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Abstract

/Ne study the energy band diagram, surface electric field, charge density and static
current-voltage (C-V) characteristics of a metal-oxide-semiconductor (MOS) capacitor
oy self-consistently solving the one dimensional Poisson’s equation and semi-classical
charge density. Also analytical expressions are derived under depletion approximation
and they are compared with the self-consistent simulation results. Analytical
expressions of different levels of approximation are used to study the current-voltage (-
V) characteristics, subthreshold current, and quasi-Fermi potential along the channel of
an n-channel metal-oxide semiconductor field effect transistor (MOSFET). Analytical
and simulation results of MOS capacitor match well at relatively low biases. The current
in MOSFETs with different approximation match pretty well at low bias and the parabolic
approximation underestimate the current at higher biases.
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Chapter 1: Introduction

*.1: History of Field Effect Transistors

first patent for the field-effect transistors (FETs) principle was filed in Canada by
_strian-Hungarian physicist Julius Edgar Lilienfeld on October 22, 1925. Unfortunately
= naver got it to work because he did not fully appreciate the role of surface defects or
z_~ace states, in the process of trying to demonstrate experimentally such a field effect

znsistor. Lilienfeld did not publish any research articles about his devices. In 1934
z=rman physicist Dr. Oskar Heil patented another field-effect transistor [1].

_n 17 November 1947 John Bardeen and Walter Brattain, at AT&T Bell Labs, observed
~at when electrical contacts were applied to a crystal of germanium, the output power
wzs larger than the input. William Shockley saw the potential in this and worked over
s~2 next few months greatly expanding the knowledge of semiconductors [2]. According
> physicist/historian Robert Arns, legal papers from the Bell Labs patent show that
Mlliam Shockley and Gerald Pearson had built operational versions from Lilienfeld's
catents, yet they never referenced this work in any of their later research papers or
~istorical articles. The problem of surface states was resolved by growing an oxide
nsulator on Si, and the first MOSFET was demonstrate in 1960 by Kahng and Atalla [3].

1.2: The two-terminal MOS capacitor

Figure 1: MOS capacitor as like parallel plate capacitor.
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== ~=z2r1 of the MOSFET is the metal oxide-semiconductor capacitor shown in Figure

= metal may be aluminum or some other type of metal, although in many cases, it
=ually a high-conductivity polycrystalline silicon that has been deposited on the
= nowever, the term metal is usually still used.

“-= pnysics of the MOS structure can be more easily explained with the aid of the
=m0 e parallel plate capacitor. An insulator material separates the two plates. A parallel
= 212 capacitor with the top plate at a negative voltage with respect to the bottom plate,
= m=gative charge exists on the top plate. A positive charge exists on the bottom plate,
==z zan electric field is induced between the two plates as shown in figure 2. The

&

C=- (1)

~zre ¢ Is the permittivity of the insulator and d is the distance between the two plates.
T2 magnitude of the charge per unit area on either plate is

Q=cCv (2)

wnere the indicates charge or capacitance per unit area and V is the applied voltage.
Tne magnitude of the electric field is

14
E=~ ©)

Ptype P+

T E-field

Figure 2: The MOS capacitor with a p-type semiconductor substrate.
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"= oo metal gate is at a negative voltage with respect to the semiconductor substrate.
: 2n the top metal plate and an electric field will be induced with the direction shown
= == figure. If the electric field were to penetrate into the semiconductor, the majority
- holes would experience a force toward the oxide-semiconductor interface.

"
(]

i a

“.ow consider the case when a larger positive voltage is applied to the top metal gate of
—= MOS capacitor. We expect the induced electric field to increase in magnitude and
= corresponding positive and negative charges on the semiconductor to increases. A
----- negative charge in the MOS capacitor implies a larger induced space charge

= Femi level than the valence band is. This result implies that the surface in the
s=miconductor adjacent to the oxide-semiconductor interface is n type.

+++++ 4+ 4+

<

Figure 3: The MOS capacitor with an n-type substrate for a positive gate bias.

By applying a sufficiently large positive gate voltage, we have inverted the surface of the
semiconductor from a p-type to an n-type semiconductor. We have created an inversion
layer of electrons at the oxide-semiconductor interface.

In the MOS capacitor structure that we have just considered, we assumed a p-type
semiconductor substrate. Figure 3 shows the MOS capacitor structure with a positive
voltage applied to the top gate terminal. A positive charge exists on the top gate and an
electric field is induced with the direction shown in the figure [4].
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* 2: The flat band voltage

P-Depre e U o Tor

=4 J £ R
1 Vgin L

m

Figure 4: Flat band condition for an n-MOS.

Tne flat-band voltage is defined as the applied gate voltage such that there is no band
cending in the semiconductor and, as a result, zero net space charge in this region.
=.gure 4 shows this flat-band condition. Because of the work function difference and
oossible trapped charge in the oxide, the voltage across the oxide for this case is not
necessarily zero. We have implicitly been assuming that there is zero net charge
Jensity in the oxide material. This assumption may not be valid. A net fixed charge
zensity, usually positive, may exist in the insulator. The positive charge has been
dentified with broken or dangling covalent bonds near the oxide-semiconductor
nterface. During the thermal formation of SiO,, oxygen diffuses through the oxide and
reacts near the Si-SiO; interface to form the SiO,. Silicon atoms may also break away
from the silicon material just prior to reacting to form SiO,.

