows out of the
device only through the drain and source contacts. Assuming no surface charges
on such edge, the normal components of the electrostatic potential and carrier
concentration gradients are set to zero:

ob odn  dp

EA (3:5)
where # is the direction perpendicular to the external boundary.

Traditionally, the MOSFET boundary conditions are based on the semi-
infinite semiconductor assumption; i.e., the width of the space-charge regions (or
the effective Debye length) is much smaller than the thickness of the semiconduc-
tor, and the band bending decreases to zero in the bulk of the semiconductor
layer (dl/dy = Oand ¢ = Qaty = fosin) However, these boundary conditions
are not always applicable to a-Si:H thin-film transistors [12—14]. Thin a-Si:H
layers (500-2500 A) and low free-carrier density will allow the depletion region
to extend over the entire semiconductor layer. Thus the traditional boundary
conditions at the interface between the a-Si:H and the passivation layer cannot
be applied to a-Si:H TFTs.

The set of the three-coupled nonlinear partial differential Egs. (3.1), (3.2).
and (3.3) are numerically solved for every grid point at given drain, source, and
gate biases. Examples of the simulated static transfer characteristic in linear and
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Figcure 3.2 (a) Simulated transfer characteristics in linear and saturation re-
gimes. {b) Simulated output characteristics. (From Ref. 15.)

saturation regimes are shown in Figure 3.2a [15]. The field-effect mobility (ur)
and threshold voltage (V) were extracted in linear and saturation regions [16]
using the gradual channel approximation equations:

C;W
Ips = w—’i""‘ (Vos — Vo) Vs (3.6)

for Vps = 0.1 V (linear region), and

CW ,
Ins = YL (Vs — Vo? (3.7)

for Vps = Vs (saturation region), where C; is the gate insulator capacitance per
unit area, L is the channel length, W is the channel width, Vs is the gate—source
voltage, and Vs is the drain—source voltage. An example of output characteristics
is shown in Figure 3.2b.

3.2.1.2 Amorphous Silicon Density-of-States Model

The model of the density-of-states for a-Si:H proposed by Davis and Mott [17]
is adopted in this simulation. The states present in the a-Si:H electronic gap consist
of two types: band-tail states and deep-gap states. For numerical simulation, the
continuous distributions of both acceptor- and donor-like states within the mobil-
ity gap was approximated by several discrete energy states. A total number of
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90 discrete energy states with an 0.02 eV interval constitutes a trade-off between
accuracy and computation time.
The distributions of band-tail states are given by Eqgs. (3.8) and (3.9):

E— E‘) (3.8)

8cBa = Bua exp( E

E-E,
8vBd = Bud exP(_ E; ) 3.9

where g,, and g,, are the densities of acceptor- and donor-like tail states at E =
Ec and E = Ey, respectively, and E, and E; are the characteristic slopes of the
conduction- and valence-band tails, respectively. The valence-band-tail states are
below the Fermi level and have negligible influence on a-Si:H TFT electrical
characteristics in the ON-state. This is not the case for the conduction-band-
tail states, which can significantly affect the a-Si:H TFT electrical performance.
Transfer characteristics in the saturation region calculated for different £, values
are shown in Figure 3.3a: the corresponding s decreases and V- increases when
E, increases. We should note that the lower E, values are associated with a-Si:H
film having an enhanced short-range order.

12 T T T T T T T T L T F T L
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(a)
Ficure 3.3 Simulated transfer characteristics in the saturation regime for (a)

different conduction-band-tail slopes and (b} different peak values of deep-
gap states. (From Ref. 15.)
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The deep-gap states are modeled by two Gaussian-like distributions repre-
senting the donor- and acceptor-like traps:

E — A\

EnGa = d, EXP(_(O__z)) (3.10)
E —\)°

8oGd = g4 EXP(‘%) 3.10

where d,, and 4 are the peak values of the Gaussian distribution of acceptor- and
donor-like deep-gap states, respectively, A, and A, are the mean energies of the
Gaussian distributions of acceptor- and donor-like states, respectively, and o,
and o, are the standard deviations of the Gaussian distributions of acceptor-
and donor-like states, respectively. The description and default values for these
equations and typical geometry parameters used in this simulation are listed in
Table 3.1.

