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ABSTRACT 

With the demand for faster and denser circuits, the geometrical dimensions of 

a MOSFET must be shrunk to even smaller values. However, this reduced-dimension 

device comes at the price of a more complicated description of its electrical behaviour due 

to the increasing importance of higher order effects that are negligible in larger din~ension 

devices, ;inti a more complicated device structure using Lightly-Doped Drain (LDD) 

technology for improved device reliability. The goal of this research is to investigate 

in detail the electrical behaviour of LDD MOSFETs - bnth wide short-channel and 

hng narrow-width devices under different biaskg conditions and at varying operating 

temperatures. 

While all electrical parameters are extracted and described, for the ohmic region 

of device operation, particular emphasis is placed on channel length (At) and width 

(AW) reductions, and parasitic series resistance (Rp) and parallel concluctance (Gp) at 

varying biasing and operating temperature conditions. For example, we found that Rp 

and AL decrease with increasing effective gate drive (Vg,), but they increase with drain 

(Vds) and substrate (Vsh) biases. Both parasitic parameters Rp and AL increase with 

temperature. The results also show that Gp and AW increase with Vge, Vds and Vsb. 

Our results clearly show that these pwameters, together with other extracted 

parameters such as threshold voltage (VT), intrinsic mobility (p,), mobility degradation 

constants (go, OB), and drain modulation factor (S), are required for the accurate modelling 

and simulation of the electrical characteristics of LDD MOSFETs. 
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Chapter 1 INTRODUCTION 

In the past, the lack nf detailed studies of both short-channel and narrow-width MOS- 

FET! under different biasing cctnditions such as gate, drain and substrate biases, resulted 

in only limited IbfltOSFET models that can be used accurately for implementation in tech- 

nctirtgy cfiamcteriwtictn, prt~cess control, device design and even simulation packages. 

Moreover, studies of the effect of temperature variation on small geometry metal-oxide 

semicr~ncluctor field-effect transistor (MOSFET) provide a better understanding of the 

electrical characteristics of MOSFET. It is hope that thc results from this research will 

lead to improved electrical characterizatitrn and better models for wins short-channel and 

long narrow-width LDD MOSFETs. 

Although the first semiconductor device [lf was invented more than half a century 

ago, a thomugh investigation of the parasitic resistance and conductance, and channel 

length and chttnnel width reductions, respectively, of small geometry MOSFET only 

kgan  in the late 1970"s f21. However, the phenomenon of these parasitic parameters 

affecting the performance of semiconcfuctcz circuits were first discussed in the 1970's 

by Gaensslen 131. Since then, several puMications 14-91 have described the effects of 

these parameters in smdl getmetry MOSFET under different biasing conditions such 

as gate and &in bizs,Eing "This research was inspired by one ttf the first method of 

extmcting parasl tic resistance and channel length reduction af short-channel MOSFET 



by Terada and Muta [2]. in which some of the theoretical prohiems and limitations 

such as the carrier mobility effect and threshold voltage determination were riiscussed. 

After that, a large number of papers was published on the extraction techniques of small 

geometry MOSFET, mostly n-channel MOS transistors; some [lO-221 of which were 

for short-channel devices while some of them [23-281 for narrow-width devices, The 

rapid development of the extraction methods is mostly spurred by the advancement of 

fabrication technologies in very large scale integration (VLSI) circuits. 

As the progress of fabrication technologies pushed the feature size of a MOSFET 

into the submicrometer range, accurate modeling of its electrical characteristics becomes 

increasingly important. As the size of a MOSFET shrinks, the terminal current-voltage 

characteristics can no longer be accurately described by the ideal behavior of Iong- 

and wide-channel MOSFET. The presence of the second-order effects, which arise in a 

small-geometry MOSFET, becomes significant and cannot be ignored in modeling the 

device characteristics. Therefore, the electrical, not the physical, characteristics of sniall- 

geometry MOSFET are important and the parasitic parameters that are inherent in these 

miniature devices shall be included when modeling its behavior. 

In this research, short-channel and narrow-width effects are the primary target in the 

investigation of second-order effects. The parasitic resistance and concluctance, and the 

channei Iength and width reductions will be vigorously dealt with in this study. Other 

important parameters such as threshold voltage fluctuation, channel mctbility clegraciation, 

and temperature-dependent parameters are also discussed. Part of the discussion will be 

dedicated to simulation of current-voltage characteristics of both a wide short-channel 

2 



and a long narrow-width MOSFETs using the parameters extracted. 

1.2 LDD MOSFET 

Most of the research to-date have been carried out on n-channel MOS (NMOS) 

devices because the carrier mobility of the conventional NMOS transistor is much higher 

than that of p-channel MOS (PMOS) devices. This is largely due to the fact that the 

effective mass of electrons is smaller than that of holes. It is however, not always true 

for small geometry MOSFET. Chatterjee et. al. 1291 had found that, for sub-micrometer 

MOSFETs, the saturation mobility of PMOS is comparable to that of NMOS. 

The reliability of small-geometry MOSFET during operation degrades due to the 

following reasons :- 

I. carriers (holes/electrons) are more susceptible to velocity saturation than long and 

wide-channel MOSFET, and hence the velocity of the carriers reach the saturation 

value at a lower biases; and 

2. carriers are more prone to hot carrier effect, and under bias, this will cause their 

characteristics change with time. 

Hence, a drain-engineered lightly-doped drain (LDD) MOSFET [30] has been de- 

veloped, in which the lightly-doped or n- regions are introduced between the drain and 

source diffusion regions and the channel, to minimize this problem. Fig 1.2.1 shows the 

cross-section of an n-channel LDD MOSIjET. The source and the drain diffusion regions, 

normally written as n", have a higher doping concentration than the n- regions. The re- 

sulting hut-electron effect is reduced because the doping concentration of the source and 

the drain regions near the channel is reduced. The electric field lines occurring near the 
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Figure 1.2.1. The cross-section of an n-channel LDD MOSFET. (a) Two-dimensional structure of' an 

n-channel LDD MOSFET. fb) Symbolic represen&ion of the device. 



drain spread-out in the n- region. 

Compared to r conventions! MOS=ET, the LDD MOSET has the following ad- 

vantages. 

1. In LDD MOSFET, the electric field intensity between the drain and the channel 

regions is reduced. 

2. The breakdown voltage near the drain of LDD MOSFET is higher. 

3. A LDD MOSFET has a higher saturation drain voltage VutSat. 

Since the n- regions improve increase the lifetime of the device, these advantages 

help propel LDD MOSFET to be used in today's microelectronic applications. 

1.3 EFFECT OF OPERATING CONDITIONS ON 
MOSFET CHARACTERISTICS 

To-date, MOS technology has progressed at an extremely rapid pace in terms of 

both propagation speed and level of integration. The silicon technology, that is used to 

fabricate the MOSFET, is today's most mature technology in the semiconductor industry 

Since the midst of 1 9 7 0 ' ~ ~  MOS integrated circuits (ICs) have prevailed beyond what 

their bipolar counterparts dominated the IC market in the 1960's. Due to the advantages 

in device miniaturization, low power dissipation and relatively high yield, MOS ICs will 

continue to dominate the market for some time before another totally new technology 

is evolved. 

The electrical performance of a MOSFET operating under different biasing condi- 

tions, such as variations in gate voltage and ambient temperature, will be altered due to 

the change of the physical properties of the materials which are used in the transistors. 



The factors that affect ihe change in the physical properties of a IMOSFET is categorized 

into two subsections described below. 

1.3.1 Temperature 

Some of the commonly used materials for MOSFET are single-cry stalline silicon, 

poly-crystalline silicon and aluminum. Fig 1 3 .1 [3 11 shows the temperature dependence 

of normalized resistivities of aluminum and heavily-cioped silicon. The normalized re- 

sistivities of heavily-doped silicon increases with temperature. The property of changing 

resistivity with temperature is very useful in the modelling of MOSFET since it changes 

the operational speed of the system through the signal transmissioti delay. 

Another important parameter that changes with temperature is t.he thermal conciuctiv- 

ity of the material in the MOSFET. Fig 1.3.2 [31] shows that the thermal conductivities 

of silicon and aluminum decrease with increasing temperature. This variation of therniai 

conductivity with temperature is very important because, as the level of circuit integra- 

tion increases, the heat generated by the individual transistors poses a serious problen~. 

