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Abstract

This thesis investigates the effects of interface traps and p-type polysilicon grain
boundary defects on the electrical characteristics of p-type polysilicon nanowires (NWSs). It is
observed that acceptor-like interface trap states affect the leakage current of the NW whereas
donor-like interface traps affect both subthreshold slope and drive current of NW. Defects
inside polysilicon also exhibits some important trend. Acceptor-like tail states do not affect
the NW electrical characteristics whereas acceptor-like Gaussian states affect the leakage cur-
rent. However, donor-like defects both in tail like and deep level Gaussian like distribution
affect NW subthreshold characteristics and drive current. These physical understandings of
different types of defects are used to calibrate p-type polysilicon NW fabricated by deposition
and etch technique which allowed us to extract different types of defects. This knowledge is
very important to explain the p-type polysilicon NW biosensor behavior which has been re-

cently shown to be the only viable route for mass manufacture of NW biosensors.
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Chapter 1

Introduction

1.1 Motivation and Objective

Over the past decades, semiconductor nanowires attracted quite a lot of attractors due to
their unique electrical characteristics suitable for biochemical sensors [1-4]. The reason of
interest is due to label free high sensitivity detection of Biomolecules [5-10] without expen-
sive optical components [11-17]. The ultra-high sensitivity is due to their smaller size and
large surface to volume ratio enables single charge at the surface of the nanowires to deplete

or accumulate entire cross section area of nanowires [18-19].

There are two major approach for Si NWs biosensors fabrication namely bottom-up and
top-down. Bottom-up approach is a simple and cheap process usually done using metal-
catalytic associated nanowire growth. This process is followed by an integration step such as
electric field or fluid-flow-assisted nanowire positioning between lithographically defined
source and drain electrodes. Such a non CMOS device fabrication process is not at all suita-
ble for mass production of nanowires [20]. Top-down approach is attractive for nanowire fa-
brication due to location control nanowire definition. To fabricate Si NWs on silicon-on-
insulator (SOI) substrates using top down approach several researchers have used nano pat-
tering techniques such as deep-UV [21] lithography (steppers) and electron beam lithography
[22-23]. This has the great advantages of CMOS compatibility, but a serious disadvantage is
high cost due to advanced lithography technology needed for fabrication. In advanced litho-
graphy technology, expensive light sources and optics are required which increase the cost of
fabrication.SOI wafer’s wet etch has also been researched for creating triangular nanowires
but wet etching is unfavorable by industry, because it does not provide a clear route of manu-
facturing. Recently, top-down approaches for nanowire fabrication reported which uses of
thin film technology and the spacer etch technique [24-26]. This approach is particularly at-
tractive because it can produce nanoscale dimensions polysilicon nanowires by using conven-
tional lithography that are widely available in industry in combination with standard deposi-
tion and spacer etch techniques. However, in this approach defined nanowires are usually

amorphous and/ or polysilicon depending on the deposition and annealing conditions.

East West University, Department of Electrical and Electronic Engineering 9
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Polysilicon nanowires are usually composed of grain boundaries and defects inside the
material where may significantly affect its conduction properties. In addition, grain bounda-
ries usually segregate doping which results in the reduction of the activated dopant concentra-
tion. Depending on the process conditions the surface polysilicon nanowires may contain trap
states which may also affect its electrical characteristics eventually affecting biosensor prop-
erties if fabricated on polysilicon nanowires. So far several works of the biosensors fabrica-
tion using polysilicon nanowire have been reported [27-30]. An excellent defection limit of
10fM in presence of 100,000 excess non targeted proteins has also been reported using poly-

silicon nanowires [31].

Silicon nanowire based biosensors are actually based on the conductance charge upon
attachment of the Biomarkers which is equivalent to the application of gate voltages in con-
ventional MOSFETS. Nanowires are recently in significant attraction for the application as
simple Si-NWs are shown to exhibit transistor like behavior [32]. Sub-threshold regions of
nanowires are imperative for sensors application as large conductance charge can be done
upon attachment of biomolecules in a properly biased nanowire. However, sub-threshold
characteristics of polysilicon NWs are expected to be different from single crystal Si NWs as
conduction is significantly affected by the presence of the grain boundary defects. So far no
work has been reported in the literature studying the effects of grain boundary defects and

interface traps on the electrical characteristics of polysilicon NWs.

In this work we investigate for the first time the effect of grain boundary defects and in-
terface traps on the conduction properties of polysilicon NW. Influence of different types of
defects inside the polysilicon and in the insulator-Si interface states are studied in detail to

gain a profound physical understanding of the polysilicon NW conduction properties.

The simulated results are calibrated with the polysilicon NWs electrical characteristics
[31] to find out the range of grain boundary trap states and interface states that can be ex-
pected of nanowires are fabricated using deposition and etch method as reported in [31].
These results are very important for thin film based NW biosensor fabricate which has been

reported as the only mass-manufacturable platform for biosensor fabrication.

East West University, Department of Electrical and Electronic Engineering 10
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1.2 Organization / Thesis Outline

Chapter 1 provides the importance, motivation and outline of this research.

Chapter 2 provides the necessary background theory to describe the carrier trapping
mechanism at grain boundaries. Carrier trapping leads to the formation of the potential bar-
riers that are limiting mechanism in carrier transport through polysilicon films. The model
derived assumes a mono-energetic trap level, however this is not realistic so we finish by dis-
cussing the inclusion of a continuum of trap states across the energy band gap. Therefore we
go on to look at the implementation of carrier emission/absorption process from deep trap

sates in our numerical simulation tools.

Chapter 3 describes the simulation methodology, device structure and the required

models for device simulation.

Chapter 4 describes the effect of grain boundaries and interface states on the electrical
characteristics of p-type polysilicon nanowires. As effect of different types interface states
and grain boundary defects are studied in detail to gain physical understanding of p-type po-
lysilicon nanowire behavior. This knowledge is used to calibrate experimentally observed p-
type polysilicon nanowire characteristics and to extract the range of interface states and grain
boundary defects that can be expected if nanowires are fabricated using deposition and spacer

etch technique.

Chapter 5 summarizes results of this work and finally chapter 6 describes limitation of

this work and possible future venues for improvement.

