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Abstract 

The goal of this thesis is to determine the effects that the actual physical structure of a 

metal�oxide·semiconductor (MOS) capacitor. A semi-classical numerical model is 

presented to investigate the effect of non-uniform substrate doping on gate C-V 

characteristics of MOSFETs. Poisson's equation is solved numerically neglecting 

quantum mechanical effects. Maximum surface potential is considered as equa! to 2¢F' 

Calculated gate C-V characteristic for step doping profi Ie and Gaussian doping profile are 

compared with C- V for uniformly doped substrates. It is observed that non-uniform 

doping has great influence in C�V characteristics ofMOSFETs in weak accumulation and 

depletion regime. It also affects the threshold voltage. 
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Chapter 1 

Introduction 

MOSFET is by far the most popular and common Field Effect Transistor after the 

invention of it in 1925 by Julius Edger Lilie;nfeld. According to Moore's Law the number 

of Iran sis tors per chip will get doubled in each year [1]. But the size of the chip can not 

increase with the same proportion. In order to be space convenient the chip size should be 

small as well. That is why scaling down the size of the MOS transistor is of great 

importance. The critical elements in device scaling are the gate dielectric thickness, the 

gate length and the substrate doping density (2]. As sizes are shrinking down doping 

density plays a vital role for MOS transistor operation [3]. 

1.1 Background of the Topic 

The MOS capacitor consists of a met.al�oxide-semiconductor layer structure which forms 

a voltage dependent capacitor. This particular structure has been studied extensively 

because it is present in all MOS transistors. The real importance of C-V curve is that a 

large number of device parameters can be extracted from the curve [4]. lts analysis 

provides detai Is related to the threshold VOltage of the MOS transistor and the quality of 

the oxide-semiconductor interface. In addition it is frequently used to measure device 

parameters such as substrate doping concentration, oxide thickness and oxide charge. 

These parameters can provide critical device and process information. 

The capacitance of a MOS structure is voltage dependent since the semiconductor region 

under the oxide can be either depleted of carriers, can accumulate carriers or an inversion 

layer can be formed. For instance in a p-type substrate one finds that for a large negative 

Department of Electrical and Electronic Engineering. East West UniversilY 
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voltage, VCR applied to the gate, holes are attracted to the interface, causing accumulation. 

A positive voltage on the other hand repels the holes which are present in the p-type 

material and thereby creates a depletion layer. A larger positive voltage at the gate causes 

sufficient bending of the energy bands in the semiconductor at the interface so that 

"inversion" occurs. An even larger positive voltage causes "strong inversion" where the 

carrier density at the oxide-semiconductor interface exceeds that of the opposite carrier 

type in the substrate [5]. The capacitance of the structure changes accordingly, but before 

any discussion about the capacitance can be started, one has to distinguish between "low 

frequency" and "high frequency" capacitance measurements. The low frequency 

capacitance is measured when the semiconductor is in thermal equilibrium at any time. 

while the voltage is applied [5]. This type of measurement is also called the quasi-static 

capacitance measurement. For a high frequency capacitance measurement, one uses a 

frequency which is so high that the minority carrier concentration can not follow the 

applied AC voltage and therefore maintains its value as determined by the DC bias 

voltage. The high frequency capacitance is obtained from the magnitude of the AC 

current that is out of phase with the applied voltage. Both capacitance measurements are 

performed as a function of the bias voltage which is slowly swept from accumulation, 

through depletion into inversion. For simplicity of analysis all other parameters are 

considered as ideal in measurement of C-V .characteristic. But in practical cases MOS 

transistor has few nonidealities. Three main nonidealities may be included: at the 

interface, in the gate material, and in the semiconductor. In the semiconductor, doping 

density is considered as uniform. Present day CMOS process use ion implantation to 

adjust the threshold voltage. The substrate doping in the transistor can thus no longer be 

considered as uniform. Step, retrograde, Gaussian and constant gradient doping profiles 

are common non-uni form profiles. The non-uniform doping main ly ··affects the relation 

between the depletion charge and channel voltage [6). 