However, the problem of heat dissipation can be reduced if the operating temperature of 

M O S E T  decreases and hence, permits a higher level of circuit integration. 

The carrier mobility decreases with an increase in MOSFET operating temperature. 

This will result in a declease in the propagation speed of the circuit. It is due to the fact 

that the scattering of charge carriers in silicon becomes more prononced at higher ternp- 



Temperature (K) 

Figure 1.3.1. The tetnpemtull: dependence of normalized resistivities of alumimm and heavily-doped 

silicon. The resistivity values oiheavily-doped silicon is normalized to aluminum at different temperatures. 
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Figure 1.3.2. Measured thermal conductivities fcx silicon and aluminum versus temperature. 



eratures. Fig 1-3.3 [ 3  1) shows the carrier mobility in silicon changes with temperature. As 

the temperature is lowered, the charge carriers suffer less phonon scattering, thus gaining 

higher energies without being scattered. This, in turn, increases the carrier mobility. 

However, if the energy of these carriers is high enough, then these "hot" carriers will 

degrade the performance of the transistor by creating electron-hole pairs, by interacting 

with the interface states and by being trapped in the oxide, causing the characteristics 

of the transistor to be changed. 

The next important parameter that can be affected by temperature variation is the 

subthreshold region of MOSFET. It characterizes the behaviour of turning on or of? in 

MOSEET. The lower the operating temperature, the steeper the subthreshold slope. This 

property of sharper subthreshold region is becoming mare important than the mobility of 

charge caniers mentioned above. In order to achieve higher level of system integration, 

the individual transistor has to be shrunk according to specified down-scaling rules. 

By doing so, it is expected that the performance of the transistor can be improved 

accordingly. However, some undesirable characteristics hinder the expected result, and 

subthreshold slope is an important one. This non-scaling of the subthreshold slope may 

constrain lowering the power level that prevents further down-scaling of MOSFET. In 

[3],  it is reported that rhe variation of temperature during the operation of the transistor 

can provide a unique way to scale down this parameter, along with other scaled transistor 

parameters resuiting in a higher integration of circuits. 
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Figure 1.3.3. Mobility of holes and electron in silicon as a function of temperature. 



1.3.2 Val tages 

In the previous subsection, the electrical chxacteristics of a MOSIFET can be c.hanged 

by varying the operating temperature while maintaining the biases at the terminals 

constant. In this subsection, the temperature at which the MOSFET under studied, will be 

maintained constant. The operation of MOSFET under the influence of varying voltage 

biasing on the gate, drain and substrate terminals can alter the electrical characteristics 

of the transistor. This is due to the change of the intensity of the electric field acting 

on the carrier charges. 

Tn Chapter 2, the theory of NT40S will be derived using Poisson's equation in which 

the charge carriers can ',e rc~ated to the presence of the electric field. The field lines, 

which are created by any applied bias impressed upon the gate, drain and substrate 

terminals, are able to modulate the concentration of the charge carriers in the inversion 

layer. The change in carrier concentration can gives rise to the change in the electrical 

performance of a MOSFET. 

1.4 MOTIVATION 

This research is mostly motivated by the fact that only a small fraction of thz research 

todate have investigated the effect of gate biasing voltage on the parasitic resistance 

and channel length reduction of conventional MOSFET. Since all previous research, 

excepi [32], were carried out by using conventional MOSFET, those models will be 

unacceptable for application to the LDD MOSFET due to the presence of the n- regions. 

This clearly leaves a void in the development of parameter extraction techniques for small 



geometry MOSFET, especially LDD MOSFET, and the pe~formance i)f these tl-ansistors 

at different operating temperatures. In addition, drain and backgate (substrate) biasing 

can significantly affect the performance of MOSFET at different temperatures. Bzsitles, 

there is a need to provide a comprehensive model for narrow-width MOSFET since there 

are only a limited number of models currently available. 

One of the main objective of this research is to develop a method of extwcting 

the parasitic resistance Rp and conductance Gp, and the channel length AL and width 

AW reductions of n-channel LDD MOSFET under different biasing conditions at~d at 

temperatures ranging from 200 K to 400 K. The remaining parts of the thesis details other 

relevant parameters and their extraction. The results and discussions of all pa~.ameters 

are then presented. 

Chap' . 2 describes the theories of the operation of a MOSFET from weak to 

strong inversion region, and of short-channel, narrow-width uric! temperature-rclatetl 

effects. Chapter 3 describes the experimental details of the transistors used in this study. 

The experimental setup for the collection of experimental data is also included. The 

parameter extraction scheme for both the short-channel, and the narrow-width MOSFETs 

are presented in the following chgpter. The results that were obtained from the measured 

data using the extraction technique are presented and' discussed in Chapter 5. Finally, 

Chapter 6 gives the conclusion of this research and recommendation for future work. 



Chapter 2 THEORETICAL BACKGROUND OF MOSFET 

2.1 INTRODUCTION 

One of the most widely used electronic devices in the semiconductor industry, 

particularly in digital IC applications, is the MOS transistor. As Sah [33] wrote, the 

MOS transistor is 'The most abundant object made by man on this planet Earth!" 

The principle of the surface field-effect transistor was first proposed by Lilienfeld 

[ I  1 in 1930, followed by Heil [34] in 1935 and subsequently, was studied by Shockley 

and Pearson [35j in the late 1940's. In 1960, Kahng and Atalla [36] proposed and 

fabricated the first MOSFET using a thermally oxidized silicon structure. Since then, the 

basic device characteristics have bee11 studied by a number of researchers like Ihantola 

and Moll 1371, Hofstein and Heiman [38], and Sah [39]. The technology, application 

and device physics have been reviewed by Wallmark and Johnson [40], Richman [41], 

Brews [42] and Sze [31]. 

A perspective view of the basic structure of an enhancement mode NMOS transistor 

is illustrated in Fig 2.1.1. It is a typical four-terminal device consisting of a p-type 

semiconductor substrate acting as a backbone into which two heavily-doped n+ regions 

are formed. The n+ regions are known as the source and the drain of a MOSFET. Due 

trt its symmetry as a single device, the source and the drain regions can be interchanged. 

The so-called "metal" contact on top of the substrate is the gate terminal, which is 

usually made of either aluminum or heavily-doped polycrystalline silicon or a combina- 
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tion ctf siiicide and pctlysilicon. A layer of silicon dioxide between the gate and the 

subante cctn&c& acts as a dielectric material, A thin silicon region below the oxide and 

bounded between the source and the drain regions forms the channel of the transistor. 

The basic transistor parameters are the drawn channel length L or L,,,; the drawn 

channel width W or Wi,; gate oxide thickness b,; the junction depth xj; and the substrate 

rftying HA. fn an act-uaf circuit-, there is a thick layer of field oxide or other types of 

isoiatirtn surrounding each transistor to isctlate from other transistors. Other transistor 

parameters can be obtained experimentally [45-551. 

In this research, the source terminal will be used as a reference terminal. When no 

voltage is applied tct the gate terminal. the only current that can flow from the source 

to the drain is the reverse leakage current. When a sufficiently large positive bias is 

applied to the gate and drain contacts, the source and the drain are then connected by a 

ucmducting channel through which a current can flow. The conductance of this inversion 

channel can be modulated by varying the gate, drain and substrate contacts, individually 

as weft as through the operating temperature or device processing. 

22 PHYSICS OF N-CHANNEL MOSFET 

The operation of a tDD MOSFET is similar to that of conventional MOSFET. In this 

.sectitin, the funbamenaI physics of a conventional MOSET in normal operation will 

be des~r ikr f ,  All the theories used in the derivation will be expressed in one dimension 

(I-D) untess it is specified, akhough more rigorous results can be obtained by solving 

the ~clcdimensionai (2-!-Dl clr three-dimensional (3-D) equations. Tfiis section derives 



the relation between the surface potential, space charge and electric field, and finally the 

current-voltage relationship of a MOSFET. 