East West University, Department of Electrical and Electronic Engineering 11
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Chapter 2

Carrier Transport in Polysilicon Films

2.1 Electrical Properties of Polysilicon Films

A polysilicon film is composed of small crystallites joined together by grain bounda-
ries, where the angle between the adjoining crystallites is often large. Inside each crystallite
the atoms are arranged in a periodic manner hence behaves like a small single crystal. The
grain boundary itself is a complex structure, usually consisting of a few atomic layers of dis-
ordered atoms and a large number of defects due to incomplete atomic bonding. Several
models have been proposed to explain the electrical behavior of polysilicon films. The most
well-known being the competing theories of carrier trapping and segregation. In the segrega-
tion theory, it was proposed that dopant atoms can segregate to the grain boundary because of
their lower energy in the disordered GB region, and therefore do not contribute to the conduc-
tion process. This would mean that the number of carriers free for conduction would be sig-
nificantly less than in a, similarly doped, single crystal silicon film. The main failing of se-
gregation theory is that it does not explain the temperature dependence of resistivity in mod-
erately doped polysilicon films, which is thermally activated and displays a negative tempera-
ture coefficient. The competing carrier trapping theory was first proposed by Kamins [33]
and then later developed into a comprehensive theory of carrier transport by Seto [34]. It has
successfully explained most of the electrical properties of polysilicon for the special case
where the depletion region extends throughout the entire crystallite. Baccarani et al. [35] pub-
lished a series of results that Seto’s approximation of a monovalent trap energy level was va-
lid. Throughout this work Seto’s theory is used as the conceptual basis for explaining conduc-

tion phenomena in polysilicon.
2.2 Seto’s Carrier Trapping Theory

It is known that there are a large number of defects due to incomplete atomic bonding
at the grain boundary. These defects in the grain boundary are locations where it is possible
for carriers to become trapped and immobilized. This results in the traps themselves, and

therefore the grain boundary becoming electrically charged. To satisfy charge neutrality an

East West University, Department of Electrical and Electronic Engineering 12



Undergraduate Thesis

oppositely charged depletion layer of finite width forms on either side of the GB. As a conse-
quence the energy bands are bent at the GB creating a notch or barrier, which acts to impede
carrier transport through the film. The trapping of carriers would therefore, decrease both the

carrier concentration and the mobility of the material.

2.2.1 Carrier Trapping at Grain Boundaries

In Seto’s model a number of assumptions were made to simplify his analysis.

1. The polysilicon film is composed of identical crystallites with a grain size of L(cm).
In a real polysilicon film there can be large variations in the size and orientation of the
grains.

2. There is only one type of impurity atom present and they are full ionized and uniform-
ly distributed with a concentration of N(cm™3). Minority carriers and their associated
traps are not considered in the analysis.

3. Inside the crystallites the single-crystal band structure of silicon is applicable. There-
fore he is assuming that the structure inside each crystallite is perfect and defect free,
which is not necessarily true.

4. The grain boundary is of negligible thickness compared to the grain size L with
Ny (cm?) of traps located at trap energy E, with respect to the intrinsic Fermi level. In
a real polysilicon film the traps energies are distributed across the energy gap of the
band structure. Although Baccarani et al. [35] concluded that a mono-energetic ap-
proximation of the trap states was sufficient to successfully model the behavior of a

polysilicon film.

The resulting energy band structure and charge distribution for a polysilicon film with two
grain boundaries is shown in Fig. 2.1. All the mobile carriers in the region of GL — l) cm

from the grain boundary are trapped by the trapping states resulting in a depletion of a poten-
tial barrier in the band structure. In this analysis is considered sufficient to treat the problem

in one dimension. Under this assumption Poisson’s equation becomes

dZV—qu<||<1L 2.1
dx2 €’ =3 21

East West University, Department of Electrical and Electronic Engineering 13



Undergraduate Thesis

where € is the dielectric permittivity of polysilicon. Integrating equation (2.1) twice

and applying the boundary conditions that VV(x) is continuous and Z—Z = 0 when x = [ gives

us

N 1
V(x) = ‘;—E(x —D? 4V l<lxl<z  (22)

where ;4 is the potential of the valence band edge at the center of the crystallite.
Throughout the calculation the intrinsic Fermi level is taken to be at zero energy and energy
IS positive towards the valence band.

There are two cases that we need to consider relating to the doping concentration.

1. N <— and

2. N >—
where we define a critical doping concentration N* = NL—T

Below critical doping concentration N < %

Considering first of all the case when N < % This condition implies that the crystal-

lite is completely depleted of carriers and the traps are partially filled so that [ = 0 and (2.2)
becomes

qN
V(x) =Vyp + sz (2.3)

The potential barrier height V5 is the different between V(0) and V G L), therefore

_qI’N Ny

<=L (2.4)

Vg = ——,
B 8¢ L
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Figure 2.1: (a) The simplified model of the crystallite structure in the polysilicon film show-
ing a single crystallite separated from the two adjoining crystallites by grain boundaries (b)
The charge distribution in the structure, showing the negatively charged GB and the sur-
rounding positively charged depletion layer (c) Energy band structure with potential barriers
forming at the grain boundaries.

East West University, Department of Electrical and Electronic Engineering 15



Undergraduate Thesis

Above the critical doping concentration N > %

In Seto’s model the energy of the grain boundary traps is assumed to be deep enough,

that they are completely filled, when the dopant concentration exceeds the critical
ue N* :% As we increase the dopant concentration above this value, the number of

trapped carriers remains constant at the value Ny, and the added carriers act to form neutral
regions within the grains, as seen in Fig. 2.2. This reduces the depletion region width, but to
satisfy charge neutrality the value of charge in the depletion regions width, but to satisfy
charge neutrality the value of charge in the depletion region remains constant, albeit in a
smaller area. This result in the potential barrier height receding. The width of the depletion

region decreases according to the relation

_ M 2.5

Therefore the barrier height when N > % is found to be
S z_qN(NT)Z_qN% -
B~ 2¢% T 2¢\2N) T 8eN (2.6)
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Figure 2.2: (a) As the doping density is increased, the trap states at the grain boundary be-
come filled, increasing the barrier height. When the doping density is increased beyond the
critical value N”, the free carriers reduce the depletion width and the barrier height recedes,

(b) barrier height increases linearly as a function of N until reaching the critical value, beyond

which it decreases rapidly as a function of 1/N.
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Thus, as shown in Fig. 2.2 as the dopant concentration is increased in the film, firstly

the potential barrier increase as a function of N, and then above the critical doping concentra-

tion N* it decreases rapidly as a function of %

2.2.2 Carrier Transport in Polysilicon Films

It is assumed that carrier transport, in moderately doped polysilicon films, is dominat-
ed by thermionic transport over the barriers. The reasoning being, that even at moderate dop-
ing concentration of found around 1x10"" cm™ the barrier width is still tens of nanometers
wide. Tunnelling is not significant for barriers of this width. At high doping concentrations
the barrier is narrow enough that tunnelling may contribute to the current flow, however the
barrier height at these concentrations may be low enough for it to be no longer a dominant

factor in inhibiting carrier transport.