Depanment of Electrical and Electronic Engineering, East West University 2 
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1.2 A glimpse of previous works on MOSFETs with non­

uniform substrate doping 

Lallement and others derived the solution for non-uniform substrate doping [6]. They 

presented five different type non-uniform doping and derived equation for depletion 

charge and threshold voltage. 

A numerical calculation of ideal C-V characteristics of non-uniformly doped MOS 

capadtor was carried out by Sissi and Cobbold [7-]. In this paper they also solved 

Poisson's equation but for boundary condition they considered surface potential. They 

chose several surface potential and for respective surface potential gate voltage was 

calculated. 

Simonetti and others observed the effect of substrate doping pro fi Ie on C-V curve for 

MOS capacitor [8]. They simulated with some Gaussian doping profile and presented 

their results including quantum effect. They also provided the effect of different oxide 

thickness. But they did not provide the full C-V characteristics as only accumulation 

region was simulaled. 

1.3 Objective of the work 

The C-V curve gives direct information about the penetration of the field in the 

semiconductor (minimum in accumulation, maximum in depletion, etc.) and about the 

varying charges (majority and/or minority carriers) allowing a direct assessment of the 

field effect. C-V characteristics are widely used to characterize the semiconductor, oxide, 

and Si-Si02 interface [9J [l0]. Test capacitors are customarily measured to monitor 

process lines, and a vast literature exists concerning the MOS capacitor as a technology 

characterization tool (see, for example, references in [10]). For technology 

characterization purposes, the inclusion of accurate models of the different non�idea1ities 

is paramount. To develop compact models of the MOS transistor we must keep the 

capacitive model as simple as possible. That is why C-V behavior seems a powerful 

diagnostic tool for device manufacturer. One can identify deviations from idea! in both 

Departmenl of Electrical and Eleclronic Engineering; East We!>t University 3 
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oxide and semiconductor parameters. So, accurate C-V measurement for practical MOS 

structure is routinely monitored. Doping profile has a significant influence in C-V 

behavior. Considering doping profile as uniform will not reproduce the appropriate C-V 

behavior for practical MOS structure. We tried to focus the changes in C-V behavior for 

different non-uniform doping profile. Poisson's equation is solved numerically neglecting 

quantum mechanical effects. Maximum surface potential is considered as equal to 2¢,. 

No weak accumulation regime considered in calculation. 

1.4 Thesis outline 

In this report, we represented our work in a few chapters. These chapters are as follows: 

• Chap ter 2: ln this chapter, the physics and operation of MOS devices are 

discussed in detail. Particularly, the theory of MOS capacitor is presented. 

The dependency of MOS capacitance on frequency and applied voltage is 

also shown. Presentations of various equations on MOS capacitor are 

described with proper description and figure. 

• Chapter 3: The proposed model with vertically non-uniform substrate 

doping for MOSFETs is explained in detail in this chapter. The equations of 

the model along with compact mathematical analysis and plots of electric 

field profile curves for an arbitrary non-uniform doping profile is presented. 

The way to identify maximum depletion width and by this calculation of 

different charges and generation of C-V characteristics are explained in this 

chapter. 

• Chapter 4: Two realistic non-uniform doping profiles (Step doping profile 

& Gaussian doping profile), used for simulation and generation of C-V 

characteristics of MOSFETs, are shown here. We highlighted the deviations 

from ideal C-V characteristic with uniform doping profile by suitable plots. 

• Chapter 5: Summary of our work and suggestion for future works are 

made in this chapter. 

"Department ofE!ectrical and Electronic Engineering, East West University 4 
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Chapter 2 

MOS Capacitor Physics and Operations 

2.1 MOS 

it is convenient to analyze the MOS 

gate-channel-substrate structure of the MOS 

capacitor is a two semiconductor device of practical own right As 

indicated 2.1) it consists of a metal contact separated 

insulator. Almost universally, the MOS structure doped 

silicon as the substrate and its native oxide, Si02• as the insulator. 

dioxide density of surface states at the oxide 

low 

quality of 

to the typical channel carrier density in a 

is quite good [11]. 