The electric potential distribution in a semiconductor can be described by using the 

1 -D Poisson's equation 

where ~ is the electric potential in the semiconductor, p(x) is the electric charge rlensity 

in the transistor, and t, is the permittivity of the semiconductor. The charge density p(x )  

in a MOS structure under equilibrium state is given by 

where Nu' and NA- are the densities of the ionized donors and acceptors, respectively; 

and pp and np are the densities of mobile holes and electrons, respectively, in the substrate 

material. In the bulk of the semiconductor, charge neutrality must exist and so, Eqn 

(2.2.2) becomes 

where npo and ppo are the corresponding electron and hole concentration in the bulk at 

equilibrium. The hole and electron concentrations as a function of .rl, are given by 

where Vt is the thermal voltage and is equal to kT/q , q is the electric charge, k is 

Boltrmann's constant and T is temperature in Kelvin. 



Using Eqn (2.2.2) and (2.2.41, the resultant Poisson's equation becomes 

Integrathg the above equation from the bulk to the surface of the material gives rise to the 

relation5hip between the electric field 5 and 7/1, and after a few manipulations, 

Eqn (2,2,5) becomes 

By &aflss's Law, the space charge required to produce this field under the gate is 

given by 

where tfie subscript s denotes the surface of the substrate, and the Debye length is 

and 

Fig 2.2.1 [31] shc-rws a typical variation of space-charge density Qs versus surface potential 

?/J, in the semi-log scale. From this figure, the condition for strong inversion can be 

approxi~flated as 



p-TYPE Si ( 3 0 0 K )  

N~ = 4 x toi5 ~ r n - ~  

\ 
( STRONG 

INVERSION) 

E v +€I 7 Ei  EC 
1 I I 1 

-0.2 0 0.2 0.4 0.6 0.8 1 .O 
+s ( VOLT 1 

Figure 2.2.1. Variation of space-charge density Q in the semiconductor as a function of the surface 

potential q5, for a p-type silicon with NA = 4x10'~ cmY3 at room temperature. (taken from [31], p.369) 



where 7bH is the potential difference between the Fermi level and the intrinsic Fermi level 

and n, is the intrinsic carrier concen~ation of silicon. 

In the absence of any work function difference, the minimum gate voltage V,, 

required for channel inversion will appear partly across the oxide and partly across 

the semiconductor, anci so 

where V,, is the potential across the gate oxide. In real MOSFET operation, the 

voltage acquired from Eqn (2.2.11) is not enough to produce channel inversion condition. 

The required voltage has to take into account the difference of both the gate and the 

semiconductor work functions, the amount of channel implant and the total charge 

density in the gate oxide. 

The value of gate voltage required to produce strong inversion should include two 

more components into Eqn (2.2.1 1). They are : 

1. cl,,,,, which is the difference in work functions between the gate and the semiconductor. 

2. Q,, which is the total undesired charges present at the interface between the oxide 

and the surface of the semiconductor and in the oxide. 

In order to flatten the energy band from the bulk to the surface of the semiconductor 

before inversion, a flatband voltage Vfb is required and is given as 

The surface charge density Qs is the sum of the inversion layer charge density QI and 

the ionized charge QA in the depletion region. QI plays a dominant role during strong 



inversion condition. Qr(y) is in the direction of the channel and can be ecluared to 

The total current density in the channel consists both the drift anti diffusion currents. 

The drift current component dominates the total current in strong inversion region while 

the diffusion component is the dominant term in the weak inversicm condition. Flence, 

during strong inversion condition the drain current Ids can be approximately eci~~uteci to 

assuming QI(y) is very close to Qs(y); p is the carrier mobility in the channel and is 

assumed constant. 

Integrating Eqn (2.2.14) along the channel gives (see Appendix A) 

where y is called the body effect factor given by 

Eqn (2.2.15) predicts that, for a given Vgs, the drain current IC1, first increases linearly 

with drain voltage Vcis and then gradually levels off. In the linear region of operation 

where Vds is small, Eqn (2.2.15) reduces to 

pCox w 
Ids = L 

where S is given by 



and Vr is called the threshcild voltage given by 

If Vds << (V,,-VT), Eqn (2.2.17) can be reduced further to give 

If VJS is increased to a point where Vds = Vds,sat, Ids in Eqn (2.2.20) is no longer increases 

linearly with Vds. This VCis,,;,,, called the saturation drain voltage, is extracted from Eqn 

(2-2.17) by setting dlLls / dVgs = 0, and is given as 

The corresponding saturation drain current is 

Note that I,ts,,,t in Eqn (2.2.22) does not depend on Vds but increases quadratically with 

(V,s-Vr>. 

When Vgs < VT, the surface of the semiconductor is weakly inverted and the 

corresponding drain current is called the subthreshold current. This region is particularly 

important for scaled transistors because the subthreshold region determines the turn-nnloff 

characteristics of a MOSFET. The subthreshold current ISub can be written as 1311 

where A is the area of 

coefficient of electrons. 

clrr. 
1.d = -qADn- (2.2.23) 

C L ~ Y  

the cross-section of the current flow and D, is the diffusion 



The subthreshold slope, S, can be used to deduce the steepness of the subthreshold 

region and is defined as [31] 

For a long and wide channel MOSFET, S is given by 

where Cr>(7,b,) is the depletion capacitance evaluated at - r / l s  and a is detineci as 

(2.2.26) 

Note that the a values increase with increasing doping concentration and oxide thickness, 

2.3 SHORT-CHANNEL EFFECTS 

Since the beginning of the IC era, the minimum feature length has been recluced by 

two orders of magnitude [31]. As the channel length L is reduced, the characteristics of 

the transistor depart from that of corresponding long channel transistor. This departure 

arises as a result of more than I-D high electric field distribution in the channel region 

and stronger drain induced barrier lowering (DIBL). 

For a given channel doping concentration and decreasing L, the depletion layer 

widths of the source and the drain junctions become comparable to the channel depth. I -  

D theory is not sufficient to describe the behaviour of a scaled transistor. Hence, 2-D, or 

perhaps 3-0, numerical analysis must be applied to understarid and get accurate results. 

However, this technique requires considerable amount of tedious calculation time and 

the physics involved is complex. 



For this reason, it is necessary to develop a much simpler theory or model by using 

an empirical or semi-empirical approach, that is suitable for circuit simulation or for 

readers who do not possess strong physics background. A simple approach is to adopt 

the characteristics of the long channel transistor and to modify it to account for short- 

channel or narrow-width effects. Recently, this approach has been used and demonstrated 

in publications such as [63-681. Only some of the short-channel and narrow-width effects 

will be studied in this research, and they will be briefly described in the following 

subsection. 

2.3.1 Definition of Short-Channel Device 

Sze [31] has defined a short-channel device based on two criteria : 

I .  the length of the channel is considered short if there is a 10% departure of the 

short-channel Id, from linear dependence upon 1/L. 

2. a device is considered short-channel device if there is a 10% increase in the 

In addition, if L is in the same order of mangitude as the source and the drain depletion 

depths, then the device is considered short according to Ong [4]. 

2.3.2 Threshold voltage 

In Section 2.2, the VT expression in Eqn (2.2.19) is valid as long as the channel is 

long and wide, and does not violate the definition for short-channel mentioned above. 

As L decreases, VT decreases rapidly and the expression in Eqn (2.2.19) has to be 
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modified to include the corresponding short-channel effects. In this subsection, VT for 

short-channel transistor will be discussed. 

The concept of charge sharing both provides physical insight into the ctevelop,ment of 

the VT expression and predicts the trend correctly. From Eqn (2.2.19), the total aniount 

of charge under the gate determines a portion of VT. If L is much longer tha~i either 

the source or the drain depletion region, the charge sharing which c)ccurs from these 

regions can be neglected. 

If L is reduced to a distance comparable to the source or the drain depletion widths, 

part of the charge which is induced under the gate is also contained in the source ancl the 

drain regions. Fig 2.3.1 [8] shows the charge sharing model for short-channel MOS PET, 

In other words, charge sharing is occurring in both the source and the drain depletion 

regions with the gate region. This implies that the total effective charge induced under 

the gate can no longer be approximated by a rectangular shape. Hence the amount of 

charge reflected to the gate can be expected to reduced. This, in turn, decreases V r  

as L decreases. 

