Chapter 8
Electronic Behavior of Nanocrystalline
Silicon Thin Film Transistor

Prachi Sharma and Navneet Gupta

Abstract Thin film transistor (TFT) plays an important role for the fabrication of
highly functional active matrix backplanes for large area display applications such
as organic light emitting diodes (OLEDs). Nanocrystalline silicon (nc-Si) has
recently achieved lot of interest over existing hydrogenated amorphous silicon
(a-Si:H) and polycrystalline silicon (poly-Si) due to its superior properties which
makes it suitable channel material for the fabrication of TFTs. In present work, the
physical insight into the nc-Si TFT device characteristics and device non idealities
is reported which can provide important step for the production of high perfor-
mance large area display devices.

8.1 Introduction

Thin film transistor (TFT) is commonly used as a pixel addressing element and is
the heart of large area electronic devices over the past few decades [1-3]. Large
area electronics involves various display applications such as liquid crystal displays
(LCDs) and organic light emitting diodes (OLEDs). The aim of these applications is
to spread electronic components over large area substrate at low fabrication cost.

For the production of new generation large displays, an active matrix addressing
scheme is required for display panels where pixels are located at row and column
interactions in order to minimize capacitive losses in column and row lines. This
addressing scheme basically consists of two TFTs per pixel, of which one is
operated under continuous gate bias and hence requires a high electrical stability.
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For fabricating TFTs, various materials can be used as an active channel layer.
The commonly used materials are hydrogenated amorphous silicon (a-Si:H) and
polycrystalline silicon (poly-Si).

Nanocrystalline silicon (nc-Si) has been proven as the best alternative material
over a-Si:H and poly-Si as shown in Table 8.1. The TFTs consist of three electrodes
(i.e., source, drain, and gate), gate insulator, and thin semiconductor layer. Based on
the level of the gate electrode, the TFTs are divided into two types, top-gate TFT
and bottom-gate TFT. In top-gate TFT, the gate electrode is located above the
semiconductor layer whereas in bottom-gate TFT, the gate electrode is located
below the semiconductor layer.

When the nc-Si film is deposited over the amorphous substrate like glass then its
crystallinity is not very high in the initial growth phases because the nc-Si is usually
grown up in the form of cone-shape that is from bottom to top. The grain size and
therefore the crystallinity increase with the increase in nc-Si film thickness [6]. This
structural difference in top and bottom layers of nc-Si film plays crucial role in nc-Si
TFT designing.

In case of bottom-gate structure, the device performance depends on the bottom
layer of nc-Si film where the channel is formed as compared to top-gate TFT, where
the channel is located in highly crystalline part at the top of nc-Si film [7]. Owing to
this, the top-gate nc-Si TFT provides high mobility and also the better performance
as compared to bottom-gate TFT. For this reason, top-gate structure of nc-Si TFT is
considered in the present work. The schematic view of top-gate nc-Si TFT shown in
Fig. 8.1 consists of a glass substrate, above which a nc-Si layer is used to form the
channel followed gate dielectric.

The advancement in performance of flat panel display has been realized by
reducing the size of top-gate nc-Si TFT and thus of gate dielectric. However,
scaling down the size of gate dielectric causes two main problems that are reliability
and leakage current. To avoid the leakage current problem, the selection of gate
dielectric material is necessary which must have high-k value. However, possible
high-k materials impose some practical challenges and have conflicting material
properties. Therefore, some material selection approaches are required to recognize
the trade-offs between conflicting properties and also to select the optimal material
for better device performance. Material selection approaches also help us to provide
ranking to the alternatives from best to worst. Therefore, these approaches provide a
platform to select and prioritize the possible materials and also provide support to
perform rigorous evaluation of the possible alternatives. Sharma and Gupta [8]

Table 8.1 Comparison between different materials used for the TFT fabrication [4, 5]

Parameters a-Si:H nc-Si Poly-Si
Mobility Low Much higher than a-Si:H High

Circuit type NMOS NMOS/PMOS NMOS/PMOS
Stability Less stable More stable than a-Si:H Stable
Uniformity High Potentially high Poor

Cost Low Low High
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Fig. 8.1 Schematic view of Gate
top-gate nc-Si TFTs
T Gate dielectric T
Source nc-Si Channel Layer | Drain

Glass Substrate

investigated SizN4, Al,O3, ZrO,, Ta,Os and HfO, materials for the gate insulator
of top-gate nc-Si TFT by mean of three most popular material selection approaches
ie.,, Ashby’s approach [9], VIKOR (VlseKriterijumska Optimizacija [
Kompromisno Resenje in Serbian) [10], and TOPSIS (Technique for order pref-
erence by similarity to ideal solution) [11]. For this analysis, two performance
indices (i.e., drain current and leakage current) based on four material indices (i.e.,
dielectric constant, band gap, conduction band offset and interface trap density)
have been considered. The results (Tables 8.2 and 8.3) show that SizNj is the best
suitable material and can provide high drain current and less leakage current when
used as gate dielectric in top-gate nc-Si TFT.