When the oxidation process is terminated, excess silicon may exist in the oxide near the
interface, resulting in the dangling bonds. The magnitude of this oxide charge seems, in
general, to be a strong function of the oxidizing conditions such as oxidizing ambient
and temperature. The charge density can be altered to some degree by annealing the
oxide in an argon or nitrogen atmosphere. However, the charge is rarely zero.

Department of Electrical and Electronics Engineering
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“= ~=: “xed charge in the oxide appears to be located fairly close to the oxide
s=— co-oucior interface. We will assume in the analysis of the MOS structure that an
=2 ..z =i trapped charge per unit area, Qss, is located in the oxide directly adjacent to
== 2« 2z-semiconductor interface. For the moment, we will ignore any other oxide-type

=s that may exist in the device. The parameter Qgg, is usually given in terms of
=- of electronic charges per unit area.

=2 z=0 applied gate voltage, we can write

Voxo*®so == Pms (4)

22te voltage is applied, the potential drop across the oxide and the surface potential
znange. Then we write

Ve = AVox+ Aps=Vox — Voxo) + (05 — ¢s0) (9)

_s 73 Equation (4), we have

Ve =Vox+ @s+@ms (6)

= zure 4 shows the charge distribution in the MOS structure for the flat-band condition.
Trzre is zero net charge in the semiconductor and we can assume that an equivalent
“«2d surface charge density exists in the oxide. The charge density on the metal is Q,,
3 from charge neutrality we have

Qm *+ Qs =0 (7)

Jiz can relate,Q,, , to the voltage across the oxide by

V=2 (8)

=
Cox

where Cox is the oxide capacitance per unit area. Substituting Equation (7) in Equation
81. we have,

V=SS ©)

COX

in the flat-hand condition, the surface potential is zero, or ¢,=0.Then from Equation (6).
we have

Q
Ve = Vip = Qs _ﬁ (10)

Nhere Vg is the flat band voltage for this MOS device [5].
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1 4 Threshold Voltage

Figure 5: Depletion region of an n-MOSFET biased below threshold

ﬁ’v’g =0V

Figure 6: Depletion region of an n-MOSFET biased above threshold with channel
formed.
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“ e zznold voltage of a MOSFET is defined as the gate voltage where an inversion
at the interface between the insulating layer (oxide) and the substrate (body)

= an electric field causes the holes to be repelled from the interface, creating a
=c =200 region containing immobile negatively charged acceptor ions. A further
~=r=z32 In the gate voltage eventually causes electrons to appear at the interface, in
3 called an inversion layer, or channel. In practical, the threshold voltage is the
e at which there are sufficient electrons in the inversion layer to make a low

= “aure 5, the source and drain are labeled n” to indicate heavily doped n-regions. The

U T

==z« ng the bulk charge neutral.

© = gate voltage is below the threshold voltage, the transistor is turned off and ideally

-

—=r2 is no current from the drain to the source of the transistor. In fact, there is a

=.72nt even for gate biases below threshold (sub threshold leakage current), although it

: small and varies exponentially with gate bias.

* 1ne gate voltage is above the threshold voltage, the transistor is turned on, due to
—zre being many electrons in the channel at the oxide-silicon interface, creating a low-
=sistance channel where charge can flow from drain to source. For voltages
s gnificantly above threshold, this situation is called strong inversion. The channel is

:zpered when V> 0 because the voltage drops due to the current in the resistive
zhannel reduces the oxide field supporting the channel as the drain is approached [6].

To account for the threshold shift from nonzero flat-band voitage whose main cause
comes from fixed oxide charges Qssand the work-function difference ¢,,.between the
2ate material and the semiconductor, the equation becomes,

(2 N
VT:VFB+(pS+ % (11)
— Qr 26N
FPms = oxt s+ [T (12)
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Q desN
=g = L+ 2, + A0 (13)

== oo = 2¢pqualitatively, V4 is the gate bias beyond flat-band just starting to induce
@~ ~.zrsion charge sheet and is given by the sum of voltages across the
==~ conductor (2¢r) and the oxide layer. The square-root term is the total depletion-
=27 Charge.

~=~ z substrate bias is applied (negative for n-channel or p-substrate), the threshold
© =22 becomes

Q [26,Na(@s—VBs)
VT:(pms—é)S:'i'(pS'i' %ﬁ (14)

Qp = VTln% for p-substrate and Vgsis the reverse sub threshold voltage[7].

(4]

* 5: Body effect:

~~= pbody effect describes the changes in the threshold voltage by the change in Vg,
= source-bulk voltage. Since the body influences the threshold voitage (when it is not
“=2 10 the source), it can be thought of as a second gate, and is sometimes referred to
=z 1ne "back gate"; the body effect is sometimes called the "back-gate effect” [8].

=27 an enhancement mode, n-MOSFET body effect upon threshold voltage is computed

zccording to the Shichman-Hodges model (accurate for very old technology) using the
2 owing equation.

Vi =Vro + V(\/VSB + 2¢r — \/Z(PF) (15)

wnere Vy is the threshold voltage when substrate bias is present, Vsgis the source-to-
cody substrate bias, 2¢, is the surface potential, V-, is the threshold voltage for zero

substrate bias, and y = (;O—z),/qusNA Is the body effect parameter. Here ¢,, is oxide
0

nickness, g,, IS oxide permittivity, ¢ is the permittivity of silicon, Na is a doping
concentration, and q is the charge of an electron [9].
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* & Basic structure and operation:

=7z zre divided into two families: junction FET (JFET) and insulated gate FET

= The IGFET is more commonly known as metal-oxide—semiconductor FET

_3FET), from their original construction as a layer of metal (the gate), a layer of
©v2z (ine insulation), and a layer of semiconductor. Unlike IGFETs, the JFET gate
=3 a PN diode with the channel which lies between the source and drain.
=_~cuonally, this makes the N-channel JFET the solid state equivalent of the vacuum
*_o= riode which, similarly, forms a diode between its grid and cathode. Also, both
2=. c2s operate in the depletion mode, they both have a high input impedance, and

=, both conduct current under the control of an input voltage.