The thermionic-emission current density / can be written as

] = quucexp| -0V = V)] @7)

where n is the free-carrier density, v, = f% is the collection velocity, V5 is the

barrier height with no applied bias, and V is the applied bias across the depletion region.

Under an applied bias the current flow is one direction increases while carrier trans-

port in the other direction decreases. Therefore we must consider current flow in both the
forward and reverse directions. The net current density given by; | = Jp — Jp. WithV = %Vg,

where 1 is the bias across one grain boundary.

o[- L(-2n)] e
e[ (-2v)] o

The net current density under applied bias then becomes

_ _%[ (%)_ (_%)]
]—qnvcexp[ T exp kT exp kT (2.10)

East West University, Department of Electrical and Electronic Engineering 18
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_ 25) o (222)
]—anvcexp( T sinh kT (2.11)

We can obtain a linear relationship between current and applied voltage if we make the fol-

lowing simplification for low applied voltages

on (22 « (2)
Smh(ZkT ~ kT (2.12)
Therefore
_ q*ny, < qVB>]V 213
J == exp (=7 )| Ve (213)
] _JL

We can now obtain an expression for the conduction o === v
€ 4

o

2nv, L v,
2% exp(—q B) (2.14)

kT kT

Thus condition in polysilicon is an activated process with activation energy of approx-
imately gV, which depends on the dopant concentration and the grain size. Many analytical
models of polysilicon nanowire operation in the subthreshold and turn-on regions have been
developed based on Seto’s theory [36-40]. So far we have developed an analytical model that
is valid in one dimension. However in short channel field effect transistors a two dimensional
analysis is necessary to adequately described the device operation. Therefore, we need to use
2D numerical device simulation to realistically study the effect of the GB, in short channel

polysilicon nanowires.
2.3 Numerical Simulation of Polysilicon Devices

The trend in the semiconductor industry towards MOSFETSs of ever decreasing gate
lengths has increase the demand for accurate numerical device simulation technologies. As
devices enter the sub-micron regime, complex 2D effects begin to determine the device beha-
vior in the subthreshold regime, and therefore 2D device simulation is needed to provide in-
sight and predictive analysis. The classical Drift-Diffusion (DD) model has been extensively
studied for almost forty years, since Gummel et al. reported on the one-dimensional numeri-

cal simulation of a silicon bipolar transistor [41]. Even as the MOSFET enters the deca-
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nanometer regime, where ballistic and quantum mechanical effects can play significant roles
in carrier transport, DD modeling is still one of the most practical and powerful tools in FET
design. With some modifications (such as the inclusion of momentum and energy balance
equations) it can still provide reasonable accuracy and importantly great computational effi-
ciency, compared to more elaborate techniques, such as practical based ensemble Monte-

Carlo simulations.

In our simulation studies of the device, we use commercial simulator ATLAS [42] from
SILVACO international. ATLAS uses the basic device modeling equation for DD modeling.
The basic semiconductor equation begin with Poisson’s equation which describes the rela-

tionship between the electrostatic potential 1 to the space charge density p
V.(eVy) =—p (2.15)
where ¢ is the local permittivity.

The carrier continuity equation for both electrons and holes are defined in terms of the

current densities 7, j,, and the generation and recombination rates for electrons and holes

(G, G, and Ry, R,,) respectively.

on 1

Ezgv.ﬁ[+ G, — R, (2.16)
dp 1 _ _,
Frin EV'JP + G, — R, (2.17)

The electron and hole current densities , and 7, are then expressed in terms of their

respective quasi-Fermi potentials ¢, and ¢,,.
Jn = —qu Ve (2.18)
7» = —qu,Vo, (2.19)
where u,, and p,, are the electron and hole mobilities respectively.

The carrier concentration are expressed in the following quasi-Boltzmann form in

terms of both quasi-fermi potentials ¢,, and ¢,, and the intrinsic potential

East West University, Department of Electrical and Electronic Engineering 20
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n=nexp (2.20)

(2.21)

P =nexp

where V; is the thermal voltage (V; = kzT/q) and n; is the intrinsic carrier concentra-

tion.

2.3.1 Modeling Deep Trap Emission and Absorption with Shockley-Read-Hall Statis-

tics

We now include the carrier trapping mechanisms, via the deep trap states at the grain
boundary. The model used was originally developed for carrier emission-absorption
processes from the donors and acceptors in heterojunction structures [43-44]. However it is
equally applicable to silicon devices. By using the derived expressions we then modify the

basic device transport equations accordingly.

We start by defining two types of trap that exchange charge with the conduction and
valance bands through the emission and recombination of electrons. At the grain boundary
these would exist in the forbidden energy gap as a result of incomplete or dangling bonds in

the semiconductor lattice.

Firstly we define donor-like traps as positively charged when empty and neutral when
filled by electron. Secondly we define acceptor-like traps to be negative when filled by an
electron but otherwise neutral. Therefore traps above the Fermi-level are acceptor-like and
those below are donor-like. This is illustrated along with the possible capture and emission

processes in Fig 2.3.
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Figure 2.3: An illustration of the possible capture and emission processes from trap states
deep in the energy band gap for (a) donor-like traps and (b) acceptor-like traps

The energies of donor-like (Ep) and acceptor-like (E7,) traps are expressed as
AETA = 7’[1 + EC - 6ETA (222)

AETD = l/) + EV - 6ETD (223)
The time evolution of the density of carriers at the deep levels is given by the follow-

ing rate equations [45];

9
a(NTD - NT-!—D) = CZ)IN;!Dn —ep(Nyp — N;D)
—Ch(Nrp — Nip)p — ebNfy,  (2.24)

d
a(NTA — Niy) = C{Nryp — ef (Nr4 — Niy)

—Cy(Nry — Npy)n —ef Nyy (2.25)

where the carrier emission rates ef}, eh, e}, e} are related to the carrier capture rates

Ch, Ch, Ct, C} by the relations;

ep = Chn? (2.26)
ep = Cppi (2.27)
el = Chinf (2.28)
ey = Cypf (2.29)
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where n?, p?, n{, p{! are given by the following;

n? =n,gpexp :kABF;‘T/Dq] (2.30)
p? = nigpexp ;jf;g] (2.31)
n{ =n,gsexp :kABL;T/Aq] (2.32)
pi = n;gsexp [_ﬁfm (2.33)

In Eq. 2.30-2.33, gp and g4 are the degeneracies of the deep donor-like and acceptor-
like trap states. A steady state-solution for the concentration of trapped charge at the GB can
found from the Eq. 2.24 and 2.25. This gives us;

n?/Cp +p/Ch

N, = N 2.34

P mndy/ch+ @+pD)/CE (234)
nd/Cc? +p/Ct

N7, 1/C4 +p/C Ny, (2.35)

T+ nd)/CT + (p +ph/CE

The additional charge at the grain boundary alters the electrostatic potential by ap-
pearing as additional charge terms on the right hand side of Poisson’s equation. So Eq. 2.15

then becomes;
V.(eVy) = —q(Nj + Nf, =Ny —N;j, —n+p) (2.36)
where N and N, are the concentrations of ionized shallow donors and acceptors.