The performance of top-gate nc-Si TFT also depends upon the various process
parameters used during its fabrication and also on the conduction and instability
mechanisms that occurs under electrical stress. So it is important to look into all
these aspects.

The first section of this chapter explains the important outcomes and the research
carried till date in the area of top-gate nc-Si TFT. In the second section, models for
conduction in nc-Si TFT given by various researchers are reviewed. In third section,
the mechanisms which cause the electrical instability in TFT are explained in detail.

8.2 Fabrication of nc-Si Based TFTs

The key findings of published research in the area of top-gate nc-Si TFT are as
follows.

Min et al. [12] discussed that the nc-Si film in ideal condition grows quickly,
provide highest mobility in minimum thickness and provide lowest conductivity
under electrical stress. The lowest conductivity at room temperature in nc-Si film is
achieved as low as conductivity of crystalline silicon which is around 10~ S/cm.
They proposed that as the film thickness increases from 50 to 350 nm, the mag-
nitude of film conductivity increased by the order of five. This is due to the increase
in magnitude of electron field-effect mobility by order of two and also increase in
carrier density. The increase of electron mobility with the increase in film thickness
is the key point behind the use of top-gate structure of nc-Si TFT to avail benefit of
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carrier mobility which is premier at the top level of the nc-Si film. However, authors
didn’t present any information regarding hole mobility. Authors also discussed that
in case of TFT, the leakage current is basically the conduction current which is
related to channel layer under flat band situation. Therefore, it is necessary to reduce
the electron carrier density present in channel in neutral condition. In TFT, the
leakage current must be lowest for its possible application as switch, to provide
voltage stability or in CMOS circuits to provide minimal power consumption. They
have used PECVD technique for the fabrication of top-gate coplanar TFT and
proposed that the compensation doping getting of water and oxygen content from
mixture of base gases, or addition of chlorine content during film deposition can
help in reducing the electron carrier density.

Cheng et al. [13] presented top-gate staggered nc-Si TFT deposited using
PECVD at low temperature of about 150 °C. They proposed that the quality of the
nc-Si material can be measured by the mobility of carriers present in the nc-Si
channel in saturation condition as it directly reveals the capability of nc-Si material
because saturation current is not influenced by the trapping and detrapping of
charge carriers in gate dielectric. In addition to this, there is insufficient activity of
doped layer under saturation condition and therefore saturation mobility reflects the
lower limit of nc-Si channel capability.

In later research [14], they proposed that the structural formation of nc-Si film is
based on various parameters like hydrogen dilution, temperature during deposition,
nc-Si film thickness, and type of the substrate. They used both glass and plastic
(Kapton E polymide) substrates for their study and fabricated both p-type and
n-type staggered top-gate TFT devices on a single substrate using PECVD. They
have achieved sufficient mobilities for realizing CMOS circuit on plastic but fail to
achieve low off current and less threshold voltage shift due to poor quality of
dielectric and the interface between gate dielectric and channel. They reported that
for the better performance of the device, the substrate must have low thermal
expansion coefficient, high thermal stability, low surface roughness, high chemical
stability and transition temperature of glass, low permeability by oxygen and water,
and low shrinkage capability to avoid misalignment during photolithography.

Lee et al. [15] proposed ambipolar transistor which worked alternatively as
p-type and n-type transistor by the application of negative and positive gate volt-
ages, respectively. The fabrication of ambipolar transistor is not reported earlier as it
is difficult to realize high-quality contact between metal and semiconductor and also
to deposit high-quality nc-Si film. They have used nc-Si/Cr stack as source-drain
contacts in place of n* nc-Si for the fabrication of top-gate TFT. They proposed that
hydrogen atoms clean the surface of Cr electrodes, during the initial phase of nc-Si
film formation and this leads to highly crystalline nc-Si film and therefore Cr
silicidation provides lower electron as well as hole injection barrier. They reported
that at higher gate voltages, leakage current increases exponentially for both p- and
n-type TFTs, which validates ambipolar operation. This behavior is due to accu-
mulation of holes and electrons in n-channel and p-channel under reverse gate
voltages through injection from Cr drain, this discriminates TFT with Cr silicide
contacts from TFT with n* nc-Si contacts.
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Lee et al. [16] presented the low temperature (i.e., 260 °C) fabrication of top-gate
nc-Si TFT through 13.56 MHz PECVD by the use of silane diluted with hydrogen.
They propose that the hydrogen dilution of silane controls the crystallinity of nc-Si
layer [17], however, this increases the level of oxygen impurity in nc-Si film and at
the grain boundaries. The high concentration of hydrogen atoms in the silane plasma
is the main requirement for the deposition of low temperature highly crystalline
nc-Si film. They reported that low dark conductivity can be achieved by providing
hydrogen chemical cleaning during the deposition of nc-Si film.