Wzizl-semiconductor FETs (MESFETs) are JFETs in which the reverse biased PN
_~cton is replaced by a metal-semiconductor Schottky-junction. These, and the
-=MTs (high electron mobility transistors, or HFETs), in which a two-dimensional
==cron gas with very high carrier mobility is used for charge transport, are especially
=_able for use at very high frequencies (microwave frequencies; several GHz) [10].
==Ts are further divided into depletion-mode and enhancement-mode types, depending
= whether the channel is turned on or off with zero gate-to-source voitage. For
=-nancement mode, the channel is off at zero bias, and a gate potential can "enhance"
== conduction. For depletion mode, the channel is on at zero bias, and a gate potential
> the opposite polarity) can "deplete" the channel, reducing conduction. For either
—ode, a more positive gate voltage corresponds to a higher current for N-channel
zevices and a lower current for p-channel devices. Nearly all JFETs are depletion-mode
=3 the diode junctions would forward bias and conduct if they were enhancement mode
zzvices; most IGFETs are enhancement-mode types.

/e can see that the simple view of the MOS transistor is the figure 7. The transistor is
‘ormed on a p-type silicon body. If the gate potential is made sufficiently positive with
=spect to other parts of the structure, electrons can be attached directly below the
~sulator. these electrons can come through the n+ regions, where they exits in
zoundance, and can fill the channel between them, and the device is called an n-
channel device. The number of electrons in the channel can be varied through the gate
ootential. This can cause a variation of the “strength” of the connection between the two
7" regions, resulting in transistor action. If the two n+ region acts as a source for
clectrons, which then flow through the channel and are drained by the higher-potential
n+ region. It is thus common to call the lower-potential n+ region source, and the higher-
ootential one drain [11].
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By o &)
vhabstrae:
Figure 7: simplified structure of an n-MOSFET

== current in an MOS field-effect transistor is due to the flow of charge in the inversion
= =" or channel region adjacent to the oxide- semiconductor interface. We have
rs-ussed the creation of the inversion layer charge in enhancement-type MOS

= z=ro gate voltage.

=z can be seen on the figure the source and drain regions are identical. It is the applied
:ages, which determine which n-type region provides the electrons and becomes the
-.rce, while the other n-type region receives the electrons and becomes the drain. The

:ages applied to the drain and gate electrode as well as to the substrate, by means of
= oack contact, are referred to the source potential, as also indicated in Figure 7.

‘ lnsdeed cieetan ¥

S Cnaree

feginns

wwversion layer Space chargs
rennm

) iy

=igure 8: The n-channel enhancement mode MOSFET (a) with an applied gate voltage
Vs < V7, and (b) with an applied gate voltage Vgs > V1.
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£ ++++++++++++++
gV | b+

Figure 9: The MOS having the surface charge is zero.

The source and the drain form two pn junctions with the body as we have assumed
above. These are reverse-biased.as has been shown in fig 8. In a pn junction the
resulting depletion region extends to both the n and p sides. However, in the n-MOS
transistor the part inside the n regions is much shallower, since the doping there is
much heavier; thus that part is not shown for simplicity. We have assumed that the drain
potential is more positive than the source potential. Thus, the reverse bias across the
drain-body pn junction is larger, and the depletion region shown for that junction is
deeper. As a result, there are large numbers of negatively charged acceptor atoms
around the drain than there are near the source. This means that fewer electrons are
needed in the channel near the drain to balance the positive charges on the gate. It is
for the reason that the concentration of electrons shown to decreases as the drain is
approached in Figure 7. The largest electron concentration is found near the source.
The larger the value of the gate potential, the more the electrons and the “heavier” the
inversion is at that point. A few volts of variation of the gate potential can vary the
population of electrons there by several orders of magnitude. Although such variations
continuous, we often say that as the gate potential is raised, we go from weak inversion
to moderate inversion, and eventually to strong inversion. It will be seen that, when
appropriately done, this division into three regions is convenient, as distinct types of
behavior are observed in each of the three regions [12].

A MOSFET in Saturation.

Charge carriers in a MOSFET originate in source(S) and flow into drain(D). The total
amount of charge that flows depends on how much charge is injected into channel from

Department of Electrical and Electronics Engineering
East West University Page 18



‘ _~cz2r Graduate Thesis Paper

i
szurce. This is controlled by the gate-source bias, Vg . The drain current may or may

~2: depend on the voltage drop between source and drain. It depends on Inversion
~~z2nnel on the date-source Voltage and on the gate-drain Voltage.

"st. the inversion channel at the Source-end is controlled by Vg, and at the drain-end
2y Vga. For an n-channel MOSFET, the inversion channel is present at the source-end
=" channel if Vgs >V, and is present at the drain-end of channel if Vgg > V4.