Fig 2.1 Schematic diagram of aMOS 

)en,�r1n,enl ofEleclrical and Electronic Engineering. East West 

tor 

icon-silicon 

is very 

Also, the insulating 
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MOS capacitor consists or: Metal with work function;,w. Oxide is Si02 also known as 
Silica and the semiconductor is Si. Work runction of semiconductor is;s' Here we 

consider p-type Si substrate. Initially we assume that;,/of =;s. In figure 2.2 E .. .fC is the 

vacuum level. 

M 

- ------------- E 
�E f Mae 

C 
etPS 

... ..... .... .1-.. . -... �� 
------------E, 

<-E, 
o S 

E, 

Fig. 2.2 Band diagram of MOS capacitor in equilibrium 

Depending on the applied voltage on the gate thr� regions can be created; these are 

Accumulnlion. Depletion and Inversion. 

Accumulation 

If gate vohage (Vo) is less than nat band voltage (VfB) accumulation starts. For this 

negative charge in the gate holes or positive charge in silicon surface will be attracted 

from the semiconductor. Thus the holes will be accumulated in the surface. 

EF -- - ,.­
eVG 

.. _-_."_-

--,.,...------ Ec 
. .... ��) , __ .. : ., ..... _. -- -----. _ •• _- - -- Ei 

.¢s ________ ._ - - . -Er 

Ev 

i-------. , 

Fi g. 2.3 Band diagram ofMOS capacitor in accumulation 
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Depletion 

I f we increase V G above V fB, the total charge on lhe g ate wi II become more positi ve. In 

this case the positive charge in the gate will simply deplete the positive charge of 

semiconductor and leaving it depleted. This stage is called depletion. Here. WD is called 

depiction width. 

Inversion 

�--�--�----------EC 

� -Ei 
EF 

--------------- EV 

I (Ps > 0 q5(x) > 0 I 

fig. 2.4 Band diagram of MOS capacitor in depletion 

As V G is increased further, surface potential will become sufIiciently positive to attract 

the free electron in the surface. This stage is named inversion. 

E --_._'­F 

E1eCl.rons in channel 
-------- E:c 

• - E� 
EF 

-------- Ev 

Fig, 2.5 Band diagram ofMOS capacitor in inversion 
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The voltage at which inversion starts is called threshold voltage. For this voltage, 

concentration of holes and concentration of electron are equal at the surface. 

2.2 Space Charge Density vs. Surface Potential 

The electron and the hole concentrations are related to the potential tPs (x). The 

equi I i brium electron concen1rat ion is defined as [12] 

2.1 

(Here nj is the intrinsic electron concentration; EF is Fermi level; qtPF is the position of 

Fermi level above the intrinsic level EI for the semiconductor; K is Boltzmann Constant; 

T is temperature in Kelvin). 

From this we can relate the electron concentration at any x to this value [12], 

-q('r¢)1 KT q¢/ KT 
n = ne = noe I . 

Similar thing happens for holes, 

At any x value we can combine these equations with Poisson's equation (2.5) and the 

usual charge density expression (2.6) to solve for ¢(x) [12] 

2.2 

2.3 

2.4 

2.5 

Where c s is the semiconductor permitlivity,and the space charge density p(x) is given by 

(J2, 13] 

p(x) = q(N; - N; + p - n) 2.6 

Department of Electrical and Electronic Engineering, East West University 8 
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One thing to note here deep inside the semiconductor, we have¢(co) = 0, For any gate 

voltage (VG) an electric field profile F(x) and corresponding potential profile ¢(x) will 

be present in semiconductor, We should keep in mind that F = - d¢ 
,The following 

dx 

expression can be derived for the electric field Fs al the insulator-semiconductor 

interface, in terms of the surface potential 

Where the function/is defined by 

fill) = ±/[C:XP(-U) + Ii -11 + r�:lcXp(LI) - u - II 

Where, npo is the minority carrier concentration in substrate. 