Simulated transfer characteristics are plotted in Figure 3.3b for peak values
of deep-gap states, d, ranging from 2 X 10'% to 10" cm ™3¢V ~'. The TFT field-
effect mobility is not affected, but the threshold veltage increases with increasing
d,.

3.2.1.3 Source and Drain Contact Resistances

Based on the current flow shown in Figure 3.1, the a-5i:H TFT source/drain series
resistances consist of three parts: (1) the specific contact resistances between the
source/drain metal electrodes and the n* a-St:H layers; (2) the resistances of n*
a-Si:H film; and (3) the resistances due to the intrinsic a-Si:H layers between
the source/drain n™ a-Si:H layers and the conducting channel (a-Si:H/a-SiN,:H
interface). Parts (2) and (3) will be discussed in section 3.3.4.

In general, the contact resistance depends on the specific contact resistance
(Rc) and the contact area. Today R is limited by the poor doping efficiency of
n* a-Si:H, and it is about 0.1~1 -cm? with current a-Si:H TFT technology. For
a given source/drain metallurgy, one way to reduce the contact resistance is to
increase the doping efficiency of n* a-Si:H. Kanicki [18] showed that when the
nt a-St:H film resistivity (R is reduced from 100 to 10 }-cm, the R decreases
from 30 to 0.1 Q-cm’. The experimental relation between Rr (in (3-cm) and R
(in Q-cm?) for Mo/n* a-Si:H contacts can be described by [18]

log(R,) = —1 + L.25 log(R) (3.12)

For large Rc, a nonnegligible portion of the applied drain voltage drops on
the high source/drain contact resistances, leading to a reduced field-effect mobility
[19].
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TABLE 3.1 Parameters Used for the Numerical Simulations, Unless

Specified Otherwise

Parameter Value Description

Ag (V) 0.98 Mean value of Gaussian-distributed
acceptor-like deep-gap states

a,leV) 0.2 Variance of the Gaussian-distributed
acceptor-like deep-gap states

g leV) 0.56 Mean value of the Gaussian-distributed
donor-like deep-gap states

ogleV) 0.17 Variance of the Gaussian-distributed

v donor-like deep-gap states

o, {em?) 10 Electron capture cross section of the
conduction-band-tail states

oo (cmZVs) 8 Electron mobility in conduction-band
extended states

o, (cm?) 10 Hole capture cross section of the valence-
band-tail states

Lo (em2/Vs) 6 Hole mobility in valence-band extended
states

EsiN . 6.9 Dielectric constant of the gate insulator

d, [cm™3ev~1) 108 Peak value of Gaussian-distributed
acceptor-like deep-gap states

dy{cm™3eVv™1) 10'® Peak value of Gaussian-distributed donor-
like deep-gap states

E. (meV) 26 Conduction-band-tail characteristic energy

Eq(meV) 55 Valence-band-tail characteristic energy

Es leV) 1.8 Band gap of a-Si:H

ga lcm~3evT) 10 Density of states at E,

galom™ eV ) 102! Density of states at E,

L{pm) 10 Channel length

d {um) 3 Source/drain gate overlap

A.{0em?) 0.26 Source/drain specific contact resistances

A ((em) 1.25 n* a-Si:H film resistivity

ta-sin (pm) 0.25 a-Si:H film thickness

tasi (pm) 0.07 nt a-Si:H film thickness

ta-sin (m) 0.35 a-SiN,:H {gate insulator) film thickness

W{Lm} 60 Channel width
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3.22 Temperature Effect on Amorphous Silicon Thin-Film
Transistors

Transfer characteristics simulated at different temperatures ranging from 300 to
420 K at Vpg = 0.1 V show temperature-activated behavior, and the field-effect
activation energy E,, can be calculated from the Arrhenius plot, i.e., the slope
of log(lps) versus I/T plot at a given Vgs.

An increase in the density of the deep-gap states causes only a threshold
voltage shift and consequently no change of the E,., — Vs curve above threshold
[20]. On the other hand, the conduction-band-tail has a significant effect on the
activation energy curve. Figure 3.4 shows the E,., — Va5 curves calculated for
vartous conduction-band-tail slopes. The field-effect activation energy clearly
increases with increasing density of conduction-band-tail states. An increase of
the energy difference between the conduction-band edge and the Fermi level (at
0 K) can also be observed [21].