The change in VT can be calculated based on this model. Eqn (2.2.19) is rewritten 

in a different form where the last term is related to the depletion region charge density 

QD as 
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Figure 2.3.1. Charge sharing model in a short-channel MOSFET. 



where 

The application of drain and substrate voltage Vsb can be easily incorporated in the: above 

equation by changing the term 7,b, to (7/,, + VC1, i- Vsh). 

The charge sharing model uses the effective depletion charge density Qrl,,K to repl;lce 

Qu and Eqn (2.3.1) becomes 

This equation is similar to Eqn (2.2.19) except that y becomes (y Qli,eff / Q+). The 

enclosed total charge that is induced under the gate can be approximated by a trapezoidal 

region, as shown in Fig 2.3.1. A simple geometry derivation yields 

where rj is the radius of curvature of the source and the drain junctions antl wrl  is the 

maximum depletion layer depth given by 

By substituting Eqn (2.3.4) into the Eqn (2.3.3), the new expression for VT becomes 

For small Vdst the above equation shows that the difference between the source antl the 

drain depletion depths is negligible. For large Vds or Vd >> V,, the square bracket of 
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the last term in the previous equatim is replaced by 

where wd and w, are the depletion depths of the drain and the source, rcspectively. Fig 

2.3.2 143 shows a schematic representation of the effect of drain and substrate voltage on 

Vr. The threshold voltage shift AVT due to short-channel effect is 

In practice, the above formulation is too complicated to be used in actual calculation 

and simulation. However, it can been shown from Tsividis [5], that Eqn (2.3.4) can be 

approximated by 

where crl is an empirical fitting pararneter. Using Eqn (2.3.9), the corresponding empirical 

VT expression becomes 

where < is defined as 

and the ccwresponding AVT is given by 

where crz is an empirical fitting parameter for the Vds effect. 



Chamel Length ( pn) 

Figure 2.3.2. A schematic representation of the effect uf &din and subslralc biasing on Ver for slam-chnnncl 

devices. 



2.3.3 Subthreshold Slupe 

Tfie short-channel effect is a h  manifested in the subthreshold slope characteristics. 

Eqn (2.225) has to be modified to include short-channel effect by the charge sharing 

mrdel. The term Cr3(rl,) in Eqn (2.2.25) decreases due to charge sharing with the 

source and the drain junctitms. Since weak inversion occur in the subthreshold region, 

the charge carriers in the channel can be approximately equal to the depletion charge 

Qn. Err shirt-chaiinef transistor with a annif~rmly-doped channel, the effective depletion 

capacitance CnCff(r.?,) is defined as 

And the corresponding new subthreshold slope S1 is 

As transistors are fabricated with shorter channel lengths, the slope of the subthreshold 

current can be seduuecf. 

23.4 Channel Length Reduction 

fn this section, the channel length seduction AL corresponds with the reduction of 

the channel near the drain when the device is operating in the ohmic region. In a long 

channel MOSFET, 

electric field in the 

she applied drain voltage Vds has a negligible effect on the lateral 

channel region between the source and the drain. The electric field 



where V is the applied voltage across the channel and y is the channel distance. 

As channel length becomes shorter in a convclliional MOSFET. the lateral field 

increases, and this will cause problem i ~ i  the reliability of the device due to hot-electron 

effect near the drain region. Since LDD devices will be used in this research, the 

reliability problem is minimized by spreading out the electric field lines in the n- region 

near the drain. For LDD devices, the reduction AL will mainly occur-r in the n- 

region near the drain. The reduction AL in a short-channel device becomes significlnt 

in proportion to the drawn channel length L, and cannot be ignored, and hence the 

conducting channel length will be different to L, given as 

L, = L,, - AL 

where L, is the effective channel length. 

Since the doping concentration in the n- region is about 10 to 100 times lower than 

that of the actual diffusion junctions, any biasing on the gate, drain and substrate will be 

able to modulate the doping concentration in the n- region, and hence influence AL. For 

instance, when a small Vd, is applied to the drain and a fixed V,, at the gate, the channel 

will be formed linking the drain to the source. As V,!, increases, the concentration of 

charge carriers in the channel approaches to that of the n- region near the drain, and 

hence increases L,. 

2.3.5 Parasitic Resistance 

In a real MOSFET, the resistance of the channel is known as the intrinsic or channel 

resistance while the resistance of the current path outside the channel boundary is called 
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the extrinsic or  parasitic resistance. The derivation of Ids in Section 2.2 assumes that the 

MOSFET has a long and wide channel in which the value of the intrinsic resistance is 

much greater than the parasitic resistance. Normally, the off-state of the transistor has a 

resistance in the order of mzgaohm (MR) and the on-state has a few kiloohm (kit). 

As a MOSFET is scaled down, the parasitic resistance Rp becomes significant 

and comparable to the resistance of the channel R,. Fig 2.3.3 shows the symbolic 

representation of a MOSFET with the associated source and drain parasitic resistances. 

To further illustrate each components of Rp, Fig 2.3.4 shows the resistive path of current 

traversing in a LDD MOSFET. Due to the nature of n- regions, the resistance Ri,, is a 

combination the accumulation resistance Ra, of carriers, the spreading resistance RSp of 

current path from n- regions to n+ regions and the resistance under the sidewall spacer 

Rsi from fringing field; and it is a function of voltage biasing which will be described in 

Chapter 5. The external resistance Rext is the sum of the resistance between the spacer 

oxide and the contact Rsx, resistance due to current crowding Rcw under the contact, 

contact resistance R, between the metal and silicon; and metal resistance R,,. In this 

research, it is assumed that the extrinsic resistance at the source side is similar to that 

of the drain, and the sum of these two components is equivalent to Rp. From Fig 2.3.5, 

Rp can be summarized into [56-601 

1. constant resistance of the n+ regions, 

2. variable resistance of the n- regions, and 

3. resistance due to process technology. 



Figure 2.3.3. Device representation of a short-channel MOSFET. 
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Figure 2.3.4. A resistive current path in a LDD MOSFET. Kh represents the channel resistance, R,, = 

accutnulntion resistance, Rs, = spreading resistance, Rsi = resistance under sidewall spacer, Rs, = resistance 

between spacer oxide and contact, %, = resistance due to current crowding under contact, R, = contact 

mistance between metal and silicon, R, = metal resistance, Rh, = internal resistance; and k,, = external 



For a sub-micron device, the voltage between the source and the drain is clifferent 

from the applied & a i ~  voltage Vds at the terminals. From Fig 233 ,  the effective drain 

voltage VDs appears across the channel is less than VC1, by an amount equal to the 

voltage drop across Rp, and VDs is given as 

By the same reason, the effective gate voltage VGS is 

2.3.6 Mobility and Velocity Saturation 

Another short-channel effect is the effective mobility of the charge carriers, The 

mobility p, appeared in Section 2.2, is assumed constant with respect to the applied 

electric field variation. However, it has been mentioned in the past 171 that the effective 

mobility p, of carriers in the inversion layer is smaller than that ctf the bulk. The reason 

is that the carriers are confined to a regioil very close to the silicon-silicon clirtxitle 

interface, and are influenced by the thickness of the inversion layer. This makes / I , ,  of 

a MOSFET to be dependent on the surface roughness and the number of interface traps 

present which can trap and retard carriers motion. 

At a given temperature, p decreases with increasing effective transverse field tx,  

defined as the electric field averaged over the electron distribution in the inversion layer, 
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and is given by 131 f 

For a given ex, the velocity is proportional to the longitudinal electric fiekl [, at low 

ty, and the proportionality constant is p. Fig 2.3.5 [5] shows a typical graph of electron 

ifrift velocity vd against ty. However, as (, increases, vd tends to saturate to a constant 

value vd,sat. This phenomenon is called velocity saturation. 

At low Vs, the effective surface mobility p, can be described by the semi-empirical 

equation 

where p, is the low field mobility and n. is a fitting parameter. Using 

and 

into Eqn (2.3.20), it becomes 

and f is given by 

where 0 is given by 
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Figure 2.3.5. A typical plot of magnitude of carrier velocity in the inversion layer versus magnitude (JS 

longitudinal component of the electric field. 



where Vge is the effective gate voltage given as 

In the past, several semi-empirical approximations for p, have been presented [20,43-471, 

and one of the mist common expressions of Pe for small Vd, is given as 

where Oa and OH are fitting parameters responsible for Vg, and Vsh, respectively. 