And 

L . =J&SKT 
DP 2N q " 

2.7 

2.8 

2.9 

Here Lop is called the Oebye length {12]. Oebye length IS the distance over which 

significant charge separation can occur. 

Using Gauss's law, we can relate the total charge Qs pet unit area in the semiconductor 

to the surface electric fiel d by [ 12] 

2.10 

Or the equation is 

-q% q¢ , n
2 

'1;51 q¢. 'Qs = 26KTN [(e KT + _S -1) +_i (e /KT -�-l)J 2.11 A KT N2 KT A 

Department of Electrical ,and Electronic Engineering, East West University 9 
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Here again the electric field deep in the substrate is zero. 

The space· charge density per unit area Qs in equation (2.11) is plotted as a function of 

the surface potential ¢s in the figure- (2.6) below. As the surface potential is negative 

(accumulation), it attracts and forms an accumulation layer with the help of majority 

carrier ho les at the surface. Here the fi rst term in equation (2.1 I) became dominant, and 

the accumulation space charge increases very strongly (exponentially) with negative 

surface potential. It is easy to see why by looking at equation (2.3 & 2.4), which gives the 

surface hole concentration in a p-type semiconductor as a function of depth. 

When the gate is at positive voltage, equation (2.11 )'s second term become the dominant 

one. Even though the exponential term is quite large, when multiplied by the ratio of the 

minority (0 majority concentration, it is initially negligible. Hence the space charge for 

small positive surface potential increases as - Y0s as shown in the figure (2.6) 

corresponds to the depletion region charges due to the exposed, fixed immobile dopants. 

The depletion width typically extends over several hundred nm. At some point the band 

bending is twice the Fenni potential 0r, which is enough for the onset of strong 

inversion. So the exponential term is multiplied by the minority carrier concentration and 

become equal to the majority carrier concentration [9]. Hence for band bending beyond 

this point, it becomes the dominant term, as in the case of accumulation the mobile 

inversion charge is now increases very strongly with bias, as indicated in equati on (2.2), 

and shown in the figure(2.6). 

Department ofEleclrical and Electronic Engineering. East 'West University 10 
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10-' Flat band 

10-8 

1 
-0 .4 -02 

Fig.2.6: Space charge 

function of the surface 

ofl xl 017 cm-J , Flat band 

inverslOn 

0.4 
(V) 

0,6 

l.tlVerSlOn 

0,8 

in p-type semiconductor as a 

potential, tPs with doping concentration 

o V. 

Again using the depletion approximation, we can solve for maximum depletion'region W 

as a function of ¢s [1 

w 

W is the width. 

across {he capacitor until strong inversion A that, further 
voltage result in 

the depletion width will [! 
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than in more depletion. So the maximum 
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The charge per unit area in the depletion region Qd at strong inversion is 

2.14 

The applied voltage must be large enough to create this depletion charge plus the surface 

potential ¢S(InY) • The threshold voltage required for strong inversion is 

2.15 

Where 

2.16 

This assumes that the negative charge at the p-type semiconductor's surface Qs for the 

onset of ,inversion is mostly due to the depletion charge Qs' the threshold voltage 

represents the minimum voltage r�uired to achieve strong inversion, which is an 

extremely important quantity for MOS transistor. 

2.3 Potential balance in a MOS Structure 

Let LIS assume that we have a p-type substrate. Here any value of gate voitage.(VGB) will 

have an impact on the semiconductor. Basically there are four kinds of drop across the 

MOS structure. 

I .  The voltage of external voltage source, Va 

2. The potential drop across the oxide, Vi 

3. Surface potential, ¢s 

4. Work function difference, ¢MS 

Applying KVL in the MOS structure 

Department ofElectIical and Electronic Engineering, East West University 

2.17 

12 



• o , 

'. 