In addition, there is induced electron-hole recombination, and therefore there is a
change in the current distribution through an additional generation/recombination terms on

the right hand side of Eq. 2.16 and 2.17. This gives us the following expressions;

on

qaz \7.];-}-6 +R —CBN;Dn_eB(NTD _NY-"l—D)

— Cyf(Nry — Npy)n —ef Npy (2.37)
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o _, —

— ey Nty — Cf Nyyn — e} (Npy — Nryp) (2.38)

where, G and R are the conventional semiconductor generation and recombination
terms respectively. If we solve for the steady state (i.e. ';—’: =0 and ‘2—'; = 0) then the Eq. 2.37

and 2.38 reduce to the following current continuity equations;
V.Ju =—=(G —R—Rrp —Rry) (2.39)
V.]p = (G - R - RTD - RTA) (24‘0)

where Rrp and Rr, are the recombination rates through the donor-like and acceptor-
like trap states and are given by;

Rrp = D Tl’pp— bt oy 7on Vo (241)
(n+n1)/CD + (@ +p7)/Cp
A A
np —nipi
Rry Npy (242)

T (+nh/C (o +pD/CE

The expression given by Eq. 2.36, 2.39 and 2.40 are discretised onto a two-
dimensional finite difference mesh lattice and then numerically solved in an iterative way us-

ing the standard Gummel’s scheme [43,46].

2.3.2 Continuous Trap-State Density Distribution Model

So far we have assumed that the acceptor-like and donor-like trap states are mono-
energetic; that is they exist at only one energy level in the forbidden gap. For a more accurate
simulation, a continuum of trap states distributed across the energy band gap can be defined,
using the commercial device simulator ATLAS. To do this we again modify the space charge

term Qt representing trapped charge. This is given by
—p=q(—-n+Ny —N;)+Qr (2.43)

Qr = q(pr —ny) (2.44)
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where, N and N, are the ionized donor and acceptor concentrations respectively and

pr and n are the trapped hole and electron concentrations respectively.

Again we assume that the trap states consist of both donor-like and acceptor-like

states, distributed across the forbidden energy gap. We can write the total density of states as

9(E) = gp(E) + ga(E) (2.45)

where gp (E) is the total density of donor-like trap states and g, (E) is the total densi-
ty of acceptor-like trap states. Attempts to experimentally measure the continuum of trap
states at the grain boundary in Polysilicon films, suggest that both, donor-like and acceptor-
like states, consist of two components. Firstly, an exponential Tail distribution which inter-
cepts the adjacent energy band at its maximum value and decays rapidly toward the centre
(gra(E) for acceptor and grp (E) for donors). Secondly a Gaussian distribution of traps lo-

cated deep in the energy gap ( g4 (E) for acceptors and g.p for donors). These terms are ex-

pressed as;
E — B,
gra(E) = Npyexp W (2.46)
L Wra
E — B,
grp(E) = Nrpexp W (2.47)
L Wrp
[ [Eqq — ET?
GA
9ga(E) = Nggexp [— W (2.48)
| GA
[ [Eqp — ET*]
GD
9ep(E) = Ngpexp [— W (2.49)
| b GD - ]

where Ny, and Ny are the trap state densities at the point of intercept with the con-
duction band (acceptor-like) and valence band (donor-like) respectively and Wy,, Wy, are
the characteristic decay energies, defining how rapidly the distribution decays towards the
centre of the band gap. For the Gaussian type states; N4 and N, are the total density of trap
states, W, 4 and W, are the characteristic decay energies defining the spread of the Gaussian
and finally, E;4 and E;j, are the position of the Gaussian peaks in the energy band gap. All

quantities are for acceptor-like and donor-like trap respectively as denoted in the subscript.
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For clarification, the role of these quantities is illustrated by the example distribution shown
in Fig. 2.4.
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Figure 2.4: An illustration of a possible (a) acceptor-like and (b) donor-like distribution of
trap states across the energy band gap and how they relate to the model parameters.

To calculate the trapped charge we perform a numerical integration of the product of

the trap density and its occupation probability over the forbidden energy gap. This gives

Ec
nr = | ga(E)fa(E,n,p)dE (2.50)
Ey
Ec
pr = gD(E)fD(E: n, p)dE (251)
Ey

for trapped electrons and hole respectively, where f; and f;, are the occupation proba-

bility for acceptor-like and donor-like traps.

If we them assume that the capture cross section for Gaussian and Tail states are

equal, then the occupation probabilities are then given by

VpOgen + vp Oqn Dt

fA B UnOge (‘I’l + nt) + UpUah (p + pt)

(2.52)

UnOgeN + vp OqnDPt

fD a Un0Ode (n + nt) + UpO'dh(P + pt)

(2.53)
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Where o,,, 0., and a,,, a5, are the electron and hole capture cross sections for ac-
ceptor-like and donor-like traps respectively. The effective electron and hole concentrations,
n, and p, are defined as

E; — E

p: = n;exp T (2.54)
E —E;]

ne = nexp | (2.55)

where n;, is the intrinsic carrier concentration, E is the trap energy level, E; is the in-

trinsic fermi level and T is the lattice temperature.