2.4 NARRC) W- WIDTH EFFECTS 

In the past, most of the research on small geometry MOSFET was concentrated 

on short-channel effects. However as scaled MOSFET shrinks all dimensions, a better 

understanding of the narrow-width effects is required to complement the existing research 

o n  short-channel MOSFET. Moreover, past researches [5-81 have indicated that the 

channel width W of a MOSFET has a significant effect on its electrical behaviour. 

Due tc complex field distribution in the channel, simple models that deal with small 

geometry MOSFETs are difficult to provide. For this reason, this section will concentrate 

on long and narrow channel MOSFET. Normally, a MOSFET is considered narrow when 

the width is in the same order of magniiude as the depletion layer depth [4]. 

2.4.1 Threshold Voltage 

The charge sharing model, described in the previous section, is also used here to 

derive the Vnv expression for narrow-width MOSFET. Fig 2.4.1 [6] shows the cross- 

section of a MOSFET parallel to the channel width. The gate material overlaps the field 



Figure 2.4.1. The width cross-section of a MOSFET 
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[~xicie on both sides of the thin gate oxide. The depletion region is not just the area 

directly below the gate oxide but also include both sides of the field oxide. This is 

because some of the fringing field lines from the gate terminate on the ionized acceptor 

atoms on both sides of the field oxide. As W is reduced, these sides become a large 

percentage of the total width. Thus a higher Vgs is required to deplete these ionized 

acceptor atoms before an inversion layer can be formed. 

Using a simple geometry derivation, the effective depletion charge density Qrlw,eff 

The threshold voltage shift AVrw for narrow channel is given by 

The corresponding empirical expressions for VTW with narrow-width effects has been 

shown as (51 

and AVrw is given by 

where is an empkical fitting parameter. 

Note that the AVTw in the narrow-width MOSFET represents an increase while AVT 

of the short-channel effects tend to lower it. If both L and W of a MOSFET are reduced 
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simultaneously, the short- and narrow-channel effects often tend to cancel, so that the 

threshold voltage of a small geometry MOSFET remains relatively constant, 

2.4.2 Subthreshold Slope 

Using the same procedure described in Subsection 2.3.3, the expression of subthresh- 

old slope Sw for nmow-width MOSFET can be obtained. For narrow-width MOSFET 

with uniform doped channel, the effective depletion capacitance Cuw.elf(c/,s) is defined as 

(2.4.5) 

And the corresponding new subthreshold slope Sw is 

As channel width becomes narrower, the slope of the subthreshold current is increased 

which is an adverse effect for narrow-width MOSFETs. 

2.4.3 Parasitic Conductance and Channel Width Reduction 

From the previous subsection, it is clear that the narrow-width effects play an 

important role in the modelling of MOSFET characteristics. These narrow-width effects 

can cause an increase in the threshold voltage and a decrease in the channel carrier 

mobility. This is because the conducting channel width can vary with both Vg, and Vsb, 

Channel width variation in narrow-width MOSFET becomes unavoidable in predicting 

accurately the drain current Ids of a small geometry MOSFET, 

The effective channel width We is different from the physical mask width of the gate 

W, by an amount known as channel width reduction AW. This reduction AW can be 

40 



due to oxide encroachment, accuracy of mask line-widths and photolithographic undercut, 

and terminal biasing conditions. Normally, We is wider than W,, because high gate bias 

can invert the region around the channel width due to gate poly overlapping the field 

oxide. When the channel is wide, the reduction AW is insignificant with respect to W,,,. 

However, AW becomes comparable to W, when the channel is narrow, and hence 

Since it is W, which will be used to model the electrical characteristics of a MOSFET, 

prior determination of 3 W  is required. The determination of AW will be shown in the 

extraction algorithm in Chapter 4. 

Another pwameter, that accompanied AW and associated with the narrow edge 

effects, is the parasitic conductance Gp. It is a parasitic conductance which is parallel 

to the intrinsic conductance of a MOSFET. The amount of Gp depends on overlapped 

gate poly and the isolation around the device. Fig 2.4.2 shows the parasitic resistance 

and conductance of a narrow-width MOSFET on a device symbol. By incorporating 

Eqn (2.4.7) and Gp into Eqn (2.2,17), the drain current Id, for a narrow-width MOSFET 

becomes 

The paramter extraction model for narrow-width MOSFET in Chapter 4 will be used to 

find the value of Gp. 



Figwe 2.4.2. Device representarion of a narrow-width MOSFET. 
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2.5 TEMPERATURE DEPENDENCE 

variation. However, the characteristics and performance of a MOSFET experience a 

significant change with temperature. This section will described briefly on some of the 

MOSFET parameters that can vary with temperature. 

One of the main parameters that can be affected by temperature variation is the 

effective carrier mobility /re. The conductance and transconductance of a MOSFET 

depend trn this parameter. The mobility pe in the inversion layer has a negative power 

dependence on the operating temperature, and an often used approximation is given as 

where T is absoliute temperature; T, is room absolute temperature, normally 300 K; and 

n is a fitting constant with various values used for it between 1.5 and 2.0 [31, 51. From 

this equation, it can be deduced that p, increases as temperature decreases, and thus 

higher Id, can be obtained at a lower temperature. 

Another temperature-dependent parameter is VT. The carrier concentration in the 

channel varies with temperature because pp and n, change with temperature as indicated 

by he  V:, ai and N,: ferns in Q n  (22.4). The change is canier concentration will 

affect the surface potential crf the channel, and this in turns changes VT. The effect of 

temfreriture on VT is found to exhibit an almost straight line increase with decreasing 

tempramre. As tempemme decreases, the characteristics of a MOSFET improve due 



to an increase in VT. The most important improvement from decreasing temperature is 

the reduction in the subthreshold swing, S. The improvement comes mainly from the 

term Vt in Eqn (2.2.25). 

Other parameters which benefit from lower operating temperature include higher 

transconductance, lower power comsumption and lower junction leakage current. M.J. 

Deen et. al. [61-621 had shown some of the advantages of operating devices at low 

temperature. However, there are disadvantages associated with MOSFET operating 

at low temperature. One of the disadvantages is the degradation of perforniance and 

reliability of small geometry MOSFET caused by hot-carrier effect. The hot carriers ;Ire 

induced by high effective carrier mobility p, at low temperature. Another clrawback is 

the additional equipment required for setting up the low-temperature measurement. 



Chapter 3 EXPERIMENTAL DETAILS 

As described in the previous chapter, a MOSFET that has short and narrow channel is 

difficult to study. This is due to the complexity of the three-dimensional field distribution 

in the channel. In the past, only two papers [3,46] have been published on small geometry 

MOSFET, in which both the short-channel and narrow-width effects are combined in the 

models, and the physics involved is quite advanced. So, this research concentrates on 

studying the effects of short-channel MOSFET and narrow-width MOSFET separately. 

By studying the effects separately, a better understanding of the behaviour of small 

geometry MOSFETs and their semi-empirical models can be obtained. 

3.2 TEST DEVICES 

All the MOS transistors used in this study were n-channel enhancement-mode LDD 

MOSFETs. The LDD NMOS were designed using a layout tool called Xkic in Xwindow 

environment. Then, the layout of the devices was saved in a file in kic format. 

Since Canadian Microelectronics Corporation (CMC) accepts the design in cif format, a 

conversion program, known as kictocif, was used to convert the design to cif file. 

The design consists of 16 LDD NMOS, of which eight of them are short-channel 

MOSFETs while the rest are narrow-width MOSFETs. The short-channel transistors have 

gate lengths of 1.2, 1.4, 1.6, 1.8, 2, 3, 5 and 10 pm, and constant channel width of 20 

pm, The varying width group have gate widths of 2, 2.2, 2.4, 2.6, 2.8, 3, 5 and 10 pm 



with constant gate length of 10 ptn. Each groups of MOSFETs have a common gate, 

source and substrate terminals, but different drain output pads for individi!al txansistors. 