In later research, Lee et al. [18] proposed that the field-effect mobility (ugg) is the
ratio of free charge carriers in extended energy states, np,nq, to the total number of
induced charge carriers (which comprises of trapped carriers, n,, and free carriers)
times the band mobility ppang, and is expressed as:

Nband
= |———— | 4, 8.1
Hrg |:nband ¥ ntrap:| Hpand ( )

The grains of nc-Si are enclosed by amorphous grain boundaries. Low tem-
perature process provides low oxygen content in nc-Si film and thereby reduces
probability of defect state creation at grain boundaries. This avoids band bending
and thereby offers high mobility. This validates that low temperature is necessary
for the deposition of highly crystalline nc-Si film.

Park et al. [6] presented the fabrication of top-gate nc-Si TFT using inductively
coupled plasma (ICP) CVD with different channel thicknesses at the temperature of
180 °C. They proposed that ICP-CVD reduces the surface damage usually caused
by ion bombardment by generating the remote plasma without causing the bom-
bardment of ions. This reduction in surface damage provides highly crystalline
growth of nc-Si film and avoids amorphization in Si deposition surface. They
proposed that grain size increases with increase in film thickness because of the
growth of nc-Si layer in form of cone shape i.e., from bottom to top. In addition to
this, the surface roughness also increases with increase in nc-Si thickness. Lee et al.
[19] proposed that the top-gate nc-Si TFT provides better stability and high on/off
ratio as compared to bottom-gate nc-Si TFT. The high stability of top-gate nc-Si
TFT makes it highly suitable device for display application like pixel driver in
OLED to maintain low line voltages. They have used silicon nitride as the gate
dielectric for the fabrication of both top-gate and bottom-gate n-channel nc-Si TFT
because silicon nitride provides high reliability, high breakdown field and also
allow processing at low temperature.

Kang et al. [20] also presented the effect of film thickness on the nc-Si TFT
performance. They proposed that as thickness of nc-Si film increases, the
field-effect mobility also increases due to increase in grain size. However, this
causes the increase in leakage current. According to them, this increase in leakage
current is due to the reduction in total resistance present in TFT.

Lee et al. [21] reported the mechanisms that are responsible for gate leakage
current. They proposed that at high gate and low drain bias, thermal emission of
charge carriers that are trapped in grain boundary regions is responsible for leakage
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current whereas Poole—Frenkel emission mechanism in drain depletion state is
responsible for high gate bias and high drain bias. Under low gate bias, ohmic
conduction via bulk channel layer is responsible mechanism for leakage current.
They presented that high leakage current causes loss of signal in pixels and also
increases the power consumption of the driving circuitry. They proposed that
reduction in leakage current can be attained either by using offset-gated configu-
ration or by employing lightly doped drain regions.

Cheng et al. [22] reported the effect of contact resistance on the performance of
staggered top-gate nc-Si TFT and for this study they have fabricated both n* and
p* nc-Si TFT at various channel lengths. The total resistance of nc-Si TFT com-
prises of channel resistance Rcy and the contact resistance R,. They reported that
R, X W decreases with increase in gate overdrive voltages. They also proposed that
if the channel length of n-type TFT is below 10 um and of p-type TFT is below
25 pm, then the drain current at Vpg = 10 V is restricted by the contact resistance.

Djeridane et al. [23] proposed that during the growth of nc-Si film over the
amorphous like substrate, a residual amorphous phase called as incubation layer is
formed at the interface between the substrate and the film. This incubation layer can
be avoided by controlling the deposition plasma parameters. They also reported that
silicon nitride provides better stability when used as gate dielectric for the fabri-
cation of n-type nc-Si TFT. However, for fabrication of p-type TFT they have used
Si0O, as a gate dielectric due to its wide band gap, large conduction and valence
band offset.

Subramaniam et al. [24] reported that ambipolar operation can be achieved by
reducing the oxygen concentration in the nc-Si channel. The ambipolar transistor
allows the production of complementary inverter using single type device. They

Table 8.2 Ranking of alternatives by VIKOR approach [8]

Gate Maximum | Ranking Minimum Ranking 0 (v=0.5) | VIKOR
dielectric | group based on regret of based on ranking
materials | utility, G G values opponent, R | R values

SizNy 0.2079 1 0.1590 1 0 Al
AlLO4 0.4880 4 0.4 4 0.8521 AS
ZrO, 0.4734 2 0.1778 2 0.3730 A2
HfO, 0.4856 3 0.1778 2 0.3880 A3
Ta,05 0.6056 5 0.3 3 0.7925 A4

Table 8.3 Ranking of alternatives by TOPSIS approach [8]

o

Gate dielectric materials S S Z TOPSIS ranking
SizNy 0.0714 0.2143 0.7501 1
AL O, 0.1615 0.1848 0.5336 2
ZrO, 0.1229 0.1280 0.5101 3
HfO, 0.1287 0.1236 0.4898 4
Ta,05 0.1881 0.1270 0.4030 5
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fabricated both n-type and p-type top-gate staggered nc-Si TFT at submicron
dimensions with no short channel effects.

Table 8.4 summarized nc-Si top-gate TFT device dimensions and performance
parameters of the published experimental works. So based on the literature review,
it is clear that n-channel nc-Si TFT provides higher mobility compared to p-channel
TFT and staggered top-gate structure of TFT provides better stability and high
on-off current ratio. So in this chapter, staggered top-gate n-channel nc-Si TFT is
considered and investigated for its electrical behavior.