The Shockley-Read-Hall recombination/generation rate [45, 47] per unit time is mod-

ified to include the multiple trap levels and is given by;

Unp =

fEC ( UnUpOgeOqhn (Tlp - niz)gA (E)

Ey UnOge (n + nt) + Upaah (p + pt)

vnvpo-deo-dh(np - nzz)gD (E) >dE (2 56)

Un0Ode (Tl + nt) + vpo-dh (p + pt)
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Chapter 3

Methodology

3.1 Device Feature and Simulation Models

The investigation of p-type polysilicon nanowire transistors were done with the help of
numerical commercial simulator SILVACO [48], installed on a VLSI lab of East West Uni-
versity. A p-type polysilicon nanowire transistor with 10 um channel length and 100 nm
channel thickness was created on 500 nm n-type Si substrate with substrate doping density
1x10" cm™. The 10 nm thickness aluminum material used as back gate (Fig. 3.1). A 500 nm
thickness of nitride layer were also employed between the polysilicon and silicon layer at the
back. There was 10 nm thickness layer of oxide used above on the polysilicon layer. In the
polysilicon nanowire, two heavily doped regions on the two sides of the channel were em-
ployed to ensure ohmic contacts on the source/drain regions with doping density of 1x10%°
cm. Here, the channel doping was p-type where the channel doping density was 6x10'® cm™,
To contact source, drain and gate the aluminum electrode was chosen with schottky barrier
height of 0 eV for a perfect ohmic contact. This structure exactly matches polysilicon nano-
wire biosensor which was fabricated in Southampton nano fabrication center [31]. The DC
electrical characteristics of these nanowires were characterized at Southampton which was

used to calibrate our simulation.

ATLAS
Data from KAR_Poly-Si_MW_str
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Figure 3.1: Schematic of the simulated p-type silicon nanowire transistor.
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In this research work we used constant mobility model for polysilicon NWs simula-
tion because TFT module in ATLAS is compatible with constant low field mobility model
only. Use of other mobility model overwrites constant low field model and gives inaccurate
results. Constant low field mobility model is independent of doping concentration, carrier

densities and electric field. It does account for lattice scattering due to temperature according

to:
TL —TMUN
TL —-TMUP

where T is the lattice temperature. The low field mobility parameters: MUN, MUP,
TMUN and TMUP can be specified in the MOBILITY statement with the defaults as shown in
Table 3.1.
Table 3.1: Default mobility model values for polysilicon

Statement | Parameter | Defaults Unit
MOBILITY MUN 1000 |cm?®/V.s
MOBILITY MUP 500 |cm?/V.s
MOBILITY | TMUN 15 -
MOBILITY | TMUP 15 -

However we have used MUN=14 cm?/ V.s and MUP=6 cm?/ V.s as experimentally
extracted mobility of similar polysilicon nanowires were within the range of 6 cm?/ V.s to 12
cm? / V.s considering variation of polysilicon nanowire width and height after fabrication
[31].

Fermi-Dirac (FERMI) carrier statistics model was used to account for certain proper-

ties of very highly doped (degenerate) materials.

In this model the probability f(¢) that an available electron state with energy ¢ is oc-

cupied by an electron is:

1
1+ exp (Sk_TELF )

where Ey is a spatially independent reference energy known as the Fermi level and k

f(e) = (3.3)

is Boltzmann’sconstant.
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In the limit that ¢ — Ex>>kT; Equation (3.3) can be approximated as:

Er - ‘9) (3.4)

£ = exp (S

Statistics based on the use of equation (3.4) are referred to as Boltzmann statistics
[49][50]. The use of Boltzmann statistics instead of Fermi-Dirac statistics makes subsequent
calculations much simpler. The use of Boltzmann statistics is normally justified in semicon-
ductor device theory, but Fermi-Dirac statistics are necessary to account for certain properties
of very highly doped (degenerate) materials. In ATLAS we used Fermi-Dirac statistics by
specifying the parameter FERMIDIRAC on the MODEL statement.

The Shockley-Read-Hall (SRH) model was used for recombination phenomenon
within the device. The carrier emission and absorption process (or Phonon transitions) occur
in the presence of a trap (or defect) within the forbidden gap of the semiconductor. The
theory of two steps process which was first proposed by Shockley and Read [45] and then by

Hall [47]. The Shockley-Read-Hall recombination is modeled as follows:

2
pn —ng,

)] + TAUNO [p + nexp (_E](T:;AP)]

Rsry =
TAUPO [n + n.exp (

ETRAP
kT,

(3.5)

where ETRAP is the difference between the trap energy level and the intrinsic Fermi
level, T, is the lattice temperature in degrees Kelvin and TAUNO and TAUPO are the elec-
tron and hole lifetimes. This model is activated with the SRH parameter of the MODELS
statement. The electron and the hole lifetime parameters TAUNO and TAUPO are user defin-
able on the MATERIAL statement. The default values for carrier lifetimes are shown in Ta-
ble 3.2. Materials other than silicon will have different defaults and full descriptions of these
are given in Table 3.3.

Table 3.2: Default parameters for equation 3.5

Statement | Parameter | Defaults | Units
MATERIAL | ETRAP 0 \Y
MATERIAL | TAUNO | 1.0x10” S
MATERIAL | TAUPO | 1.0x10” S
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Table 3.3: Default parameters of polysilicon recombination parameters for equations 3.5

Material | TAUNO (s) | TAUPO (s) | NSRHN (cm™) | NSRHP (cm™)

Polysilicon | 1.0x10” 1.0x107 5.0x10" 5.0x10%

To account bandgap narrowing effects, BGN model was used. In the presence of
heavy doping, greater than 10'%cm™, experimental work has shown that the pn product in sili-
con becomes doping dependent [51]. As the doping level increases, a decrease in the bandgap
separation occurs, where the conduction band is lowered by approximately the same amount
as the valence band is raised. In ATLAS this is simulated by a spatially varying intrinsic con-

centration n ;, defined according to the equation 3.6:

)

Bandgap narrowing effects in ATLAS are enabled by specifying the BGN parameter

2 _ .2
ie =1y

n (3.6)

of the MODELS statement. These effects may be described by an analytic expression relating

the variation in bandgap, AE,, to the doping concentration, N. The expression used in ATLAS

is from Slotboom and de Graaf [52]:

1
2 sl

2
+ BGN. Cl

AE, = BGN.E{In

BGN.N BGN.N)

+ [(ln

(3.7)

The parameters BGN.E,BGN.N and BGN.C may be user defined on the MATERIAL

statement and have the defaults shown in Table 3.4.

Table 3.4: Default parameters of Slotbooms bandgap narrowing model for equation 3.7

Statement | Parameter | Defaults | Units
MATERIAL BGN.E 9.0x10% | V
MATERIAL | BGN.N | 1.0x10" | cm?
MATERIAL | BGN.C 0.5 -
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Polysilicon is a disorder material which contains a large number of defects states
within the band gap of the material and interface. To accurately simulate the polysilicon NWs
with defects in ATLAS; the continuous defect density of states (DOS) used. The defect states
as a combination of exponentially decaying band Tail states and Gaussian distribution of mid
gap states [53-54] shown in Fig. 3.2 which theory described in chapter 2. In our work we

have used continuous defect density of states (DOS) for p-type polysilicon nanowire simula-
tion.
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Figure 3.2: The distribution of acceptor and donor-like trap states across forbidden energy
gap.