. An experimental result is also given in Figure 3.4: Simulation cannot ex-
plain the experimental curve, This can be achieved by considering the temperature
dependence of the source/drain series resistance. By adding temperature activated
behavior of the §/D contact resistances and resistances of the n* a-Si:H layers,
good fit can be obtained between the experimental and simulated field-effect
activation energy curves [21].

0.5 T T T T T T T T
E (meV)=
u
0.4 —— 15 —o—23 4
—a— 31 —»—39
—_ —0— 47 —+— 55
< 03 ] .
) Experimental data
f-uto.z - .
0.1F .
o0 m
0 5 i0 15 20

Voo (V)

Ficure 3.4 Simulated evolution of the a-Si:H TFT field-effect activation en-
ergy for various conduction-band-tail slopes. (From Ref. 15.)
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3.2.3 Amorphous Silicon Thin-Film Transistors Under
lllumination

The numerical simulation program developed for the analysis of the a-Si:H TFT
under illumination {22,23] is similar to the one described earlier, used in the dark.
[t solves simultaneously the three equations describing the steady-state conduction
in semiconductors: the Poisson equation, electron and hole continuity equations,
out of thermal equilibrium, using the Shockley—Read model for the carrier recom-
bination rate. The amorphous silicon density-of-states is modeled by two expo-
nential band tails and two Gaussian distdbutions of monovalent states, where the
recombination process takes place. The program takes into account the a-Si:H
density-of-states at the interfaces (a-Si:H/a-SiN,:H and back-channel interfaces)
and in the bulk of the semiconductor. The gate insulator is assumed to be ideal;
i.e., there is no charge trapping or fixed charge present in the insulator layer. The
TFT is illuminated from the source—drain side, and we assume that the whole a-
Si:H layer is exposed to the light. The spatial resolution of the three-equation set
is achieved over the whole a-Si:H TFT structure by defining an irregular 2D
mesh, thinner at the interfaces between two different layers. For each set of input
conditions (voltages and illumination conditions), we obtain, at every node of
the 2D mesh, the values of the three unknowns: electrostatic potential and electron
and hole Fermi potentials. These values allow us to deduce 2D maps of the
physical parameters, such as the current densities, carrier densities, and electric
field.

Figure 3.5 shows the TFT transfer characteristics simulated in the dark and
under a uniform monochromatic illumination. We can distinguish both the a-Si:H
TFT electron and hole threshold voltages, which delimit three main TFT operating
regimes [24]:

(I} electron accumulation layer created at the a-Si:H/a-SiN,:H interface;
(ID  no accumulation layer;
(Il) hole accumulation layer created at the a-Si:H/a-SiN,:H interface.

In regime (I}, the TFT drain current is associated with the drift diffusion
of electrons in the accumulation layer (conduction channel). In regime (II), the
TFT drain current results from the same mechanism as in regime (I}, but the
conduction occurs uniformly in the whole amorphous silicon layer (channel and
bulk), since there is no carrier accumulation at the a-Si:H/a-SiN,:H interface.
Because the carrier densities in the whole amorphous silicon layer depend mostly
on the light-induced generation and carriers recombination rates, in this regime
the TFT drain current is sensitive to the amorphous silicon thickness and to the
bulk density of states of amorphous silicon. In regime (III), the existence of the
hole accumulation layer at the a-Si:H/a-SiN,:H interface, in combination with
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Ficure 3.6 Simulated a-Si:H TFT transfer characteristics under illumination
and in the dark. {From Ref, 23, with permission from Society for Information
Display.)

the n+ a-Si:H source/drain contact layers, results in a situation similar to two
a-Si:H pn junctions located at the source and drain access areas. For a positive
drain voltage, the source and drain junctions are, respectively, in the ON- and
OFF-state.

We can actually distinguish two different conduction regimes within regime
(II): In regime (IIl.a), the TFT current increases with the magnitude of the gate
voltage, while it reaches a plateau in (IILb). The distinction between these two
regimes depends on the relative importance of two different physical mechanisms:
In regime (I11.a), the drift diffusion of holes in the accumulation layer {conduction
channel) is predominant, whereas in regime (IIL.b) the recombination of electrons
and holes in the drain (OFF-state) pn junction depletion region is the most impor-
tant. We should note that the importance of the source junction has been men-
tioned in [25], but we do not think that it is critical in regimes ([Il.a) and (IILb).
Figure 3.6 shows the simulated variations of the electron and hole Fermi potentials
along the usual TFT current path between the source and drain contacts. We can
see that, in regime (IIL.a) (here for Vg = —7.5 V), the main variation of the
Fermi potentials happens in the accumulation layer, where the drift diffusion of
holes occurs, The conduction in this regime is similar to the conduction when
the TFT is in the accumulation regime {gate voltage larger than the electron
threshold voltage); however, in this regime the majority carriers are the holes
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Ficure 3.6 Simulated variations of the electron and hale Fermi potentials
along the main TFT current path under illumination. (From Ref. 24.)