8.3 Conduction Models

Various device models have been presented in past for explaining the electrical
behavior of nc-Si TFTs. This section presents the key assumptions, their conditions
of validity and range of applicability of important analytical models of nc-Si TFTs.

Dosev et al. [27] reported the physical phenomenon accountable for different
operation regimes and presented an analytical model for nc-Si TFTs associated with
this phenomenon. This model is based on existing models for a-Si:H TFTs, which
have been extended to account for observed physical phenomena in nc-Si TFT.
They proposed that the density of the defect states (i.e., DOS) is lesser in nc-Si than
in a-Si:H due to higher internal order of atoms in nc-Si.

w
Ipsat = Ui Ci T Vbse(l + AVps)Vgre  (for above threshold regime) (8.2)

where g is the field-effect carrier mobility, C; is the capacitance of gate insulator,
Vps is drain to source voltage, 4 is parameter relating to the effect of gate-length
modulation, Vpsg, is effective voltage from drain to source, and Vg, is the effective
gate overdrive voltage.

Dosev et al. [28] presented the numerical simulation results of nc-Si TFTs, using
ATLAS device simulator. They examined that acceptor-like defect states in nc-Si
TFTs are filled at lower gate voltages as compared to a-Si:H having similar
threshold voltages. The transconductance shape of nc-Si TFTs is same as of a-Si:H
TFTs before the acceptor-like states are occupied. When acceptor-like states are
filled by electrons then transconductance shape of nc-Si TFTs becomes typical as of
poly-Si TFTs. Due to this behavior of acceptor-like states, the nc-Si TFTs properties
typically lie between a-Si:H and the poly-Si transistors. However, authors consid-
ered a gap of 1.91 eV which is not a usual value for a-Si:H as well as for nc-Si TFT
devices. For nc-Si TFT devices with an optical gap of 1.72 eV, Estrada et al. [29]
demonstrated that the anomalous effect of transconductance is due to trapped charge
concentration and if some conditions are fulfilled related to the trapped charges
concentration in defect states and concentration of free charges in the material then
this effect can also observe for a-Si:H devices with acceptor tail states activation
energy similar to normal values of 0.035 eV. Therefore, the behavior of nc-Si is not
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necessarily suggested between a-Si:H and poly-Si. The mobility and drain current
models for nc-Si TFT devices are presented by Cerdeira et al. [30] including a
second region examined in above-threshold regime, which are not exist in a-Si:H
TFTs.

Hatzopoulos et al. [31] proposed the model for drain current in regime of above
threshold, on the basis of exponential distribution of tail states energy. Under linear
region, this proposed model explained the observed super linear rise of drain current
with gate voltage by the value of characteristic thermal energy of band tails being
higher than 1.5 times the lattice thermal energy. When the characteristic tempera-
ture distribution of tails states is equal to 1.5 times the lattice temperature, then the
derived current analytical model leads to the general quadratic
metal-oxide-semiconductor (MOS) expression which is reported by Pappas et al.
(32]

w
Ip = T uB| (Vg — Vo) — (Vg — Vp — VD)zAKT‘} (for above threshold regime)

(8.3)
w 2AKT, . .
Ipge = T uB(Vg — Vr)™'*  (for saturation regime) (8.4)
where
) ) AT,
B= i ( Cor ) (8.5)
qu \/ ZkT[N[/SS 48§k’1—'tNt
and

_ 11
- kT 2kT,

(8.6)

B
B2 2AKT, (2AKT, — 1) (Vg — Vi — Vp) KD (8.7)

m

Hpe =

where I is drained current, pugg is field-effect mobility, k is Boltzmann constant, u
is low electric field mobility of electron, T is characteristic temperature of tail state
distribution, N, is tail states volume density at intrinsic level, »; is intrinsic carrier
concentration, C,y is gate dielectric capacitance, & is silicon permittivity, kT is
thermal energy at room temperature, Vg, Vp and Vr are gates, drain and threshold
voltage respectively, W is channel width, and L is channel length.

When pupg is constant and is independent of gate voltage then from Eq. (8.6),
AkT, =1 and T, > 3T/2. Under this condition Eq. (8.3), (8.4), and (8.7) becomes,
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w V2
Ip = ZCinuFE |:(VG — VT)VD — TD:| (fOI‘ Vp < Vg—VT) (88)
w
Ipsa = icmﬂlma {(VG - VT)z} (for Vp > Vg —Vr) (8.9)

o 3ukTn;  Cy
HrE = 5 3KTN, M,

The off current in nc-Si TFT is examined by Esmaeili-Rad et al. [33] and
analyzed that the presence of fixed charges at the nc-Si/passivation nitride interface
serves to increase the band bending, leading to an increase in off current by about
two orders of magnitude. The reduction in leakage current can be achieved by using
a-Si:H/nc-Si bilayer as the channel of nc-Si TFT device. When the nc-Si channel
layer is capped with a-Si:H, the reduction in leakage current can be determined by
the bulk conductivity of nc-Si because a-Si:H layer typically makes less defective
interface with the nitride layer which is used for the passivation.