“Vis > Vi and Vg > Vi, then the n-channel is continuous all the way from S to D. The
and D are connected by a conductor (or a resistor) of a given resistance. The drain
current increases if the voltage drop between S and D increases. The channel
zsistance depends on how much charge is injected at the S-end, which in turn is
ontrolled by Vgs The drain current |y depends on both Vgs and Vgq (or Vyg), and thus we
2zl this region of operation a Triode.

Wi

Vg > V1 and Vg < V71, then n-channel is present (or induced) at the S-end, but the
channel is depleted at the D-end. That is, the n-channel is pinched off at the drain-end.
Nhen the drain-end of channel is pinched off, the current no longer depends on the
Joltage drop between S and D (actually there is a small dependence of Iy on Vgq)

f Vgs < Vi(and of course, Vg < V), then no n-channel is present and no current flows
[13].

Department of Electrical and Electronics Engineering
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Chapter 2: Model

Self Consistent loop (SCF) \

Charge
calculation

In this chapter, we discuss the simulation model that we use to generate the results.
The discussion is given for n-MOS only. The band diagram of MOS inversion layer is
shown in Figure 10. In the figure z=0 is the oxide-semiconductor interface and positive z
s in silicon, £; is the intrinsic Fermi level, £, is the Fermi energy, and z, is the

depletion layer width.
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—p- 1Tl

Eiend Ei
Ef
Ei
A
Zd

Figure 10: Band diagram of a MOS structure in inversion.

As there is no current flowing through the MOS structure Efis constant. The electron
and hole concentrations in silicon can be written as

E,—E,(2)

n(z)=n,e R (16)

p@)=nme KT (17)
Deep inside the silicon, where the band is flat, the electron and hole have their

equilibrium values

Department of Electrical and Electronics Engineering
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—99F Ly—Eieo
A e KT —_p. KT (18)
! l

snere L;,is the E; at z —>oo. Dividing Eq(17) by Eq(18), we get

Eio=Eil2)
n(z)=nge KT
7’Z2 Lio —Ei(2)
a(z)=——e KT
N 4
_[_E,-oo —_@;<:>]
p(z) =N 4e KT

Therefore, the charge density at any position z in silicon is
p(2) =q(Np =Ny = p(z) = n(z))

Poisson’s equation for electric field is

dé _ P
dz g
where £ is the electric field given as & :la;E" , Putting the expression of &, Poisson’s
g az
equation becomes
2
dz Ep&yi

Using finite difference discretization with equal grid spacing of Az , Equation (19)
becomes

2

. . . AZ -

E'  -2Ef +E,’7+1:( ) 9p.,. (20)
ot

In matrix form eq.(20) becomes

Department of Electrical and Electronics Engineering
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1 2] N El, /01
-2 i £>
2 >
_q(az)
£
122 | | B
3 - o

4s the boundary condition to solve Poisson's equation we set E; =0 at z=0 and

E.=qp, at z—> o . Poisson’s equation is self consistently solved with charge density

defined in eqs. (16) & (17). The self consistent loop is started with p(z)=gNp for z <z,

and p(z)=0 forz>z,. Once the profile is converged, we have band diagram and

calculate surface electric field and surface charge density as follows

_ldE,- _lE‘—EO

F
T4 d qa-z

Qs‘ = gOgsiFs

2.1: Capacitance-Voltage Characteristics

The C-V characteristics of the MOS capacitor is studied by numerically evaluating the

semiconductor capacitance as

%Ds

Cs =
Ops

Here ¢ is the surface potential that we vary from 0 to 2.2 45 in the self consistent loop

and obtain the gate voltage from

Vg =@ + Foxlox +Vrp,

where F,_is the oxide field given as

F,

8.
_ Ssi
ox — Fs’

EOX
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znd Vpp is the flat band voltage given by

B~ _E;+¢ms-

The oxide capacitance is

€ ox

- ox !

ox

The total capacitance that is the gate capacitance is the series combination of the oxide
capacitance and the semiconductor capacitance.

- = 4
CG Cox Cs
G = Cscox

(Cs +Cox)

2.2: Analytical Calculations

At any z, the Poisson’s equation is

and the charge density expression to solve for ¢ is

p(2)=q(Np =N 4 = p(z) = n(z)) (22)

We can solve this equation to determine the surface charge per unit area Qs, as a
function of the surface potential ¢,. Substituting n(z) and p(z), we get

2 _a¢ a4
Mzi[%jz_q Dol @ kT_an ekl _| (23)
822 0z\ 0z £
Here Z—¢ is the electric field €.
z

Integration the Eq (23) from the bulk towards the surface, we get
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¢ a¢

3= o
[%jd{%j:_ij pole kT —1ln,| e*T —1|\dp
0Oz 0z Es §

S — |J$i

After integration, we then get

q¢ q¢
2kT -
g2 - Po || Tkt 192 _1 |, Mo | gkt _ 99 _4
d £ kT Do kT

N

Substituting ¢ = ¢, at the surface z=0, we get the expression of surface electric field

_9%s 995
£ 2@ e kT +%_1 +n_0 e kT _%_1 (24)
Y oglp kT Do kT
where the Debye screening length is
Lp= =8 (25)
q9 Po

By using the Gauss's law at the surface, we can relate the integrated space charge per
unit area to the electric field

O = &4, (26)

The positive charge Qn on the metal is balanced by the negative charge Qs in the
semiconductor, which is the depletion layer charge plus the charge to the inversion
region Qn,

Qm = _Q.y = qNAZd - Qn (27)
Using the depletion approximation, we solve for z, as a function of ¢,

1/2
_ 285¢S
e
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Tne depletion region grows with voltages across the capacitor until strong inversion is
sached. After that, further increase in voltage results in stronger inversion rather than in
more depletion. Thus the maximum value of the depletion width is

/2 2
L {285¢5i| _ ) KT In(N4/N)) 29)
um qNA quA

The charge per unit area in the depletion region Qq at strong inversion is
O = =N 2 = =2(5qN 485)° (30)

The applied voltage must be large enough to create this depletion charge plus the
surface potential ¢; (inver).