1 • 

w 

Fit 1.7, A __ ""'Itoo,_ of ,," •• __ 10_'" 

.MOS ...... ... _, ... ' 

n.. ""'. _.... I "r 10 rriooed I/O .... ...... .. tIdwf oidc, dl.idod II,- ttc 

", .. � " 
'" 

.... . , .., " at< Iloc """,,,.,olrr ..... ... � of.... . " i i od....,. C, io .... 

,,,,,,,_ capociloncc per ... ... no -. el. <rill bo ow; :...... t , for 

. , ....... , 

• •• , __ .. 0 7 ... ... ,," __ "" •• _ .... _ ... ..... aoiq " 



Undergraduate Thesis 

2.4 Capacitance of ideal MOS Capacitor 

The capacitance-voltage characteristics is voltage dependent (Fig 2.8), we must use the 

more general expression [13]. Semiconductor capacitance Cs is given by 

c = dQs 
S d¢ s 

2. 1 9 

Now the semiconductor capacitance itself can be determined from the slope of the Qs 

versus ¢s plot (Fig. 2.6). For negative voltage, holes are accumulated at the surface. The 

structure appears al most like a parallel plate capacitor, dom inated by the insulator 

properties C, :::: el J d . As the voltage become less negative, the semiconductor surface is 

depleted. Thus a depletion layer capacitance Cd is added in series with C, . 

C - ex 
Ii - W 

2.20 

Here e s is the semiconductor permittivity and' W' is the width of the depletion layer. So 

the total capacitance is 

2.21 

The capacitance decreases as W grows until finally inversion IS reached at VT in 

depletion region, the small signal semiconductor capacitance is given by equation (2.19) 
which gives the variation of the (depletion) space charge with surface potential. Since the 

charge increases as - \'0s, the depletion capacitance will obviously decrease as J/\·'0s 

[ 13]. 

Department ofE!ectrical and Electronic Engineering, East West University J4 
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Ifwe continue to increase the positive gate voltage the downward band bending would 

further increase. In fact, a sufficiently large voltage can cause so much band bending that 

it may cause the midgap energy Ei to cross over the constant Fermi level E F' When this 

happens the surface behaves like n-type material with an electron concentration given by 

Eq. (2.2). Note that this n�type surface is formed not by doping but instead by inversion 

of the original' p-type substrate due to the applied gate voltage. This is referred to as the 

inversion condition. The surface is inverted as soon as EF > E,. This is called the weak 

inversion - regime because the electron concentration remains small until E" is 

considerably above E" If we further increase VG the concentration of electrons at the 

surface will equal, and then exceed, the concentration of the holes in the substrate. This is 

called the strong inversion regime. 

Accumulation Inversion 

Fig 2.8: Capacitance-voltage relation for a MOS capacitor. 
The dashed curve for VG > VT is observed at high 

frequencies. And the solid curve is for low frequencies. 

Department of Eleclrical and Eleclronic Engineering, East West University 15 
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Chapter 3 

Proposed Numerical Model for MOSFETs with Non­

Uniform Substrate Doping 

3.1 Model derivation 

In order to model 1 D MOS capacitor with non·uniform doping we need to solve 

Poisson's equ at ion numerically. The Poisson's equation is given by [12] 

3.1 

p(x) and n(x) respectively are the hole and electron concentrations and 8)1.. N SUB (x) i s  

the concentration for ionized impurities, with 8 == 1 for p-type and 8 = -1 for n-type 

semiconductor. The equation above gives a poten tial ¢(x) for the given charge density 

in the substrate with the boundary condition; ¢(O) == ¢s at the oxide/semiconductor 

interface and ¢(co):::: 0 in the deep substrate or bulk. As we are using p-type substrate so 

8 == I 

As with respect to our any arbitrary non-uniform doping concentration intrinsic 

concentration is negligible, the simplified fonnula will be for depletion region 

Now integrating equation 3.2 we have the electr i c field profile, 

It should be kept in mind that 

d¢(x) =!L r(N (x))dx 
dx J SUfi. 