In polysilicon devices interface trap levels capture carriers, which slow down the
switching speed of any device. The capture cross sections are used to define the properties of
each trap. In ATLAS the INTTRAP command activates interface defect traps at discrete
energy levels within the bandgap of the semiconductor shown in Fig. 3.3. We used discrete

interface trap levels for simulation as it significantly reduces run time.
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Figure 3.3: The trap energy level for acceptor and donor-like traps in reference of conduction
and valance band edges.

3.2 Simulation Profile

This section is illustrating basic approaches for polysilicon NWs simulation. For de-
vice simulation SILVACO ATLAS usually faces convergence problem, hence the simulation
run time are increased. For this reason, the entire first and most important task is to define the
MESH of the device structure, because the device performance is depended on the mesh. The
coarser mesh leads the fast simulation and the finer mesh leads the accuracy of the device
performance. For accuracy the finer mesh are create at every interface symmetrically and the
coarser mesh are created elsewhere in order to reduce simulation run time. Once the mesh is
specified, every part of it must be assigned a material type. This is done with REGION state-
ments. After defining the region and materials, need to specify the ELECTRODE to contact
with semiconductor materials. Once the electrode is specified the most important parts of the
device is doping profiles such as source, drain, gate and body are needed to define. When the
doping profiles are specified then the device is ready to simulation. The simulation is per-
formed to check the structure, mesh and doping profile. Once the structure, mesh and doping
profile are satisfactory shown in Fig. 3.4, again the device simulation is performed with ap-
propriate models FERMI, SRH, BGN which are discussed in section 3.1and numerical solv-
ing method GUMMEL, NEWTON for accuracy of device simulation. The simulation was also

performed with and without interface and grain boundary defects.
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Figure 3.4: Doping profile of simulated p-type polysilicon NWs.

In ATLAS simulation a special bias point solving method was used to get the con-
vergence because it was found that the simulation faced difficulty in solving at the initial de-
sired bias points. Hence the initial bias was to 0.005V then 0.05V, finally set the desired bias
point for simulation. For each drain biasing point the Ips-Ves curve was generated for Vg,
varying from 5V to -20V with decrement 0.25V and for each gate biasing point the Ips-Vps
curve was generated for Vp, varying from 0V to 20V with increment 0.25V.
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Chapter 4

Results and Findings

This chapter describes the effects of different types of defects states inside the grain
boundary and in the interface on the electrical characteristics of p-type polysilicon nanowire.
Physical understanding of the effect of different types of grain boundary defects and interface
states (donor and acceptor types) and their distribution profile on the electrical behavior of
the p-type polysilicon NW is achieved by investigating each type of defects individually. This
knowledge is used to calibrate experimental p-type polysilicon NWs electrical characteristics
to find out the types and order of the defects that can be expected in p-type polysilicon NW

biosensors if fabricated by deposition and etch technique.

4.1 Polysilicon Nanowire without Defect

The p-type polysilicon device is like a single crystal Si device without considering any
defect of the material. This section shows the p-type polysilicon nanowire electrical characte-

ristics without any defect of the material.

3 ——ID_VD=0.5V
107 - —— ID_VD=1.0V|
—ID VD=1.5V
3 —— ID_VD=2.0V|
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—T— —T— r
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Figure 4.1: Ips-Vgs (Log Scale) of p-type polysilicon NWs without considering material de-
fects.
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The Fig. 4.1 shows subthreshold characteristics of the p-type polysilicon NWs without
any grain boundaries or interface states. The (I — Vi;¢) curve illustrated for different drain
voltage without considering any defects while using Si underneath the nitride as back-gate.

The reason for such simulation is that the experimental data is available at this condition.

No significant degradation of subthreshold slope is observed with increasing drain bias
with values of 181.72 mV/decade to 183.80 mV/decade for applied drain voltage of 0.5 V to
3.0 V. This result does not explain the results of the fabricated p-type polysilicon nanowire as

reported in [31] where subthreshold slopes are around 2.3-3.0 V/decade.

To investigate the reason behind the degraded p-type polysilicon nanowire characteris-

tics is introduced in NWs by incorporating different types of defects in simulation.
4.2 Effect of Interface Trap States

Interface states are usually created during nanowire fabrication due to the generation of
surface roughness during dry etch and also due to the lattice mismatch between two material
interfaces. The nanowire device under consideration has a nitride layer underneath it. In addi-
tion a 10 nm oxide layer was also grown on the top of the nanowire by oxidation for biomo-
lecule attachment through silanization. As a result, accumulations of interface states are ex-
pected in these nanowires. However, literature supports that depending on the process condi-
tions interface states may capture positive or negative charges. The type of charges in our
considered nanowire is not known and hence, we first study the effect of both types of inter-

face states for p-type polysilicon understanding and for calibration.

4.2.1 Effect of Acceptor-like Interface Trap States

To study the effect of acceptor-like interface states acceptor like states are created on
between the polysilicon and silicon-dioxide layer also in between the polysilicon and nitride
layer underneath the nanowire. The densities of acceptor-like interface states are varied from
1x10™ cm™to 5x10™ cm™. Fig. 4.2 shows p-type polysilicon nanowires subthreshold charac-
teristics at different values of acceptor like interface states for a drain bias of 0.5V. During

this measurement n-type silicon region underneath the nanowire and nitride was used as gate.
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Figure 4.2: Effect of acceptor-like interface trap states.

It is observed that variation of acceptor-like interface trap density does not affect nei-
ther drive current nor the subthreshold characteristic. However, it can be seen that acceptor
like interface states significantly affect the leakage current of the device. Here Leakage cur-
rent is increased from 3.87x10™° A/um to 4.86x10™® A/um as the density of the acceptor

state is increased from 1x10%° cm?to 5x10' cm™.

4.2.2 Effect of Donor-like Interface Trap States

Fig. 4.3 shows p-type polysilicon nanowires subthreshold characteristics at different
values of donor like interface states for a drain bias of 0.5V. During this measurement n-type
silicon region underneath the nanowire and nitride was used as gate. It can be seen that the
variation of donor-like interface states does not affect the leakage current at all. However, it
can be seen that donor-like interface states significantly affects drive current and the subthre-

shold characteristic.
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Figure 4.3: Effect of donor-like interface trap states.