2.3: I-V Characteristics

The induced charge Qs in the semiconductor is composed of mobile charge Q, and
fixed charge in the depletion region Qq.

Qs = Qrz + Qa’
Mobile charge, 0, = —COV,{VG —(VFB _9n v ¢SH
COX
Substituting Qn,+Qq for Qs,
On Z_CO,YI:VG_[VFB—EQL‘*_%J:I (31)
ox
The threshold voltage is given by
VT = _& + 2¢F - Qox + ¢ms (32)

C C

ox ox

With a voltage Vp applied, there is a voltage rise V; from the source to each point z in
the channel. Thus the potential ¢, (z) is that required to achieve strong inversion (24, )

plus the voltages V,.
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1 44
On =—Cox| V6 —Vip—20F - V- ”C—\/zqgsNa(2¢F +V:)} (33

ox

If we neglect the variation of Qq(z) with bias V;, Eq. 38 can be simplified to
Onlz)=~Cor VG -V =V;) (34)

This equation describes the mobile charge in the channel at point z. the conductance of
the differential element dz is u,0,(z)z,/dz, where zq4 is the width of the channel and u-

is a surface mobility. At point z we have
[ pdz = 12,0, (ZXdVZ (35)

Integrating from source to drain

L Vp
[1pdz = 12,C, (Vo =V =V.)av.
0 0

C 1
I, :%{(Vc VW, —EVDZ} (36)

where —#ZdLC"x determines the conductance of the n-channel MOSFET. Again from

the eq.34 for Qn(z), we obtains

Co\- 1 2 \fzgsqNa 2 2
Iy =%{[VG ~Vyp =205 —EVDJVD —gci{(VD +24, )2 = (20, ) } (37)

ox

2.4: Sub threshold current

If we look at the drain current expression (Eq.36), it appears that the current abruptly
goes to zero as soon as Vg is reduced to Vr. In reality, there is still some drain
conduction below threshold, and known as subthreshold conduction. This current is due
to weak inversion in the channel between flatband and threshold (for bending between 0
and 2¢.), which leads to a diffusion current from source to drain. The drain current in

the subthreshold region is equal to
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2, N2 99 -qVGs
Zd 8GN 4 (k_TJ [”_’} xoKT|]_e KT (38)

]DZIU -
effL\ 2¢S q NA

2.5: Quassi Fermi potential

The drain current expression is

w vV
[D = (/ucor)f[(Vg _VT)VDS —m_% (39)

N /4
[ VN4 I

ox

here m =

The semiconductor charge is given by
Os =Cox (Vg =Vep =20 =V)

here the fixed charge is

04 = — 28N 4 Q- + V)

NV
=—\2&N 420 (1+—)
20F

— 1
=—./2&qN ;2 l+—
J2egN 424 £ ( 224,

.’ eV_N
\ 4967,

+ )

04(z)=—\2eqN 424 -
0y =05 -0y

eVN
==Cox(VG =Vrr =205 =V) *+28qN 42¢p + | 4q¢A
F

4egN 42¢F 1 legN

COX ox
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O,(V)=Cp(Vy =Vy =mV)
Ipz = (UCo) (Vg V)V =2V}
— (UCo) 1V =V Wps —m =251

= (HCo) (Vg = V)V =72

So, the Quasi Fermi potential

2 zV, =Vy) 4z 20, -V;) )
;(Vg_VT>i\[ gmz : _"L"[ gm - Vs =Vps]
B 2

V

v, =) \ﬁn—m 2V, -V z
P e e e
m L m 2
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Chapter 3:

Simulation Results and Discussions

In this chapter, we discuss the simulation results of both the MOS capacitor and the
MOSFET.

E(eV)

1! | P IO V-

0 005 04 045 02 025 03 035 04 045

Z{p m)

Figure11: Simulated band diagram for an n-MOS.

The simulated energy band diagrams are shown in the figure 11.The solid lines are self
—consistent calculations and the dotted lines are analytical calculation under depletion
approximation. The surface potential used in the calculation is ¢, = 2¢r eV . Both the
self-consistent and the analytical results match very well for this surface potential. We
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notice that the results calculated in these two ways match pretty well for smaller ¢, and
start to deviate when ¢, becomes ~ 24, or higher.

We apply a positive voltage to the gate metal. This raises the potential of the metal,
lowering the metal Fermi level by qV relative to its equilibrium position. The positive
voltage deposits positive charge on the metal and calls for corresponding net negative
charges at the surface of the semiconductor. Such a negative charge in p-type material
arises from depletion of holes from the region near the surface, leaving behind
uncompensated ionized acceptors. This is analogous to the depletion region of a p-n
junction .In the depletion region the hole concentration decreases, moving E; closer to
Er, and bending the bands down near the semiconductor surface. If we continue to
increase the positive voltage, the bands at the semiconductor surface bend down more
strongly; in fact, a sufficiently large voltage can bend E;below Ef. Since E>Ef implies
electron concentration, the region near the semiconductor surface in this case has
conduction band properties typical of n-type surface layer is formed not by doping, but
instead by inversion of the originally p-type semiconductor due to the applied voltage.
This inverted layer separated from the underlying p-type material by a depletion region,
is the key to MOS operation.