f:s 

F(x) == 
_ d¢(x) 

dx 

Department of Electrical and Electronic Engineering, East West University 
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As we· know with any bias voltage there will be a corresponding electric field in the 

semiconductor�oxide surface. In our numerical model this surface electric field Fs is an 

inpu t parameter and electric field equat ion becomes, 

F(x) = Fs 
_' d�(x) 

dx 

006 

0,05 

0.04 

0.03 

0.02 

Semiconductor 
0,01 I surface 

01 
o 5 10 15 20 25 30 

Deplh(nm) 

Depletion 
width(W) 

j 
::15 40 45 ' 9]  

Fig. 3.1 Distribution of electric field in a non-uniform 

doped MOS capacitor. 

3.4 

In the electric field· profile in substrate after a certain distance from surface electric field 

becomes zero (Fig. 3.1). From here we can determ ine the depletion width for non� 

uniform doping profile. This distance (W) is the depletion width for a g iven surface 

electric field (Fs). [n our model we · approximate that maximum surface potentia l can be 

equal to 2¢F. We have to choose this surface electric field Fs which makes the surface 

potential tPs = 2tPF and it will make depletion width W = WM. After integrating equation 

3.4 we get the potential profile in the substrate, and the equation becomes for potential 
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Fig. 3.2 Distribution of potential in a non-unifonn" 
doped MOS capacitor. 

3.5 

!n Fig. 3.2 at FO, surface potential ¢s = ¢(O) == 2¢r: and at x = 00 ¢( 00) :::: O. For the 

oxide semiconductor interface; the total charge below Ihe oxide is the sum of charge due 

to the electrons in the inversion layer QJ and the charge due to the ionized acceptor atoms. 

in the depletion region Qa [14] 

3.6 

Here Qc' Q; and QI) represent charge per unit area. Depletion charge can be calculated by 

equation 3.7 [14}. 

3.7 

From equation 3�5 ¢(x) is the potential with respect to the bulk. So the electron 

concentration at any x is given by, 

3.8 
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no is equilibrium minority carrier concentration. We now evaluate Q/. Consider first the 

e l ectrons in the inversion layer. At any point of ordinate x the e l ectron concentration 

n(x) wil l  be given by equation 3.8. As one goes away from surface, ¢(x) decreases from 

,¢s towards zero and n(x) decreases rapidly owi ng to its exponential dependence on ¢(x) . 

Hence, we can assume that be low x = WM the electron concentration will be negligible. 

Practical ly all of the free electrons are then contained in a layer between x = 0 

and x == WM • The inversion charge per unit area Q, is given by, 

roW" 
Q, = -q =0 n(x)dx 

3.9 

Similarly for accumulation bias ho le  concentration at any x is given by 

p(x)=poe-q;(�)/K'r 3.10 

If substrate is p-type we can assume Po:::: NB. NB IS the back ,ground doping 

concentration. The accumulation charge per unit area QA is given by, 

3.11 

In a MOSFETs potentials are wet! balanced for a given gate voltage VGIl . Expression of 

Vc is written as 

3.12 

Here Vplj is flat band voltage and V, is vol tage across the insulator. As the charges have 

been ca l cul ated as well as the gate voltage, gate capacitance Cc can be calculated by 

3.13 
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Chapter 4 

Model Simula tions 

4.1 Results 

A n '  poly-s i l icon/Si02 I p-si licon str\,lcture is used for th is study.  Here oxide th i ckness 

has been assumed to be 3 nm. Non-uniform step and Gaussian doping profi les are 

considered . 'Current C M O S  tech nologies make use of hal o or ion · im plants to reduce 

short-channel effects [ 1 5J [ 1 6] and to control threshold vol tage and pu nchthrough effect 

[ 1 7] .  tor ion implantat ion Gaussian dop i ng profi le is formed automatical ly. But step 

dopi n g  profi le format i on is done inten tionl;l l ly for bette r performance and control [6] . 