Ahnood et al. [34] presented a general analytical technique capable of removing
contact resistance effects, both ohmic and non-ohmic based solely on I-V mea-
surements, enabling the extraction of an accurate and physically meaningful
mobility. They proposed that the omission of contact resistance effects can results in
an incorrect extraction of the maximum pgpt by a factor of 2. Mao [35] demon-
strated the impact of the grain size of nc-Si on the surface potential of doped nc-Si
TFTs. During the calculation of the surface potential of nc-Si, authors examined
that the change in the dielectric constant of nc-Si should be considered when its
diameter is smaller than 10 nm and the change in the band gap of nc-Si should be
considered when its diameter is larger than 6 nm. They proposed a simplified
surface potential equation for nc-Si TFTs under strong inversion conditions.

(8.10)

3.4382 + 1.1483

24 Nsr o, 1 4kT(2nkT)3(mcm,,)‘fexp ( Eg(oo)“!(dxmo WW))/(T oxp (q(ps):|

E(py)= | 7——"—
<1+ s, 7>eo
1+ ()

a "N, i T kT

(8.11)

where N, is active dopant concentration, d is average grain size, g is electronic
charge, Ngr is grain boundary surface state density, Eq(©0) is bulk band gap, k is
Boltzmann constant, T is temperature, ¢ is surface potential, ¢, is dielectric con-
stant of free space, m. and my, are effective electron and hole masses respectively,
and # is Planck’s constant.

Anutgan et al. [36] performed the capacitance analyzes of nc-Si TFT. They
found that the conducting thin layer in nc-Si film enlarges the effective area of
capacitor beyond the electrode in nc-Si TFT structure. This increase of the effective
area can be related to bulk capacitance-resistance branches and also with channel
resistance where the earlier is governing at higher frequencies and the latter is
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accountable for the further increase in effective area at lower frequencies. Thus,
they proposed that the hole conductivity along the nc-Si TFT interface is less as
compared to electron conductivity.

Steinke et al. [37] presented a model for determining the threshold voltage of
nc-Si TFTs by examining the multiple boundaries between neighboring crystalline
grains limit the charge-carrier transport. They have calculated the macroscopic
densities of free and trapped carriers and then relate these densities with the site and
bond occupation probabilities of a two-dimensional percolation problem in which
sites correspond to grains and bonds to grain boundaries. In the site-bond perco-
lation problem, they determined the threshold by using Monte-Carlo simulations.
However, the model only describes transistor behavior near-threshold and could not
explain the linear behavior soon after the transistor is turned on at low drain bias.

Sharma et al. [38] presented an analytical model for calculating the threshold
voltage using one-dimensional Poisson’s equation. They have analyzed the effect of
various physical parameters i.e., trapping state density, doping density, temperature,
and gate insulator thickness on the threshold voltage. They proposed that the
decrease in gate insulator thickness and increase in temperature causes the decrease
in the threshold voltage as shown in Fig. 8.2. They also demonstrate that the

Fig. 8.2 Variation of
threshold voltage as a
function of trap density for
different values of gate
insulator thickness at different
temperatures [38]
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Fig. 8.4 Variation of
threshold voltage as a 4.5
function of doping density for
different values of gate
insulator thickness [38]
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threshold voltage increases with increase in trap density and doping concentration
for a particular value of gate insulator thickness as shown in Figs. 8.3 and 8.4.

8.4 Electrical Instability

In general, the silicon (Si) based TFT suffers from electrical instability due to two
possible instability mechanisms: (a) Charge trapping in gate insulator and/or in the
interface between the gate insulator and channel (b) Defect state creation in active
layer. These instability mechanisms cause the shift in threshold voltage and thereby
change the drain current of TFT. Esmaeili-Rad et al. [39] found that the nc-Si TFT
shows less threshold voltage shift as compared to a-Si:H TFTs. In addition, Kim
et al. [40] examined that in case of top-gated nc-Si TFT, the defect state creation is
much lower due to the presence of well-crystallize region of the nc-Si film. Sharma
and Gupta [41] further analyze the instability mechanism in top-gate nc-Si TFT and
proposed the model for threshold voltage shift including the effect of various
physical parameters like grain size, gate insulator thickness, doping density, and
grain boundary trapping state. They provided the expression for threshold voltage
as-

tiv N, 10.4 N
[AVr| = | Ves — o 1+M 1+—)137 {1—exp[—<—)}}

TN (i f
(8.12)

where V, is gate to source voltage, ¢ is surface potential, g is electronic charge,
is insulator thickness, ¢ is dielectric constant, N, is density of trapping states
(em™ eV, Dg is grain size, t is characteristic trapping time, and f is
stretched-exponential exponent.