Now we take a closer look at the inversion region, since it becomes the conducting
channel in the FET. In the figure (11) we define a potential ¢ at any point z, measured

relative to the equilibrium position of E;. The energy q¢ tells us the extent of band
bending at z and q ¢, represents the bending at the surface. We note that ¢,=0 is the
flat band condition. When ¢, < 0, the bands bend up at the surface, and we have hole
accumulation. Similarly when ¢, > 0, we have depletion. Finally when ¢, is positive and

larger than ¢, the bands at the surface are bent down such that E; (z=0) lies below Ef,
and inversion is obtained

While it is true that the surface is inverted whenever ¢, is larger thangr, a practical
criterion is needed to tell us whatever a true n-type conducting channel exists at the
surface. The best criterion for strong inversion is that the surface should be as strongly
n-type as the substrate is p-type. That is E;should lie as far below Ef at the surface as it
above Ef far from the surface. A surface potential of ¢, is required to bend the bands
down to the intrinsic condition at the surface (Ei-Eg), and E; must then be depressed
another q ¢, at the surface to obtain the condition we call the strong inversion.

Department of Electrical and Electronics Engineering
East West University Page 31



Under Graduate Thesis Paper

4
15210 ——

10

F.(Vicm)

0__ | S [— I _ L l N L
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

R

Figure12: Simulated surface electric field diagram for an n-MOS.

The simulated surface electric field diagrams are shown in the figure 12.The solid lines
are self —consistent calculations and the dotted lines are analytical calculation. Initially
self-consistent result leads the analytical result. Wheng, = 2¢., two results are exactly
same. We notice that the results calculated in these two ways deviate for smaller ¢
and match pretty well for larger ¢; .
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Figure13: simulated semiconductor charge density diagram for an n-MOS.

The simulated semiconductor charge density diagrams are shown in the figure 13.The
solid lines are self —consistent calculations and the dotted lines are analytical
calculation. The surface potential used in the calculation is ¢, =2.2¢, eV. Initially self-

consistent result leads the analytical result. When ¢, =24, , two results are exactly
same. We notice that the results calculated in these two ways deviate for smaller ¢
and match pretty well for larger ¢ .
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Figure 14: Simulated capacitance versus gate voltage diagram of an MOS capacitor.

The simulated capacitance versus gate voltage diagrams are shown in the figure
14.The solid lines are self —consistent calculations and the dotted lines are analytical
calculation. The two results match pretty well in the depletion region and deviate in both
the accumulation and the depletion regions.
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v, V)

Figure15: Simulated family of Ip versus Vps curves for an n-channel MOSFET

The simulated families of ID versus VDS diagrams are shown in the figure 15.The solid
lines are parabolic approximation and the dotted lines are long equation given in eq.36
and eq.37. The gate voltage used in the calculation is varied from 1 to 5 volts with an
increment of 1 V. The drain voltage used in the calculation is varied from 1 to 5 volts.
We notice that the results calculated in these two ways match pretty well for smaller ¥,

and ¥; and start to deviate when ¥, and ¥, become ~ 2 V or higher. This means

that the term that we ignore to derive the parabolic expression has larger contribution at
higher voltages.
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15

v (V)
Figure16: Simulated Ip versus Vg (for fixed Vps) diagram for enhancement mode
MOSFET.

The simulated Ip versus Vg (for fixed Vps) diagrams are shown in the figure 16.The solid
lines are parabolic approximation and the dotted lines are long equation. The gate
voltage used in the calculation is varied from 1 to 5 volts and the drain voltage is V,, =

5V. Here we also noticed that the results calculated using €q.36 and eq.37 match well
at lower Vg and deviate at larger gate biases.
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Figure17: Diagram lpsup versus Vg diagram of an n-MOS.

The simulated subthreshold current is shown in the figure 17. If we look at the drain
current expression, it appears that the current abruptly goes to zero as soon as Vg is
reduced to Vr and the value of Vris 1.1V. The drain voltage is V, =5V. In reality, there

is still some drain current below threshold, and this is known as sub threshold current.

This current is due to weak inversion in the channel between flat band and threshold,
and the current is mainly diffusion current.
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Figure 18: Simulated quasi Fermi potential versus the channel length diagram of the n-
MOS

The simulated quasi Fermi potential versus the channel length diagrams are shown in
the figure 18. Here we see for low voltage the lines are flat but when voltage increases
the lines bend and for saturation voltage the line does not bend further. The drain
current is directly proportional to the gradient of quasi-Fermi potential. As long as the
quasi Fermi potential is straight line, the drain current is constant. As the quasi-Fermi
potential stat to deviate from the straight line, the charge distribute in the change also
have same to derivate to keep the drain current constant.
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Chapter 4: Conclusion:

Self consistent simulation and analytical expressions are used to study a MOS capacitor
and analytical expressions are used to study the |-V characteristic of a MOSFET.
Analytical expressions are derived under depletion approximation. Then the analytical
results are compared with the self-consistent simulation results. The analytical MOS
capacitor match with the simulated results at relatively low biases. The current in
MOSFETs with different approximation match pretty well at low bias and the parabolic
approximation underestimate the current at higher biases. The subthreshold current
(current at a gate bias below the threshold voltage) is mainly diffusion current and we
simulate this current using analytical expression.
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Chapter 5: Future work