This result is compared with average u n i form doping profi le .  Pol y-si l icon depleti on effect 

has been avoided . Flat band voltage, VP8 is - .2  V.  

4.2 Simu lation with step doping profile 

Formation of step doping wi l l  arise two cases [ 1 8] .  When the gate bias vo l tage VCB is  

such that the depletion depth x DM i s  less than the  depth o f  the  imp l an1  x, ( i .e. x DM < Xi ) 

the su bstrate can be consi dered to be uni  form ly doped with concentrat ion N s . 

, 
I 
I 
I 

X Dd  

Depth 

x 

Fig. 4 . 1 Step dop i n g  profi le for an n-channel MO SFETs 
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When VGB is such that x OM I i es outs ide x, (Fig. 4 . 1 )  (Le. x DM > x, ) X OM has now to be 

determined fro m the high-low step doping pro fi l es. A n alytical equations are no longer 

works i n  th is  case. 

Now let us cons ider the step doping profile  i n  Fig. 4.2.  Here this step profi le .can be 
formed by one or more low dose sha l low impla nts ioto a un iformly doped substrate of 

concentration I x 1 0 1 1  cm -3 [ 1 9] .  The implanted ' pro fi le i s  approx i mated by co nstant 

doping of 5 x 1 0 17 cm -3 from su rface to 30 o m  depth . S tep doping pro fi le i n troduces a new 

surface electric field grad ien t 00 the in terface o f 30 nm depth (Fig. 4 .3) .  

".-... 
"i' 

� 

1 01 7  

:� 
4 

Non-Unifonn I 
- - - U11ifonn 

- - - - - - -

LIO 20 40 60 80 1 00 120 140 1 60 180 200 
Depth(nrn) 

Fig . 4.2 : Step non-uni form dop i ng pro fi l e (so l i d  l i ne) and 

un iform do p i ng pro fi le (dashed l i ne) used fo r s i m u lat ion. 
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ow 

Depth(nm) 

Fig. 4.3 Electric field profile in substrate for 

step doping profile of figure 4.2. 

One thing to note here Ihal from the analytical equation of IV.., we find that for unifonn 

doping (2x IOn em·)) (Fig. 4.2) we have the maximum depletion i s  74 nm. But the above 

figure (Fig. 4.3) shows us that after 83 nm the electric-field becomes zero. So we have 

If.., is 83 nm for Ihe step doping profile. 
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Fig .  4.4 Potent ia l  distributions in su bstrate for step 

dop i ng profi l e. 

Frem petent ia l  d istribution curve in Fig . 4 . 4  we can see as we go i n to the depth of the 

substrate potent i a l  decreases and at max i mum dep let ion wi dth WM petential is zero. 

A fter us ing eq uation 3 . 8, 3 . 1 0 , 3 . 1 1 ,  3 . 1 2  we can ca lcu l ate a l l  cha rges. By d i fferentiat i n g  

with respect t o  gate voltage w e  can generale ' C�V curve (F i g. 4.5) fer non�u n i form step 

doping profi l e. 
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1 1---..... 

0 . .5 .  

O · I------J----�L..::-------""'"'---� 
-0.5 0 . 0 .5 1 .5 

VG� (V) 

Fig. 4 .5  C·V curve for both u n i form and non 
u n i form doping p ro fi le (Dotted l ine i s  the u n i form 
and so l id l i ne represents the non-unifonn dop ing 

profile). 