The sub-threshold slope increases from 158.95 mV/decade to 3.79 V/decade for an increase
of density of donor like interface states from 1x10* cm™ to 5x10* cm™. Similarly the drive
current decrease from 2.07x107 A/um to 1.55x10™** A/um as donor density increases from

1x10™ cm™ to 5x10" cm™,
4.3 Effect of Grain Boundary / Trap States in Polysilicon Channel Region

Polysilicon materials usually composed of lots of grain boundary states. These states
are accurately taken care of if a continuous defect state within the band gap of the material is
considered. The continuous density of states (DOS) composed of four types of distribution.
Among them two tail bands contain donor-like and acceptor-like states. There are also two
deep level bands (Gaussian distribution) for acceptor-like and donor-like grain boundary trap

states.

4.3.1 Effect of Tail Distributions

Fig. 4.4 shows the p-type polysilicon NWs subthreshold characteristics at different
values of acceptor-like tail state distribution. During the simulation other parameters are re-
mained constant such as N;,=2.5x10"® cm™; N;p=2x10"" cm?eV™*; N;,=2.5x10" cm™. The
donor-like poly-oxide and poly-nitride interface states are kept constant at 1x10™ cm™ with

two discrete energy levels at E=0.19 eV and E=0.39 eV. The Ny, was varied from 5x10* cm’
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%V to 5x10% cm™eV™! and it is seen that Ny, does not affect the neither subthreshold slope

nor the drive current of the NW. Only a trivial change of leakage current is noticed.
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Figure 4.4: Effect of acceptor-like tail distributions (N1, ).

Fig. 4.5 shows the subthreshold slope characteristics of the p-type polysilicon NWs
for the donor-like tail distribution. During this simulation other parameters value are re-
mained constant such as Ny,=5x10" cm?3eV™*; N;,=2.5x10" cm®; N;,=2.5x10* cm™. The
poly-oxide and poly-nitride interface states are kept constant at 1x10™ cm™ with two discrete
energy levels at E=0.19 eV and E=0.39 eV.
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Figure 4.5: Effect of donor-like tail distributions (Ntp ).
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It can be seen that donor like tail states has effect on both subthreshold slope and
drive current. Subthreshold slope increases from 0.72 V/decade to 0.94 V/decade for the in-
crease of Ny, from 2x10™ cm>eV? to 2x10%° cm?eV* but it does not effect on leakage cur-
rent. In addition drive current also decreases from 1.54x107 A/um to 1.64x10® A/um for the

increase of Ny, from 2x10*cm®eV* to 2x10% cm@eV2.

4.3.2 Effect of Gaussian Distributions

To understand the Gaussian like defect distribution effect, Fig. 4.6 shows the p-type
polysilicon NWs subthreshold characteristics at different values of acceptor-like Gaussian
state distribution. The density of acceptor-like Gaussian states (N;4) was varied from
2.5x10" cm™ to 2.5x10% cm™ while keeping other parameters constant such as Ny,=5x10""
cm®eVY Npp=2x10' cm3eV?; N;,=2.5%x10" cm™. The poly-oxide and poly-nitride inter-
face states was donor-like with the density of 1x10** cm™ which comprised of two discrete
energy levels at E=0.19 eV and E=0.39 eV.
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Figure 4.6: Effect of acceptor-like Gaussian distributions (N4 ).

It is observed that the variation of N, effects only the leakage current. For the in-
crease of N;, from 2.5x10% cm™ to 2.5x10%®° cm™ the leakage current increases from
1.51x10™" A/um to 5.08x10™ A/um. It does not have any effect on the subthreshold slope

and the drive current.

East West University, Department of Electrical and Electronic Engineering 40



Undergraduate Thesis

Fig. 4.7 shows the p-type polysilicon NWs subthreshold characteristics at different
values of donor-like Gaussian state distribution. The density of donor-like Gaussian states
(N;p) was varied from 2.5x10* cm™ to 2.5x10% cm™. During this simulation the other pa-
rameters were kept constant with values of N;,=5x10"" cm®eV?!; Nyp,=2x10"" cmPev?;
Ng4= 2.5%10% cm™. The poly-oxide and poly-nitride interface states of donor-like with the
density of 1x10™ cm™ which comprised of two discrete energy levels at E=0.19 eV and
E=0.39 eV.
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Figure 4.7: Effect of donor-like Gaussian distributions (Ngp ).

From the Fig. 4.7, it can be seen that Gaussian like deep states has significant effects
on both subthreshold slope and drive current. Subthreshold slope increases from 0.65
V/decade to 28.97 V/decade for the increase of N;, from 2x10™ cm™ to 2x10™ cm™ but it
does not affect the leakage current. In addition drive current decreases from 1.56x107 A/um
to 5.27x10® A/um for the increase of N, from 2x10™ cm™ to 2x10* cm™. From the Fig 4.7
it is also observed that for the value of Ny, from 2x10'° cm™ to 2x10?° cm™ NW does not at

all work as transistor and the drive current remain constant around 7.8x10™** A/um.

The results of Fig. 4.4 to Fig. 4.7 show that the Gaussian like donor state and acceptor
state distribution in p-type polysilicon NWs has more effect on the electrical characteristics
than of the p-type polysilicon NWs tail like donor state and acceptor state distribution.
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4.4 Calibration with Fabricated Polysilicon Nanowire and Extraction of
Defect State Distribution

Fig. 4.2 to Fig. 4.7 shows some significant effects of different types of defect states on
the p-type polysilicon nanowire. Acceptor like interface trap states are found to affect the
leakage current of the nanowire whereas donor like interface traps are found to affect both
sub-threshold slope and drive current of nanowire.

Defects inside polysilicon also exhibited some important trend. Acceptors like tail states have
no effect on the nanowire electrical characteristics whereas acceptor like Gaussian states sig-
nificantly affects leakage current. However, donor like defects both in tail like and deep level
Gaussian like distribution affect nanowire subthreshold characteristics and drive current.
However the effects of donor like Gaussian states are more prominent then tail like states.
The aforementioned effects of different types of defects on p-type polysilicon nanowires are
used to calibrate nanowires fabricated by deposition and etch as reported in [31]. Throughout
our simulation we have created exactly same dimension of polysilicon nanowire and substrate
structure like [31]. As fabrication of nanowires were done in class 10 environment it is well
known that interface trap density will be around 10™ cm™. In addition [31] reports that nano-
wires were depleted due to surface states and hence, it is reasonably expected that interface
traps would be donor like for p-type polysilicon nanowires. As a result in our simulation we
have used donor like interface traps. For grain boundary traps acceptor like states are varied
to match leakage current level where as donor like states are varied to match sub-threshold
and drive characteristics.