There is no input or output protection circuits connected to any of the pads. 

With standard CMOS4S twin-tub technology. these MOSFETs were fabricated on a 

<loo> p-type substrate. Since this research used n-channel LDD MOSFETs, the devices 

were in a p-well with an implant concentration of - 2 x 10 '~  ~ r n - ~ .  The thickness of the 

field oxide and gate oxide is approximately equal to 700 nm ancl 25 11111 respectively. 

The gate material for the transistors is heavily-doped n+ polysilicon. The nf regions of 

the source and drain are heavily-doped with arsenic and the n- regions are irnplanterl 

with phosphorus. The implant dose for nt and n- is ^ 5 x 1 0 ~ ~  ancl - l ~ ' % c i - ~ ,  

respectively. 

Both set of MOSFETs were fabricated together ancl were wire-bounrlet! in a 68 pin 

grid array (PGA) package. After the bonding, the chip was sealed with a metal cap to 

avoid light and electromagnetic field interference. 

3.3 MEASUREMENT SETUP 

The block diagram of the experimental setup is shown in Fig 3.3.1. It consists of a HP 

4145B Semiconductor Parameter Analyzer, an IBM compatible personal computer, a I-IP 

l6O58A Test Fixture with appropriate Personality Board, a Keithley 195A Mu1 timi, ter, a 

Watlow S942 Ramping Temperature Control and a Tenney Test Chamber. 
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Figure 3.3.1. Block diagram of the equipment setup. 



The HP 4145B Semiconductor Parameter Analyzer (SPA) is a high performance and 

programmable test equipment designed to measure and display the current and voltage 

characteristics of semiconductor devices. The ISM compatible personal computer is 

connected to the SPA for controlling the biasing during meas~~re~nent. I t  is also used 

for acquiring data from the SPA, data analysis and parameter extiaction which will be 

explained in the following chapter. The interface between the conlputer and the SPA is 

through an IOTech IEEE 488 Bus Interface Board. 

The test chip is mounted on the Personality Board in the Test Fixture. The Test 

Fixture is used to shield electromagnetic noise so as to allow stable readings during 

measurement. The Fixture is connected to the SPA through coaxial cables. Stnall and 

short jump-wires are used to switch inclivitiual devices. 

The temperature of the devices during the measurement period is maintained constant 

by the Watlow S942 Ramping Temperature Control. The Fixture is placed in the Tenney 

Test Chamber for about an hour at a constant temperature. Same set of measurements 

is performed at every temperature. 

3.4 OPERATING CONDITIONS 

In this study, the operating temperature and the applied biases to all the terminals of 

the MOSFET will be used in the measurement to obtain a number of different ILe-Vg, data. 

By extxacting the parasitic parameters against one of the external biases while maintaining 

the rest constant, it is possible to study in more detail the effect of an individual external 

bias on either Rp or AL. In this way, any variation of these parasitic parameters is clue 
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mainly to the external bias. Other parameters can be studied using this method. 

The vctlrages applied to the terminals of each device are controlled by the computer 

thrrtugh the SPA. The rmge of terminal biases are as follows :- 

1 .  V,, is from 0 to 5 V, stepsize of 0.05 

2. Vds is from 0.1 to 0.5 V, stepsize of 0.1 

3. Vsh is from 0 to 3 V, stepsize of 1 

The ambient temperature range is varied between 200 K and 400 K with stepsize of 

25. This range of temperature is chosen because most of the electronics operate within 

this range. The temperature ambient can be ramped up or down by using digital key pad 

on the front panel of Watlow Microprocessor-based Temperature Controller. 



Chapter 4 PARAMETER EXTRACTION MODEL 

The effects of short-channel and narrow-width were represented by parameters in  

the equations described in Chapter 2. The methods that are used for extracting the 

parameters will be presented in this chapter. Once the values of these parameters art: 

known, understanding and modelling of the electrical characteristics of small geometry 

MOSFET can be enhanced. Since both short-channel and narrow-width effects of small 

geometry MOSFET are studied separately in this research, the model of the drain current 

Ids for short-channel device is quite different from that of narrow-width device. 

Most of the parameters are extracted using matrix manipulations within the MATLAR 

program. A sample file for short-channel devices at room temperature is listed in the 

Appendix, in which measured Ids-Vgs data is input into the MATLAB program to provide 

the slopes and intercepts at specified gate biases in this case. 

4.1 SHORT-CHANNEL MOSFET 

The Ids model used for the short-channel MOSFET is similar to Eqn (2.2.17), except 

the effect ofthe parasitic resistance Rp is included here, and is given as 

where p, is the effective carrier mobility given by Eqn (2.3.27); IN, is the effective 

channel width; L, is the effective channel length and [j is given as 



The parameter 6 is defined in Eqn (2.2.18). It is usually very small and can be neglected 

in first-order approximation so that Eqn (4.1.1) can be reduced to 

where Vg, is defined in Eqn (2.3.25). 

For short and wide channel MOSFET, Le is different from the mask channel length 

L,, and is given in Eqn (2.3.16). However, since the reduction at the edges of the 

channel width is insignificant compared to the mask channel width W, for wide channel 

MOSFET, We is approximately equal to W,. 

Eqn (4.1.3) is valid under strong inversion condition and for small and moderate 

Vds. The extraction algorithm will extract the following parameters : Rp, AL, po, 0, and 

Oa. The extraction process requires the measurement data Ids vs Vgs, which are obtained 

using the equipment setup described in the previous chapter. 

By rearranging Eqn (4.1.3), the total measured resistance R,, of a MOSFET can be 

obtained as follow 

Note that the first term of Eqn (4.1.4) represent the channel resistance R, of a MOSFET 

as R ,  is the sum of R, and Rp. 

Since R,, is linearly proportional to L, linear least-squares fitting method can be 

used to extract the parameters. That is, the equations for the extraction algorithm will 

be arranged in a straight-line format. By rearranging Eqn (4.1.4), R, is given as 



where K1 is given as 

When R,,, is plotted against L, a series of straight lines for different Vge will be obtained. 

By using the slopes and intercepts of these straight lines, the five parameters listed above 

can be determined. The rest of this section shows the steps involveci in the extraction 

process. 

For VSb = 0 V case, Eqn (4.1.6) reduces to 

and Eqn (4.1.5) becomes 

R. - (' + (Lm - A L )  + fin, 
- p 0 ~ o z ~ ~ m V g e  

From Eqn (4.1.8) using linear regression of U,, with respect to L,, the cc)rresponcling 

slope S1 and the intercept I1 can be obtained at different Vge f QVgc to get Up and AL. 

Therefore, by varying Vg,, we will be able to get the resulting variations of parasitics 

Rp and QL with effective gate biasing. 

and 

Fmm Eqn (4.1.10), the intercept Ii can be related to the slope S1 through linear regression, 

and I1 can be written as 



By using linear regression of I1 with S1 in Eqn (4.1.1 I), the slope S2 and the intercept 

I2 can provide the parasitic parameters I$, and AL. 

,5:, = - A L +  A L =  -,q2 
(4.1.12) 

I2 = RP =+ Rp = I2 

By plotting all the values of S1 in Eqn (4.1.9) against l/Vg,, the corresponding slope S3 

and the intercept I3 can be determined and the parameters p, and Oo can be extracted 

as follows. 

For the case of changing Vsb, one more parameter is required to include the effect 

of Vsb biasing. The parameter OB is used to include this effect. Klo in Eqns (4.1.9) 

and (4.1.10) will be replaced by K1, and the respective slope S4 and intercept I4 will 

be given by 

1 
,C;4 = - - - l + O ~ V s h  + 

$0 

Kf Vge o o z e  p o c o ,  W, 

and 

The method for extracting the parasitic paramters Rp and AL from Eqn (4.1.15) is similar 

to the one shown in Eqn (4.1.1 1). The parameter OB can be extracted from S5 which 

/ .: 
is similar to that ofiS4. 
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Other short-channel effects such as nl in the VT expression in Eqn (23.10) can he 

determined using the same linear regression technique with n2 = 0 at sinall V,,,. The 

subthreshold slope S can be found by using Eqn (2.2.24) on the measured data anct the 

results will be shown in the next chapter. 