Fe

instead of the electrons. In contrast, in regime (IILb) (here for Vo = —20 V),
the main variation of the Fermi potentials occurs in the drain pn junction depletion
region, where the recombination of electrons and holes is taking place. Photogen-
erated current at the drain junction is the lowest [25] and is therefore the bottleneck
in the process. Consequently, the a-Si:H TFT current depends only on the light-
induced generation and recombination of electrons and holes in the drain pn
junction depletion region. Actually, for high negative voltages, the recombination
rate can be neglected, and the TFT current is therefore set only by the light-
induced generation of electrons and holes (as in a photodiode case). This can
explain why, in this regime, there is no longer any influence of the gate voltage
(saturation phenomenen) or channel length on the TFT drain current as observed
experimentally {23]. However, we should note that this saturation regime is not
always reached for typical values of the gate voltage.
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The parameters that influence the a-Si:H TFT drain current depend on the
TFT operation regime to be considered. The electron and hole threshold voltages
depend mostly on the amorphous silicon density-of-states associated with both
the a-Si:H/a-SiN,:H interface and the bulk a-Si:H; the difference between the
two threshold voltages is higher for a larger density-of-states. In regime (II), the
TFT drain current depends strongly on the amorphous silicon thickness but also
on the a-Si:H bulk density-of-states; it increases with a-Si:H thickness and de-
creases with a-Si:H density-of-states. The drain current in regime (IILb) depends
only on the light-induced generation of electron—hole pairs in the drain pn junction
depletion region (between the drain contact and the a-Si:H/a-SiN,:H inter{ace);
it increases with the illumnination intensity and with the pn junction area.

3.3 AMORPHOUS SILICON THIN-FILM TRANSISTOR
CHARACTERIZATION

3.3.1 WNormalization of Thin-Film Transistor Characteristics

a-Si:H TFT transfer characteristics need to be normalized to accurately compare
samples with different geometric parameters and/or different gate insulators [26].
First, in order to take into account the geometrical dependence of the TFT charac-
teristics in the linear regime, we should use the normalized TFT conductance (in
Q1) instead of the TFT drain current:

I
G Ds

= VpsWIL (3.13)

where Vps is the source—drain voltage and W and L are the TFT channel width
and length, respectively.

Then instead of the gate voltage, we should use the electrical charge induced
by the gate voltage at the amorphous semiconductor/gate insulator interface {in
Clem?):

Qina = Vos X G (3.14)

where C; is the insulator capacitance per unit area. Alternatively, we can use
G/Ci versus Vgg characteristics for the analysis of the TFT linear regime.

In the TFT saturation regime., we should use the normalized TFT current
expressed by

f
fpsaorm = C“D/;ZL 3.15)
i
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Ficure 3.7 Normalized a-Si:H TFT transfer characteristics and fitting used for
extraction of the field-effect mobility and threshold voltage in the (a) linear
and (b) saturation regimes.

Examples of normalized TFT characteristics in linear and saturation regimes are
shown in Figure 3.7a and b, respectively.

3.3.2 Extraction of Thin-Film Transistor Electrical
Parameters

The most basic TFT characterization involves the extraction of field-effect mobil-
ity, threshold voltage, and subthreshold swing. To obtain meaningful extracted
TFT electrical parameters, the fitting range must be chosen carefulty to ensure that
devices with different geometry, gate insulator characteristics, or measurement
conditions are compared in the same operating states, which do not necessarily
occur at comparable gate voltage ranges.