Fig. 4.8 compares simulated transfer characteristics of p-type polysilicon nanowires with ex-
perimental results for different drain voltage (Vp=0.5V, 1V, 1.5V and 2V) with the body dop-
ing of 6x10° cm™ which is similar to the experimental results [31].
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Figure 4.8: Ips-Ves calibration of simulation and experimental data.

It can be seen that quite a good agreement has been achieved. The drive current of the
simulated polysilicon nanowire are quite similar with the fabricated polysilicon nanowire and
subthreshold characteristics are also comparable with the experimental results. Such a cali-
bration has allowed us to extract polysilicon nanowires defect states which was fabricated by

deposition and etch technology.

The extracted parameters are summarized below

Table 4.1: Trap states distribution parameters and device parameters used for simulation

Device Parameter Symbol (Units) Value
Channel Length L(um) 10
Channel Width W (um) 0.1
Oxide Thickness tor (nM) 10
Polysilicon Thickness t;; (nm) 100
Nitride Thickness thitride (MM) 500
Silicon Thickness (n-type) tsilicon (MM) 500
Back Gate Thickness thackgate (WM) 10
Source and Drain Dopant Density pt(cm™3) 1x10%
Polysilicon Doping Density pt(em™3) 6x10™°
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Silicon Substrate Doping Density nt(em™3) 1x10™°
Capture Cross Section of 6
. . Oge(cm?) | 1x10
Electrons in Acceptor —like States
Capture Cross Section of u
. . Oah (sz) 1x10°
Holes in Acceptor —like States
Capture Cross Section of 1
_ _ Oge(cm?) | 1x10
Electrons in Donor —like States
Capture Cross Section of 16
. . Odh (sz) 1x10
Holes in Donor —like States
Density of Acceptor-like Tail States Npy(em™3ev—1) | 2x10"
Density of Donor-like Tail States Nyp(ecm™3eV—1) | 1.12x10™
Density of Acceptor-like Gaussian States Ng4(cm™3) 1x10™
Density of Donor-like Gaussian States Ngp(cm™2) 1x10"
Decay Energy for Acceptor-like Tail States Wr,(eV) 0.05
Decay Energy for Donor-like Tail States Wrp(eV) 0.05
Decay Energy for Acceptor-like Gaussian States We,(eV) 0.1
Decay Energy for Donor-like Gaussian States Wep(eV) 0.1
Energy of Gaussian for Acceptor-like States E;q(eV) 0.51
Energy of Gaussian for Acceptor-like States E;p(eV) 0.51
Capture Cross Section of the Trap for u
o, (cm?) 1x10°
Electrons at Interface
Capture Cross Section of the Trap for 6
o, (cm?) 1x10°
Holes at Interface
Density of Donor-like Interface Trap States Dy (cm™?) 1.18x10M
Degeneracy Factor 1

The Table 4.1 describes all and shows that the result (Ips — V;s) matches for all Vps
(0.5V, 1V, 1.5V and 2V) and the result (Ips — Vps) matches for all Vgs (0.0V, -5V, -10V, -
15V and -20V).
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Chapter 5

Conclusion

We have investigated the effect of interface traps and p-type polysilicon grain boundary
defects on the electrical characteristics of p-type polysilicon nanowires (NWs). It has been
observed that acceptor-like interface trap states affect the leakage current of the NW whereas
donor-like interface traps affect both subthreshold slope and drive current of NW. Defects
inside polysilicon also exhibited some important trend. Acceptor-like tail states have not af-
fected the NW electrical characteristics whereas acceptor-like Gaussian states have signifi-
cantly affected the leakage current. However, donor-like defects both in tail like and deep
level Gaussian like distribution have affected NW subthreshold characteristics and drive cur-
rent. These physical understandings of different types of defects are used to calibrate p-type
polysilicon NW fabricated by deposition and etch technique which allowed us to extract dif-
ferent types of defects. This knowledge is very important to explain the p-type polysilicon
NW biosensor behavior which has been recently shown to be the only viable route for mass

manufacture of NW biosensors.

The extracted parameters are shown below.

Table 5.1: Trap states distribution parameters and device parameters used for simulation

Device Parameter Symbol (Units) Value
Channel Length L(um) 10
Channel Width W (um) 0.1
Oxide Thickness ty, (nM) 10
Polysilicon Thickness ty; (nm) 100
Nitride Thickness thitride (M) 500
Silicon Thickness (n-type) teilicon (M) 500
Back Gate Thickness thackgate (MM) 10
Source and Drain Dopant Density pt(cm™3) 1x10%
Polysilicon Doping Density pt(em™3) 6x10™°
Silicon Substrate Doping Density nt(em™3) 1x10%
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Capture Cross Section of 16
_ _ Oge (cm?) 1x10
Electrons in Acceptor -like States
Capture Cross Section of 1
: : Oan (em?) 1x10
Holes in Acceptor -like States
Capture Cross Section of 1
. . Ode (sz) 1x10
Electrons in Donor -like States
Capture Cross Section of "
_ _ oqn(cm?) 1x10°
Holes in Donor -like States
Density of Acceptor-like Tail States Nps(cm=3ev—1) | 2x10%
Density of Donor-like Tail States Nyp(cm~3ev—1) | 1.12x10"
Density of Acceptor-like Gaussian States Nga(cm™3) 1x10"
Density of Donor-like Gaussian States Ngp(em™3) 1x10"
Decay Energy for Acceptor-like Tail States Wr4(eV) 0.05
Decay Energy for Donor-like Tail States Wrp(eV) 0.05
Decay Energy for Acceptor-like Gaussian States We4(eV) 0.1
Decay Energy for Donor-like Gaussian States Wep(eV) 0.1
Energy of Gaussian for Acceptor-like States Eqq(eV) 0.51
Energy of Gaussian for Acceptor-like States E;p(eV) 0.51
Capture Cross Section of the Trap for "
o, (cm?) 1x10
Electrons at Interface
Capture Cross Section of the Trap for 16
o, (cm?) 1x10°
Holes at Interface
Density of Donor-like Interface Trap States D;;(em™2) 1.18x10"
Degeneracy Factor 1

It is expected that the deposition etch method based on polysilicon now may have fol-

lowing conclusion of p-type polysilicon traps and interface states.
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Chapter 6

Limitation of the Work

e We have performed 2D simulation of p-type polysilicon NW but in reality NWs are
three dimensional. For nanowire electrical characteristics to be evaluated accurately, it

is somehow imperative to do 3D simulation due to the confined dimension in NWs.

e We have assumed discrete trap levels for interface states, by continuous trap states

distribution would be more accurate.

e In NWs due to confined dimension lattice energy effect would be more prominent. So
energy balance model might give more accurate results and extraction of the defect

states.
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