4.2 NARROW-WIDTH MOSFET 

For a long and narrow channel MOSFET, the Ia model is given as 

where Gp is the parasitic conductance of the channel edges in thc width direction. 

Since the group of MOSFETs has a long channel, the channel length reduction will 

be insignificant in comparison to L,, and hence L!,, can be taken as L,. In this case, W, 

is different from W, and is given in Eqn (2.4.7). 

For small and moderate Vd, and reasonable Vsh, Eqn (4.2.1) is valid under strong 

inversion condition. The extraction algorithm for narrow-width MOSFET will extract 

the following parameters : Gp, AW, po, O0 and 1 9 ~ .  The extraction process requires the 

measurement data Ids vs Vgs which are obtained using the equipment setup described 

in the previous chapter. 

Eqn (4.2.1) can be rearranged similar to Eqn (4.13, so that Ids is proportional to 

W, given by 



where Kw is given as 

and Vd;, is defined as 

For first-order approximation, Vds will be used to replace Vdp. By plotting Ids against 

W,,, a series of straight lines For different Vg, will be obtained. ~ h k  five parameters can 

be extracted by using the slopes and intercepts of these straight lines. 

For the case of Vsh = 0 V, Eqn (4.2.3) is simplified to 

and Eqn (4.2.2) becomes 

From Eqn (4.2.6) using inear regression of Ids with respect to W,, the corresponding 

slope S1 and I1 can be obtained as 

and 

I~ = e,r/;,, - ~ ~ ~ v ~ , v , , n w .  (4.2.8) 

From Eqn (4.23). the intercept I1 can be related to the slope S1 through linear regression, 

and I1  can be written as the parasitic parameters Gp and AW can be obtained as 



By using linear regression of II  with S 1  in Eqn (4.2.91, the slope S 2  and the intercept l 2  

can provide the parasitic parameters GI, and AW. 

S'? = -AH ' * 1 I+' = - ,s2 

(42.10) 
12 l2 = GrJ& 5 q, = -. 
I bs 

By plotting all the values of l/S1 in Eqn (4.2-7) against IN,,, the cttrresponding slope 

S3 and the intercept Iq can be determined and the parameters p,, and 00 can be ttstsacteci 

For the case of changing Vsb, one more parameter is required to include the effect 

of VSb biasing. The parameter 0~ is used to include this effect. K , o  in Eqns (4.2.7) 

and (4.2.8) will be replaced by Kw, and the respective slope S4 and inter~ept I4 will 

be given by 

and 

The method fix extracting the parasitic pammters G, and AW from Eqn (4.2.13) is 

similar to the one shown in Eqn f4.2.8). The parameter OH can be extracted from Ss 



O:kr narrow-widd5 effec~, such 2s 03 in the VTiy expressi~n can be extracted using 

the same linear regression technique on Eqn (2.4.3). The subthreshold slope S ,  can be 

found by using Eyn (2.4.6) on the measured data and the results will be shown in the 

following chapter. 

Since parameters such as p,, VT and S, are temperature dependent, the short-channel 

and narrow-width extraction processes are repeated for every temperature step. Hence, 

some of the extracted parameters such as 0 1  and cu3 will also be temperature dependent, 

and the results will be shciwn in the following chapter. 



Chapter 5 RESULTS AND DISCUSSION 

5.1 INTRODUCTION 

This chapter will present the complete experimental results using the extraction 

algorirhm which was described in the previous chapter. It also provides the relevant 

discussion based upon these results and the equations which were written in Chapter 2,  

The measurement data for this research were performed in the linear region of MOSFET 

operation for small VdT. Due to the length of this chapter, the resuits and discussion 

of parameters will be group into three major sections. The results will also incluck 

modelling results of short-channel and narrow-width MOSFETs. 

5.2 VT AND S 

In this section, the results of threshold voltage VT and subthreshold slope S that 

wilt be influenced by short-channel effects, narrow-channel effects and temperature 

dependence are discussed. in relation to VT, other parameters such as t r l  and rr7 will 

also be included in this section. 

The derivation of VT in short-channel and narrow-channel MOSFETs was prcvic )usly 

given in Chapter 2, but an explanation for the extraction of VT is required. For very 

srrtd! Vkr E ~ R .  (22.15) kames  Q n  (2.2.20) which sjrmbdize as an equatim of straight 

Iine about Vg,. So, the p f i l em of finding this straight line experimentally is difficult 

since the I&-V,, data far small geometry M0SFET.s are not linear throughout the curve. 

However, a small segment af the curve is linear. This region satisfies the basic drain 
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equation because it has minimum influence of vertical field modulation and is in strong 

inversion region. Thus, Eqn (2.2.20) is a good approximation for this region. 
* 

In order to find the lowest influence of vertical field modulation by Vg,, an important 

device parameter called transconductance will be used to accurately find that point. The 

transcrtnciuctance g ,  is defined as 

This equatictn shows that, at zero Vsb, gm is maximum where OoV,, equals to zero. This 

g,,,,, pcoint correspond to the inflection point in the linear region of the Ids-Vg, curve. 

Then a straight line using least square fitting through the inflection point to the x-axis 

with the intercept given as VT. 

The extracted results of VT for short-channel and narrow-width MOSFETs for 

different VSb are shown in Figs 5.2.1 and 5.2.2, respectively. As shown in Fig 5.2.1, VT 

is sictwly decreasing for channel length down to about 2 pm. VT decreases rapidly for 

all Vsb when channel length is less than 2 !Lm. The change of VT with respect to the 

change in L, for short-channel devices is -0.1445 V/pm and is -0.0016 V/pm for longer 

ones. This indicates that short-chamel modulation is important for submicron devices. 

For narrow-width devices, the narrow-width effect is visible for widths less than 3 pm. 

Hr~wever, rhe narrctw-width effect on VT is not as pronounced as those for short-channel 

&vices, The ua-katirzn af VT with respect to %he change in W, for narrow-width devices 

is  0.026 Vipm and is 0.0039 w p m  for wjder ones. The shape of the curves in both 

figures is almost independent of temperature. The change of VT for short-channel devices 

at T = 200 K and 400 K are -0.14 V/pm and -0.15 V/pm, respectively. For narrow-width 
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+ OV, 200 lV, 200 0 2V, 280 Q 3V, 200 
+ OV, 400 A lV, 400 0 2V, 400 3V, 400 

1.40 c 

Mask Length L, (pm) 

Fi-mrre 52.1. VT vs L, for different V* at T = 2011 K & 400 K, and V* = 0.1 V 
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+ OV, 200 lV, 200 0 2V, 200 3V, 280 
+ OV, 400 A IV, 400 2V, 400 3V, 400 

Mask Width W, (pm) 

Figun: 5.22. VT YS W, for different V* at T = 200 K & 400 K, and Vd, = 0.1 V. 
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devices, the change of VT are 0.026 V/pm at T = 200 K and 0.03 V/pm at T = 400 

K. This implies that both short-channel and narrow-width effects does not ctepenct un 

temperature significantly. 

The above results were taken using a single Va to maintain constant Intern1 tielcl 

effect. It is equally important to see how VT changes with different VCl,. For different V,I,, 

Eqn (2.2.17) will be used to extract the value of VT. By reducing Eqn (2.2.17) sirnilill' 

to Eqn (2.2.20), it has shown that linear extrapolation method can still be applied o n  

( 1  +6) VT. Now, the extrapolation will produce VT - - rather than VT. Then a simple 

algebraic manipulation of ('+') \$, will yield VT, and 6 can be calculated using Eqo 

(2.2.18). Figs 5.2.3 and 5.2.4 show the extracted values of VT as a function of varying 

channel lengths and channel widths, respectively, for different VJs at room temperaturt: 

and zero Vsh. From Fig 5.2.3, the effect of VC1, on shorter channel devices is more 

significant than on longer ones. The change of VT with respect to VLl, for L = 1.2 

pm is 0.083 and is 0.013 for L = 10 pm. It is clue to an increase in lateral field as 

channel length decreases. Also, described in Chapter 2, this phenomenon is known as 

Drain-Induced Banier Lowering or DIBL effect. For varying channel width devices, the 

effect of Vd, has less impact on VT because the length of the channel is relatively long 

(see Fig 5.2.4). The change of VT with respect to Vds for W = 2 pm is 0.019 and is 

0.017 for W = 10 pm. As expected, the effect of Vds has more impact on short-chanr~el 

effect than on narrow-width effect. 