Based on the analysis, they proposed that the higher trap density, larger gate
insulator thickness, and greater doping concentration provide lesser threshold
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Fig. 8.5 Computed
variations of threshold voltage
shift in the top-gated nc-Si
TFTs as a function of time for
different grain sizes [41]
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voltage shift. They also investigated that for smaller grain size, threshold voltage
shift reduces with the reduction in grain size. But, if grain size is larger i.e., greater
that 20 nm then device become shows minimal threshold voltage shift as shown in
Fig. 8.5. Now, in the following section, we discuss about the attributes of instability
mechanisms which are presented by the various researchers.

8.4.1 Powell’s Model

Powell [42] analyzed that the electrical instability mechanism in amorphous
silicon-silicon nitride TFTs, operate with low electric fields (~3 x 10° V cm™') in
the dielectric, is basically the charge trapping that occurs in silicon nitride layer that
causes the threshold voltage shift and thus causes drain current degradation for a
given biasing condition. Since silicon nitride as a gate dielectric has a high density
of trap states thus causes charge trapping instabilities in TFT. Author proposed that
the rate limiting process involved in the charge transfer at low electric field is
basically the conduction in the nitride by variable range hopping at Fermi level and
not the supply function from the semiconductor. Since the space charge in the
nitride and the variable hopping conduction both depends on density of states in
silicon nitride thus the threshold voltage shift is determined by the density of states
at the Fermi level.

However, author [43] further proposed that the nitride dependency of the hop-
ping rates was due to variation in wave function rather than the trap density. The
magnitude of threshold voltage shift is strongly temperature dependent with acti-
vation energy of 0.3 eV. This activation energy is determined by the mean hop
energy required for charge injection deep into the silicon nitride at the low applied
electric fields. The strong temperature dependency of charge trapping is due to
charge redistribution in the silicon nitride by thermally activated variable hopping
from occupied states.
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The logarithmic time dependence of threshold voltage shift is given as-

AVr = rg log(l + [i> (8.13)

where ry is constant and contains the density of traps and tunneling constant.

Later, Powell and his research group [44] analyzed that in addition to the
existing process of charge trapping near the interface, following mechanisms are
also possible: (1) tunneling into the dielectric, (2) trapping into states at
semiconductor-dielectric boundary, and (3) localization in deep states within the
amorphous silicon layer.

They proposed that the new mechanism responsible for instability of a-Si:H
TFTs is the creation of metastable dangling bond states within the a-Si:H layer near
to dielectric interface as a result of the field-effect-induced changes in electron
density.

If phosphorus doping is used in order to move the Fermi level into the con-
duction band tail, then this makes the unstable configuration of silicon atom with
five electrons. This silicon atom located just below the fermi level and thus causes
the breaking of weak Si—Si bond and hence the formation of dangling bond defects:

2Si,° + e~ — Siz~ + Si3°

The main difference [45] between the two instability mechanisms is that, in case
of charge trapping mechanism [42], the charge carriers are slowly trapped into
electron states (also known as slow states) which are in poor communication with
the a-Si conduction band. This trapping process produces a fixed shift in the transfer
characteristic of a-Si TFTs. However, in case of defect state creation mechanism
[44], there is a slow increase of extra states (also known as fast states) which are in
good communication with the a-Si conduction band.

Berkel et al. [45] analyzed the bias dependence of threshold voltage shift in
amorphous silicon-silicon nitride ambipolar TFTs and reported the coexistence of
both instability mechanisms. They proposed that the state creation is dominated at
low positive bias whereas charge trapping is dominated at higher positive as well as
negative bias. An ambipolar TFT possess electron as well as hole accumulation
layers under positive and negative gate biases, respectively. In this case, the number
of created dangling bonds is given as [45]

Ve —Va

ANg, = C (em™?) (8.14)

where V. is the shift of threshold voltage for electron conduction and V}, is the shift
for hole conduction, while the density of slow states is given by
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Ve + V)
Ant:C et Vh

(em™?) (8.15)

where C in Egs. (8.14) and (8.15) is the geometrical capacitance.

Author concludes that the extra states are created due to the absence of bonding
electrons and these reactions will separately proceed whenever conduction band
states or valence band states are populated and thus for bond breaking, recombi-
nation events are not required which is considered essential by Stutzmann et al.
[46]. Berkel et al. [45] provide clear evidence for the charge trapping in the nitride
and thus for the presence of slow states at the a-Si:H/a-SiN:H interface. Charge
exchange with the nitride layer causes the net positive charge after negative bias
stress and also net negative charge after positive bias stress. Under positive bias, the
charge trapping mechanism is strongly field dependent.

Powell and his group [47] provide further refinement in bias dependency of the
threshold voltage shift by including the effect of nitride composition. They reported
that state creation is independent of the nitride composition and dominant at lower
biases whereas the charge trapping is dependent on the nitride composition and
dominant at higher biases. This indicates that the state creation process occurs in the
a-Si:H layer whereas the charge trapping occurs in a-SiN,:H layer. The defect states
can be directly created by populating the conduction band tail states in the undoped
material which moves the Fermi level up to the energy similar to these states. They
also proposed that the charge trapping process is strongly field dependent which is
associated with the field enhanced hopping at the Fermi level.