The self-consistent model calculates the charge density from a semi-classical
expression and therefore the quantum effects such as energy quantization are not
studied. The model can be extended to include these effects by solving Schrodinger’s
equation with appropriate boundary conditions in the self-consistent loop.
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Appendix A:

Matlab code:

clear 4l
cle

r

NA = (5E16)*(1EB); /asubstrate doping |
tox = (10)*(1E-9);
phims = 0;

Qss =0; % 0X
W = (1.25)*(1E-6), %device width (m)
L = (1.25)*(1E-6); Yodevice length (m)
mu = (650)*(1E-4), “%mohility (m2/V-s)
Ni = (1.5E10)*(1E6); %intrinsic carrier co
Eg=1.12, %silicon band gap |

q=16E-19;

KB = 1.37824E-023;
T = 300;

KBT = KB*T; iermal energy (J)
KT = 00259Y wthermal er \ergy 'i';"‘.."_
ep_air = 8.854E-12; Vofre rmittiv
ep_ox=3.9; OXI |
ep_si=11.7,

A FEW CALCULATIONS

phif = (KBT/q)*log(NA/NI);

Cox = ep_air*ep_ox/tox;
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Wm = sqrt(4*ep_air*ep_si*phif/g/NA);
Vfb = phims-Qss/Cox;
VT = Vib+g*"NA*Wm/Cox+2*phif;

N = 500;
phis =linspace(0.01,2.2*phif,20);

Ei_ 0=0;

for nn = 1:length(phis)
nn
zd = sqrt(2*ep_air*ep_si*phis(nn)/g/NA);
if phis(nn)<=2*phif

zd = zd;
else

zd = sqrt(4*ep_air*ep_si*phif/g/NA);
end

z = linspace(0,3*zd,N);
dz = z(2)-z(1);

rho = zeros(N,1),
forii = 1:length(z)

if z(ii)<=zd
rho(ii) = -q*NA;
else
rho(ii) = 0.0;
end
end

rho = rho*dz*dz/ep_air/ep_si;

pkernel = -2*diag(ones(N,1),0) + diag(ones(N-1,1),-1) + diag(ones(N-1,1),1);
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rho = rho-pkernel(:,1)*Ei_0;
pkernel(:,1) = 0;
pkernel(1,:) = 0,
pkernel(1,1) = 1;

rho(1) = Ei_O;

ifixed (E_inf) boundary at deep in Si
rho = rho-pkernel(:,N)*phis(nn);
pkernel(:,N) = 0;

pkernel(N,:) = 0;

pkernel(N,N) = 1;

rho(N) = phis(nn);

Ei = pkernel\rho;

ELF-CONSISTENT ITERATION *xxaxsssiiionis

error = 100;
iter = O;
Ei old = Ei;

while (error>0.01 | iter<10)

nz = (Ni"2/NA)*exp((Ei(end)-Ei)/KT);
rho = zeros(N,1);
for ii = 1:length(z)

if z(ii)<=zd
rho(ii) = -q*(nz(ii)+NA),
else
rho(ii) = -q*nz(ii);
end
end

rho = rho*dz*dz/ep_airlep_si;

pkernel = -2*diag(ones(N,1),0) + diag(ones(N-1,1),-1) + diag(ones(N-1,1),1);
tho = rho-pkernel(:,1)*Ei_0:
pkernel(:,1) = 0;

pkernel(1,:) = 0;

pkernel(1,1) = 1;
7ofixed (E Inf) boundary at dee
rho = rho-pkernel(:,N)*phis(nn);
pkernel(:,N) = 0;

pkernel(N,:) = 0;

pkernel(N,N) = 1;
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rho(1) = Ei_0;
rho(N) = phis(nn);

Ei = pkernel\rho;
Ei=0.7*Ei + 0.3*Ei_old;

error = max(Ei-Ei_old)*100;

Ei_old = Ej;

iter = iter+1; if iter==100 break; end
end
EiSCF({;,nn) = Ej;
FsSCF(nn) = (1E-2)*(Ei(2)-Ei(1))/dz,

QdSCF(nn) = (1E-4)*q*NA*zd;
QISCF(nn) = (1E-4)*(g*trapz(z,nz));
QsSCF(nn) = QdSCF(nn)+QiSCF(nn);

end

for nn = 1:length(phis)
zd = sqrt(2*ep_air*ep_si*phis(nn)/q/NA);
if phis(nn)<=2*phif
zd = zd;
else
zd = sqrt(4*ep_air*ep_si*phif/g/NA);
end
K1 = (1/zd)*(phis(nn)+q*NA*zd"2/2/ep_air/ep_si);
for ii = 1:length(z)

if z(ii)y<=zd
EIANT (i) = -g*NA*z(ii)."2/2/ep_airlep_si+K1*z(ii),
K2 = EIANT(ii);

else
EIANT(ii) = K2;

end

Department of Electrical and Electronics Engineering
East West University Page 45



Under Graduate Thesis Paper

end
end
const = sqrt(2*KBT*NA/ep_air/ep_si),
term1 = exp(-q*phis /KBT)+qg*phis/KBT-1.0;

term2 = ((Ni/NA)*2)*(exp(g*phis./KBT)-q*phis/KBT-1.0);

FSANT = (1E-2)*const*sqrt(term1+term2);

QsANT = (1E-4)*ep_air*ep_si*const*sqgrt(term1+term2);