In th is figure we can see that the step dop ing profi l e has a sign ificant effect in the 

depletion region. a visible change of capacitance occurs at flat band vol tage. Another 

change seen is in  m inimum capaci tance, wh ich occu rs at a h igher voltage from noil· 

uniform dopi ng. A bump is seen at about O.4V wh ich represents the depletion region 

cross ing 30 n m .  The curve is sh i fted to its ri ght which means threshold voltage is 

increased . Another important point to note thal at the edge of accu mu lat ion  and deplet ion 

the curve shows abrupt transition. Th is is because of we assume max imum surface 

potential  is equal to 2¢F ' The cu rve for constant tPs = 2¢F represents the classica l  gate 

capaci tance model where ¢s = 0 in accumulation and ¢s = 2¢F for V08 > Vr [20]. 
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4.3 Simulation 

When ions are i mplanted i nto  

appro x i mated by the foi l  

Where, 

is 

x= the depth 

Rp ::::: p rojected range 

llRp ::::: straggle (standard 

D/ "" dose, i .e:, number. 

3 x
1018 

2.5 
r-.... 

M . I 2 ·  � 
� r-.... 1..5 k 
'---" 

� '  
� . 1  

0.5 

00 :5 

4.6 

used 

n,,"'rnp.!'I' of Electrical and Electronic  

n doping profile 

channel , the implanted p rofile  can be fai rly 

distdbution function 

concentration and occurs at  x = Rp 

in terface , 

depth), 

unit  area. 

1 0  1 5  
Depth (nm) 

East West UniversilY 
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Fig. 4.8 Potential  distributions to ' substrate for 

Gaussian doping pro fi le 

0.8 -

0.6 -

0.4 -

0.2 . -

0 
-0.5 o 0.5 1 1 .5 

Fig. 4 .9 C-V curve for both u n i fonn and non 

u n i form dop ing pro fi l e  (Dotted l i ne is the un i fonn 

and sol i d  rep resents the non-u niform dop i n g  

profi le).  
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For this Gaussian doping profile C· V curve is generated in figure 4.9. We compared this 

result with an average uniform doping of8,425 x I Ollcm-l • For this avernge unifonn 

doping IV., is 37.78 nm. It also shows D significant influence in the weak accumulation 

and around the depletion region. Both non-unirorm doping profiles caused a shift or the 

C-V curve to the right. No bump is visible ror the C-V characteristics with Gaussian 

doping profile. But the minimum capacitance is lower for the Gaussian doping profile. 

Threshold voltage also increases for Gaussian doping profile. 
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C hapter 5 

Conclusions 

5. 1 Summary of the work 

The effect o f  real istic non-u n i form substrate do p ing profiles on gate C-V 'characterist ic  

has  been studied in  th is thes is .  A sem i-c lass ica l numerica l  model  is used. Non-uniformity 

of dopi ng prof! l es has a s ign i ficant effect on C-V cu rve. The effect a lso depend s on the 

n ature of non-un iform dopin g profi le. 

5.2" Suggestion for future work 

We cons ider here max i m u m  surface poten t i al ¢s can be equal to 2¢s ' But in real case ¢s 

shou ld  be so lved . These wil l  make our C-V curve more real istic. Quantum mechanics has 

not been i n t roduced in our thes is . It affects C- V characte ristics a l ot. A good p rospect l ine 

in th is  work as it deals with rel iable approaches of modeli ng the u l trath in oxide 

MOSFETs. Fun her stud ies may lead to a set of more accurate express ion . In many cases 
approxi m ately eq u al have been used and th is leaves a scope for the determ inati on  of 

perfect energy band d istri buti on of interf-ace trap charges I u ltrath in MOS FETs. There are 

various model ing issues tha t await exploration i n  nanosca le MOS FETs. First, numerical 

device simu lation poses severa l  on going cha l lenges. As trans istor have reached 

d imensions approach i ng the  mean d istance between co l l is ion s, i t  is strongly  desirable to 
fu l ,ly ex ploit a mul ti-d imensional Poission -Schrod inger solver that trits e l ectrons as waves 

trave l ing across the dev i ce. Modeling and characterizati on of high gate field effects-gate 

direct tunnel i ng .(DT), po lys i l icon depletion and gate induced d ra in leakage (GI DL) are 

crucial. These w i l l  affect the C-V characterist ics from i d eal cond iti on . 
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