They also measured the time and temperature dependence of two instability
mechanisms [48] and found that at the bias above which the charge trapping in the
nitride dominates, the threshold voltage shift shows the logarithmic time depen-
dence whereas at the bias below which state creation in the a-Si:H dominates, the

threshold voltage shift shows the power law dependence, AVr = a(t/ 1,)? where
is about 0.5. They also found that the state creation is thermally activated but the
charge trapping is weakly temperature dependent. The charge trapping shows
logarithmic time dependence and the small temperature dependence because the
rate limiting step is basically the charge injection from the a-Si:H to the silicon
nitride with charge trapping close to the semiconductor interface and no charge
redistribution occurs due to the conduction in the nitride. The threshold voltage
shift due to the state creation is small and is given as

AVr = (Vg — Vi)(t/t,)P (8.16)

Thus, the rate of state creation is proportional to the band tail electrons and 7, is
independent of density of band tail electrons. The magnitude of E, ~ 0.9 eV (i.e.,
activation energy of ¢,) and temperature dependent f§ (~ 0.45-0.65) is uniform with
dispersive hydrogen diffusion. Thus, they proposed that the state creation process is
similar to that of dangling bond creation process which occurs due to the breaking
of weak Si—Si bonds sustained by dispersive diffusion of hydrogen [49, 50].
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Powell et al. [51] also reported that the charge trapping mechanism causes a shift
of the electron and hole threshold voltages in the same direction whereas the state
creation mechanism causes a shift in opposite direction. The electron threshold
voltage is shifted in positive direction while hole threshold voltage is shifted in
negative direction. For the transistor which uses silicon nitride as a gate dielectric,
state creation in the lower part of the band gap is the dominant process at the low
positive bias whereas the removal of states from the lower part of the gap dominates
at the low negative bias. However, for the transistor that uses oxide as the gate
dielectric, state creation is the dominant process for both positive and negative bias.
For positive bias, states creation occurred in the lower portion of the band gap
whereas for negative bias, it occurred in the upper portion of the band gap. In
addition to this, for oxide transistor, the positive and negative bias annealing causes
overall increase in the density of states whereas for nitride transistor negative bias
annealing causes a decrease in the density of states due to the annealing of defect
states presents below the midgap. This difference between nitride and oxide tran-
sistor is because of the different zero-bias Fermi energy position at the interface due
to the existence of an electron accumulation layer in the nitride transistor.

For nitride transistor, the dominant mechanism for threshold voltage shift under
the higher biases stress is the charge trapping which occurs for both high positive as
well as high negative bias. The magnitude of the threshold voltage shift for state
reduction is smaller than for the state creation. Authors also found that threshold
voltage shows the power law time dependence for both the polarities and in
addition to this the activation energy is same (~0.9 eV) for both positive and
negative bias. This concludes that the state creation process for positive bias is
similar to that of state removal process for negative bias.

Powell and his group [52] further proposed that the parameter f§ is not appro-
priate for measuring the TFT instability and thus a new concept known as ther-
malization energy concept has been proposed. According to them, defect creation
during bias stress exhibits a thermal barrier for defect removal with the maximum
energy around 1.1-1.4 eV based on the time and temperature at which defects were
created. This barrier is not important under thermal equilibrium (~ 500 K) because
the defect creation and removal are balanced by the formation energy of defects,
however, under non-equilibrium condition, this energy barrier is important in order
to identify the specific intermediate step.

They reported the expression for thermalization energy as [52]

E = (kgT)In(vz) (8.17)

It means that after time ¢, all defect-creation sites with energy E, < E would have
converted into defects. Deane et al. [52] plotted threshold voltage shift as a function
of stress time at various temperatures and then applied the thermalization concept to
the bias stress data by plotting threshold voltage shift as a function of thermalization
energy and found a unique curve at a single fitting parameter i.e., attempt-to-escape
frequency v(=10'" %), They also plotted stretched exponential as a function of
thermalization energy and found that the stretched exponential curve matched well
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with the experimental data for the E < 0.95 eV but curves show mismatched for
E > 0.95 eV and thus they proposed that to obtain a stretched exponential, the
defect state creation has to be proportional to the number of excess band tail carriers
(ANg1)* with o between 1.5 and 1.7. For o = 1.5, threshold voltage shift is given as

equation
B
t
(5) +1
fo

They provide the following comparison between defect state creation and defect
removal

-2

AV, (8.18)

1. Defect state creation possesses E, = 0.975 eV with v, = 10'° Hz whereas defect
removal shows activation energy between 01.1 and 1.5 eV with v, of 10" Hz.

2. Defect creation mechanism occurs due to the breaking of weak Si—Si bond and
which results into the thermalization of SiHD complex in the H-DOS (hydrogen
density of states) whereas the defect removal occurs due to the release of
hydrogen from the SiHD complex. The following equation shows that ther-
malization of SiHD complex.