QdANT = (1E-4)*sqgrt(2*ep_air*ep_si*q*NA)*phis;
Qi = QsANT-QdANT,;
if Qi<0
QIANT =0;
else
QIANT = Qi;
end

CS = gradient(QsSCF,phis);
CgSCF = CS*Cox./(CS+Cox);
CgSCF = CgSCF/Cox:;

CS = gradient(QsANT phis);
CgANT = CS*Cox./(CS+Cox);
CgANT = CgANT/Cox;

VG = phis + (1E4)*QsSCF/Cox;

Vg=[12345];
Vd = linspace(0,5,100);
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for kvg = 1:length(Vg)
for kvd = 1:length(Vd)
mm = 1+sqrt(ep_air*ep_si*q*NA/4/phif)/Cox;

ID = (mu*Cox)*(W/L)*((Vg(kvg)-VT)*Vd(kvd)-mm*Vd(kvd)2/2);

Vdsat = (Vg(kvg)-VT)/mm;
IDSS = (mu*Cox)*(W/L)*((Vg(kvg)-VT)*Vdsat-mm*Vdsat"2/2);
if Vg(kvg)<VT
ID_SE(kvg,kvd) = 0;
elseif Vg(kvg)>=VT
if Vd(kvd)>=(Vg(kvg)-VT)/mm
ID_SE(kvg,kvd)= IDSS;
else
ID_SE(kvg,kvd) = ID;
end
end
end
end

for kvg = 1:length(Vg)
for kvd = 1:length(Vd)
const = 2*sqrt(2*ep_air*ep_si*g*NA)/3/Cox;
term1 = (Vg(kvg)-Vib-2*phif-Vd(kvd)/2)*Vd(kvd);
term2 = (2*phif+Vd(kvd))*(3/2)-(2*phif)*(3/2);
ID = (mu*Cox)*(W/L)*(term1-const*term2);

mm = 1+sqrt(ep_air*ep_si*q*NA/4/phif)/Cox;
Vdsat = (Vg(kvg)-VT)/mm:;

term1 = (Vg(kvg)-Vfb-2*phif-Vdsat/2)*Vdsat;
term2 = (2*phif+Vdsat)*(3/2)-(2*phif)*(3/2);
IDSS = (mu*Cox)*(W/L)*(term1-const*term2);

if Vg(kvg)<VT
ID_LE(kvg,kvd) = 0;
elseif Vg(kvg)>=VT
if Vd(kvd)>=(Vg(kvg)-VT)/mm
ID_LE(kvg,kvd)= IDSS;
else
ID_LE(kvg,kvd) = ID;
end
end
end
end
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Vg = linspace(0,5,100);
Vd = [35];

for kvdg = 1. :-Iéngth(Vg)
for kvd = 1:length(Vd)
mm = 1+sqgrt(ep_air*ep_si*q*NA/4/phif)/Cox;

ID = (mu*Cox)*(WIL)*((Vg(kvg)-VT)*Vd(kvd)-mm*Vd(kvd)"2/2);

Vdsat = (Vg(kvg)-VT)/mm;
IDSS = (mu*Cox)*(W/L)*((Vg(kvg)-VT)*Vdsat-mm*Vdsat*2/2),
if Vg(kvg)<VT
ID_S(kvg,kvd) = 0;
elseif Vg(kvg)>=VT
if Vd(kvd)>=(Vg(kvg)-VT)/mm
ID_S(kvg,kvd)= IDSS;
else
ID_S(kvg,kvd) = ID;
end
end
end
end

| EdlLiatidll
for kvg = 1:length(Vg)
for kvd = 1:length(Vd)
const = 2*sqrt(2*ep_air*ep_si*gq*NA)/3/Cox;
term1 = (Vg(kvg)-Vfb-2*phif-Vd(kvd)/2)*Vd(kvd);
term2 = (2*phif+Vd(kvd))*(3/2)-(2*phif)*(3/2);
ID = (mu*Cox)*(W/L)*(term1-const*term?2);

mm = 1+sqrt(ep_air*ep_si*q*NA/4/phif)/Cox;
Vdsat = (Vg(kvg)-VT)/mm;

term1 = (Vg(kvg)-Vfb-2*phif-Vdsat/2)*Vdsat;
term2 = (2*phif+Vdsat)*(3/2)-(2*phif)*(3/2);
IDSS = (mu*Cox)*(W/L)*(term1-const*term2);

if Vg(kvg)<VT
ID_L(kvg,kvd) = 0;
elseif Vg(kvg)>=VT
if Vd(kvd)>=(Vg(kvg)-VT)/mm
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ID_L(kvg,kvd)= IDSS;
else
ID_L(kvg,kvd) = ID;
end
end
end
end

VDS = 5;
PHIS = linspace(0.01,2*phif,100);
for ii = 1:length(PHIS)

const = sqrt(ep_air‘ep_si*q*NA/2/PHIS(ii))*(KBT/g)*2*(Ni/NA)A2;
IDSTH(ii) = mu*(W/L)*const*exp(PHIS(ii)/KT)*(1-exp(-VDS/KT));

end

/K

y = linspace(0,L,200):

m=1,
Vd_sat =2.6-VT;
c=Vd_sat/m ;

Vds=[05060811.2Vd_sat];
for i= 1:length(Vds)
for j= 1:length(y)
phi_n(i,j) = (Vd_sat/m )-sqrt((Vd_sat/m )*2-2*y(j/L*(Vd_sat/m
Y Vds(i)+y()/L*Vds(i)2);
end
end
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