In the linear regime, i.e., for low drain voltage, the TFT apparent field-
effect mobility p.rz and threshold voltage Vr are deduced from the following
equation, using the MOSFET gradual channel approximation:

Ips

VpsC: WIL — PFE (Ves — V) (3.16)

The fit of the experimental data to Eq. (3.16), as shown in Figure 3.7a, is per-
formed around a fixed value of the normalized drain current Ips/(VpsCiW/L).
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In the saturation regime (typically for Vps = Vgs), the TET field-effect
mobility and threshold voltage are calculated from the following equation:

Ips 2
C,WIZL - “‘FE(VGS VT) (317)

The fit of the experimental data to Eq. (3.17), as shown in Figure 3.7b, is per-
formed around a fixed value of the normalized drain current fp5/(C;W/2L).

In addition, the normalized threshold voltage Vr X C; should be used
instead of the threshold voltage, to allow for comparison of devices with different
gate insulator characteristics.

The subthreshold swing (8) is usually extracted from the TFT transfer char-
acteristic in the subthreshold regime, using the following equation:

-1
_ (dlog ({p)
- (g

The fit of the experimental data to Eq. (3.18), as shown in Figure 3.8, is performed
around a fixed value of fps/(VpsW/L). Ins/(VasWIL) can also be used in Eq. (3.18).
From the value of the subthreshold slope, we can also calculate the equiva-
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Ficure 3.8 a-Si:H TFT transfer characteristics and fitting used for extraction
of the subthreshold swing.
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lent maximum density-of-states that can be present at the amorphous semiconduc-
tor/gate insulator interface [27]:

max _ (D10 (e) VG
NE® = (—kT/q 1) (3.19)

q
where ¢ is the electron charge, & is the Boltzmann constant, and T is the tempera-
ture. NI** can be used to compare devices with different gate insulator character-
istics.

In the linear regime, the MOSFET equation predicts that, for low Vpg, a
linear Ips — Vg5 characteristic should be observed. However, Ips — Vs charac-
teristics of TFTs often exhibit a nonlinear behavior inconsistent with the predic-
tions of the MOSFET gradual channel equation, as seen, for example, in Figure
3.9. This deviation from the ideal MOSFET behavior [9,16,28,29] has been asso-
ciated with dispersive transport in a-Si:H [30]. More precisely, the device model
was modified to include an additional parameter, vy, representative of the /ps —
Vs nonlinearity at low Vpg, as follows:

Ips = M(Vgs — V) Vps (3.20)
1.5
V=01V
- W/L=50pm/f0pm
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= —e— 700
3
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Ficure 3.9 a-Si:H TFT transfer characteristics in the linear regime exhibiting
significant nonlinearity.
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where M = preC; (W/L). The physical signification of vy is often given by
_ .0 _
v=2 T 1 (3.21)

where T} is the characteristic temperature of the amorphous semiconductor den-
sity-of-states distribution around the position of the Fermi level [16], i.e., typically
the characteristic temperature of the conduction-band-tail states. The equation is
valid for T <C Ty. The nonideal situation of y > | is assoctated with a high density
of conduction-band-tail states, which can usually be attributed to variations of
the Si-5i bond angles and distances in the amorphous semiconductor. However,
v can be significantly underestimated in the case of nonnegligible source and
drain series resistances [31].

We should note that, when the TFT parameter extraction is performed using
Eq. (3.20), the unit of the term wgzC; (W/L) is A/VY ™! (instead of A/V? as in the
case of the MOSFET-based equation) and consequently depends on the value of
. Therefore, to ensure proper comparison between samples with different -
values, the TFT field-effect mobility and threshold voltage are extracted using
Eq. (3.16), i.e., based on the MOSFET gradual channel approximation. Eq. (3.20)
was used separately for the extraction of the y-parameter only.

3.3.3 Thin-Film Transistor Source/Prain Series Resistances

The complete analysis of a-Si:H TFT electrical performance also involves the
extraction of the TFT source and drain series resistances, the intrinsic field-effect
mobility, and intrinsic threshold voltage. The intrinsic a-Si:H TFT parameters
are representative of the electrical characteristics of the conduction channel itself
without the influence of the parasitic series resistances. They can be extracted
by the well-known transmission line method (TLM) [32,33] using a series of
TFTs with different channel lengths measured at a low source—drain voltage, so
we can neglect the space-charge-limited currents (SCLC) effect.
The tota] TFT ON-resistance is:

RT =5 = ren L+ ZRS/D (322)

where ry, is the channel resistance per channel-length unit and 2Rgyp, is the total
(source + drain) series resistances, respectively. Using Eqgs. (3.16) and (3.22),
we can express the total TFT ON-resistance Ry as a function of the TFT apparent
field-effect mobility and threshold voltage:

R — L
T e CW(Vgs = Vo)

(3.23)

]
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The same equation applied to the ideal TFT (conduction channel only) lets
us express the channel resistance as a function of the intrinsic mobility and thresh-
old voltage, prg; and Vy, which are representative of the conduction channel
material, without the influence of the TFT series resistances:

1
Ton = weg CiW(Vas — Vr)

(3.24)

The extraction of the TET source and drain series resistances and intrinsic
field-effect mobility and threshold voltages is rather straightforward using a series
of TFTs with different channel lengths, as shown in Figure 3.10. We first plot
the total TFT ON-resistance as a function of the TFT channel length for different
gate voltages, ensuring that the TFT is in accumulation regime, and then we fit
the experimental data to linear curves. This lets us obtain the TFT total series
resistances {Rs + Rp) from the y-intercepts and the channel resistance per chan-
nel-length unit {r.,) from the stopes. By plotting the reciprocal of ry as a function
of the gate voltage and, once again, determining its linear fit, the x-intercept gives
the intrinsic threshold voltage Vy; and the slope yields the intrinsic field-effect
mobility wrg; as indicated by Eqg. (3.24).

The TFT series resistances are closely related to the overlap between source
(or drain) contact and gate contact. The TFT drain current does not usually flow

3
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Figuge 3.10 lllustration of the transmission line method used to extract the
S/D series resistances and the a-Si:H TFT intrinsic parameters. The total ON-
resistance Ry has been plotted as a function of the TFT channel length for
different gate voltages. The inset shows the evolution of 1/, with the TFT
gate voltage. Symbols: experimental results; solid lines: linear fits. (Adapted
from Ref, 26)
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Ficure 3.11 (a) Equivalent circuit near and above the a-Si:H TFT source elec-
trode. {Adapted from Ref. 39.} (b) Representation of the characteristic {ength
Lt. {(From Ref. 23.}

through the whole source or drain contact but is more likely limited to a specific
area of the contact [34-36). More precisely, we can define the TFT characteristic
length (L7) representing the dimension (along the source—drain axis) of the effec-
tive contact area. Figure 3.11 illustrates the top-gate a-SI:H TFT cross section
and simplified schematic circuit diagram at the source contact. At the source-
electrode side, the change of the channel current above the source electrode can
be expressed as

dizx('r) = —Win) (3.25)
with

Jelx) = ValxWreer (3.26)
and

Feert = Ig + rc (3.27)

where [.n(x) is the horizontal current in the channel (a-Si:H/a-SiN:H interface)
at position x, J{x) is the vertical current density at position x, Vi, (x) is the
electrical potential in the channel at position x, and rg and r- are the vertical
bulk and contact resistivity (in {-cm?), respectively.

The variation of V;(x) along x can be expressed as

d vch (.1’) -

dv = fop (X)ren (328)
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Combining Egs. (25), (26), and (27), we have

dzvch (x) _ 1
5 = __L% Ve (x) (3.29)
with
a2 _ TFeett
Lt = --—rCh (3.30)

where Ly is the characteristic length of the source (drain} series resistance at a
fixed VGS'
The boundary conditions for Eq. (2.28) are

dV(x

—= ) T —Ioren (331
and

dVep(x) _

& |, 0 (3.32)

where I, is the total TFT drain-to-source current.
We can solve Eq. (3.29) for Ven(x) analytically:
cosh{(x — d)/Ly]
sinh(d/L7)

The series resistance Rgp (in ohms) at the source or drain contact can then be
expressed as

Valx) = forenlr (3.33)

Venlx = 0 d
RS/D = _&I:)—_) = Ye¢h LT COth(L_T) (334)
and

Ly = —m (3.35)

Fen coth{d/L)

The values of Rgp and rq, are determined experimentally from Egs. (3.22) and
(3.24), respectively. Therefore, Ly can be calculated by solving Eq. (3.35) numeri-
cally. Purthermore, if &/Lr >> 1, Eq. (3.35) can be reduced to

L, = Rso (3.36)

Ten
and from Eqg. (3.30) we can obtain the effective contact resistance:
WR%p
Tch

FCett = WL?J'" Yeh = (337)

It can be shown that, as expected for a-Si:H TFTs, reeer and Lp vary with Vgg in