Si — Siyea + SiHD — SiHD + Si — Sigyone

8.4.2 Libsch’s Model

Libsch et al. [53] proposed that the charge injection from the a-Si:H channel into
the traps presented in the a-Si:H/a-SiNy:H interface and in the nitride layer close to
the interface causes the threshold voltage shift (AVr) in the transfer characteristic of
TFT. They proposed the stretched-exponential equation given as-

AVr| = |Av0{1 ~exp {— (%)ﬂ} } (8.19)

where AV is the effective voltage drop across the insulator, © = t¢ exp(Er/kT) is
the characteristic trapping time of the carriers with t,, being the thermal prefactor for
emission over the energy barrier, E, = Etf§ represent the thermal activation energy
with f as the stretched-exponential exponent and Et being the average effective
energy barrier for the carriers enter into the insulator from the a-Si:H channel. When
the shorter stress times, lower stress electric fields or lower stress temperatures are
applied on the nitride gate dielectric a-Si:H TFT then the carriers inject directly into
the bottom energy states of a-Si:H/a-SiNy:H interface and in the a-SiNy:H transi-
tional layer near the a-Si:H/a-SiNy:H interface. However, when longer stress times,
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higher stress electric fields or higher stress temperatures are applied then large
concentration of states in the insulator near the a-Si:H/a-SiNy:H interface will get
filled and as a result probability of emission from these states increases.

Staebler et al. [54] reported that § and 7 are independent of gate bias while AV,
is dependent on gate bias and is given as AV, =~ V, — V;; with no power depen-
dence (ie., «=1.0). B is given as f= (Tst/T;) — By with Ty ~ 229 K and
fo =~ 1.04 for Tgt < 80 °C while for Tsy > 80 °C,  becomes temperature
independent with § =~ 0.5. A nonzero value of f§; shows that AV is independent of
gate dielectric which differs from the conclusion given by previous researchers [55].

8.4.3 Nathan’s Model

Nathan and his group [56] proposed that when a bias is applied on the gate terminal
with the drain and source grounded then the threshold voltage shift shows the
power law dependence on gate bias stress and can be given by defect pool model
[57]. According to defect pool model, the rate of defect state creation is dependent
on barrier to defect state formation, number of band tail electrons and density of
week Si—Si bonds. Thus, the threshold voltage shift is given as

AVr = A(Vst — Vi) (1)’ (8.20)

where Vgr is the gate bias stress voltage, Vr is the threshold voltage of TFT before
gate bias is applied, A and f§ (~0.3) are temperature dependent parameters, and t is
the gate bias stress time. However, when both gate and drain terminals of the
nitrogen rich gate dielectric TFTs are subjected to bias voltage then for small gate
stress biases (< 15 V), where the defect state creation is the dominant instability
mechanism, TFT shows less threshold voltage shift as compared to the presence of
only gate bias stress. Authors reported that the increase in drain bias stress results in
the increase of lateral electric field which in turn decreases the channel carrier
concentration (ngy) close to drain. However, in the saturation mode
(Vbs = Vgs — V1), the channel carrier concentration remains constant and thus
causes negligible threshold voltage shift. Similarly, TFTs subjected into deeper
saturation (Vpg > Vgs — V1) shows less threshold voltage shift. Thus, the charge
stored on the gate when TFT is subjected to both gate and drain bias stresses is
given as [56]:

’ 3 3
0 = 2 oWl (Vs VT)2 (Vop VT)2
3 (Vas — Vr)"—(Vop — V1)

(8.21)

In linear region, Vgp = Vgs Qo = Cg - W - L(Vgs — V1) (8.22)
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2
In saturation region, Vgp — Vr Qg = §CG -W - L(Vgs — V1) (8.23)

Now threshold voltage shift is given as,

aVe = (29 )a(Ves - Vi) (8.24)

where Qg is given by Eq. (8.21) and Qg is given by Eq. (8.22)

In constant current stressing, the drain and gate terminals of the TFTs are shorted
in the diode connected configuration with the source terminal grounded. The
constant drain current is maintained by the progressive adjustment of the gate bias
for the compensation of threshold voltage shift. Such compensation thus maintained
the constant band tail carrier density (ngt) and hence threshold voltage shift shows
no trend of saturation.

Nathan and his group [58] further modified the power law dependency of AVy
which is given as

B
AVe(t) = [Vas(t) — Vo)) (t)

fo (825)

where

th = <AﬁWIVBT)ﬁ (826)

NwgDoow?

Here, A is proportionality constant, Ny is the band tail states density, w is the
attempt-to-escape frequency of hydrogen, Dy is the microscopic diffusion coeffi-
cient, f§ is power law index, and y is a power parameter having values between 1.5
and 1.9. The power law parameters f3, y, and 7y are dependent on temperature and
stress history of the TFT.

8.5 Conclusion

The purpose of this chapter is to provide a detailed progress in the area of top-gate
nc-Si TFT. The performance of top-gate nc-Si TFT depends upon the various
process parameters used during its fabrication and also on the conduction and
instability mechanisms that occurs under electrical stress. So an extensive review is
provided by covering the fabrication techniques, conduction models and electrical
instability mechanisms of top-gate nc-Si TFT which can be useful for its effective
application in new generation displays.
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