0 1 2 3 4 5 6 7 8 9 10 11 

Mask Length L, (pm) 

Figure 5.2.3. VT vs L, for d i m n t  Vb, at T = 300 K and V,b = 0 V. 
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Mask Width W, (pm) 

Figure 5.2.4. VT vs W, for different Vk at T = 300 K and V,b = 0 V. 
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By using Eyn (2.3.10) to fit the VT results of short-channel devices, the channel length 

modulaticin constant 01 can be found assuming a 2  = 0 for very small Vds. Similarly, Eqn 

(2.4.3) can be used to find the narmw-width modulation cr3. Fig 5.2.5 shows the results 

of ( Y ~  and N3 for different Vsb at room temperature and Vds = 0.1 V. The graph shows 

that both ru's decrease with increasing Vsb. The reason is that the channel depletion 

widths WJ, of the source and the drain increases with Vsb. According to the charge- 

sharing model which was described in Chapter 2, the variation of the depletion regions 

can cause Qn,,ff / Qr, in Eqn (2.3.9) to be smaller and VT to be larger. Hence, this leads 

to smaller values of ni and ag. 

Figs 5.2.1 and 5.2.2 also show VT varies with temperature. The effect of temperature 

on VT with VT at 200 K is higher than that at 400 K. To further illustrate how VT varies 

with temperature, Figs 5.2.6 to 5.2.9 were drawn to show the variation of VT with 

temperature for varying channel length anti channel width devices at Vsb = 0 and 3 V, 

respectively. Both graphs show VT increases almost linearly with decreasing temperature. 

At VciS = 0.1 and VSb = 0 V, VT for L = 1.2 pm drops from 0.80 V at T = 200 K to 

about 0.57 V at T = 400 K, and hence the rate of decrease of VT is -1.16E-3 V/K. As 

for W = 2.0 ism, VT decreases from about 1.1 V to 0.89 V with the decreasing rate 

of -8.288-4 V/K at the same temperature range. This change in VT with temperature is 

mainly caused by the change in Fermi potential which include the thermal voltage Vt and 

intrinsic carrier concentration ni- Fig 5.2.10 shows the surface potential 7hs as a function 

of temperature for all devices and from eqn (2.2.10) the Fermi potential is half of $,. 



- 1 0 1 2 3 4 

Substrate Voltage V,, (V) 

Figure 5.2.5. tul and cr3 vs Vsb at T = 300 K and Vd, = 0.1 V. 
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Temperature T (K) 

Figure 52.6. VT vs T for dimt  L, at Vd, = 0.1 V and VSb = 0 V. 
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Temperature T (K) 

Figure 53.7. VT vs T for different L, at VCr, = 0.1 V and Vh = 3 V. 
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Temperature T (K) 

Figure 5.2.8. VT vs T for M e m t  W, at Va = 0.1 V and Vsb = 0 V, 
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Figure 5.2.9. VT vs T for cWfmnt W, at Vk = 0.1 V and Vh = 3 V. 
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Fipurr 5.2.10, t; vs T at V* = 0.1 V and V* = O V .  
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Figs 5.2.1 1 and 5-2-12 show the variation of VT as u function of temperilture for. t~oth 

channel length and channel width devices at varying VLtS. Again, both graphs show VT 

increases almost linearly with decreasing temperature. As nientictned earlier, the 121 H L 

effect can be used to explain why the value of VT at VdS = 0.1 V is higher than thar a t  

VLtS = 0.5 V. The lateral field between the diffusion junctions increases as VL1, increases, 

and hence reduces VT. 

Figs 5.2.l3 and 5.2.13 show and 0 3 ,  respectively, as a function of temperatiice 

at different Vsh. By using linear regression, the rate of increase for t-r 1 and r ,  3 is 2.738- 

3 and 3.64E-3, respectively, for each Kelvin. As expected, the values of ( 1  1 and 0.3 

are smaller at lower temperature because of decreased depletion width wl, zll'ound t l x  

source and the drain. In eqn (2.3.5), wu can be shown as a function of ternperaturz 

variations and voltage biasing because both built-in potential and substrate concentration 

are temperature-dependent. Figs 5-2-15 and 5.2.16 show wr, ;ls a function of temperature 

for varying Vds and Vsb, respectively. The depletion width wr] changes with temperature 

can be due to both the terms Vt and ni. Eventhough both terms contribute to the tlecrease 

at lower temperatures, the effect of Vt on decreasing VT is stronger than that OF 11,. Thc 

charge density of the intrinsic semiconductor decreases at lower temperature causing 

the built-in potential of the junction between the diffusion regions a:sd the substrate to 

decrease, and rt 1 and 03 will be lower. Therefore, VT increases as temperature decreasrs. 

Figs 5.2.!3 and 52-14 graphs also show thzt the dependence of Vsh a: lower temperatures 

is not as strong as at higher temperatures. Carrier freeze-out or hot-electrons effect in 

the sustrate can cause VT to be less sensitive to Vqb at low temperatures. 



Temperature T (K) 

Fipure 5.2.1 1. VT vs T for mmnf L, at Vd, = 0.1 V & 0.5 V. and Vsb = O V. Note that the outline 

symhrd denotes the data set at Vk = 0.1 V and the solid-filled symbol for Vd, = 0.5 V. 
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Temperature T (K) 

Figure 5212. VT vs T far different W, at Vd, = 0.1 V & 0.5 V, and V,i, = 3 V. Notc that the outiinc 

syrnboI d e n a s  the data set at \6& = &I V and tht: solid-filled symbol for VSLr = 0.5 V. 
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Figme 5.214. (1.3 vs T for diBFerent V*. 
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Fig 5.2.5 also shows how both and 0 3  varies with VSb at room temperature. In 

ctrcler to further illustrate the effect of temperature on a1 and a?, Figs 5.2.13 and 5.2.14 

are plotted for different channel length and channel width devices, respectively. Both 

figures illustrate how the effect of temperature can affect both 0's. For all devices, both 

and tv3 increase with temperature. 

The subthreshold slope S is considered to be one of the important parameter in 

down-scaling CMOS devices, for reason described in Chapter 2. In Chapter 2, the 

small geometry effect on S was discussed and the S expression for small geometry 

devices of uniformty-doped channel was derived. As the devices used in this study 

are nonuniformly-doped, their behaviour will be different from those presented in Eqns 

(2.3.14) and (2.4.6). Figs 52-17 and 5-2-18 show the extracted values of S as a function 

of temperature for short-channel and narrow-width devices, respectively. Both figures 

show S was almost linearly dependent on temperature, and it is in agreement with Eqn 

(2.2.25) in which S is proportional to temperature from the term V,. Since Ids for 

narrow-width devices are much smaller than that of short-channel ones, the noise had 

more impact on narrow-width devices than on short-channel ones. As described in Eqn 

[2.3.14), the theory predicted that S for short-channel devices should be smaller than 

the Itmg-channel ones but the result in Fig 5.2.17 shows S is greater for short-channel 

devices. According to Eqn [2.2.24), the values of S for narrow-width devices are slightly 

higher than that i ~ f  wider ones. 



Temperature T (K) 

Figure 52.17. S vs T fur different L, zt Vd, = 11.1 V and V* = 0 V. 
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Figure 5.2.tg. S vu T for different W, at Vn, = 0.1 V and VSb = 0 V. 
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The result of S as a function of L,, and Wn, for different VsI, at T = 300 K are 

shown in Figs 5.2.19 and 5.2.20, respectively. Fig 5.2.19 shows S is better at higher 

VSb because the parameter CD in Eqn (2.3.13) decreases as Vst, increases. I t  can he 

shown, from this figure, S increases as channel length L ciecreases and it increases quite 

significantly when L,, is less than 2 pm. For short-channel devices, the full effect of 

depletion region bulk charge on the threshold voltage is reduced clue to charge sharing 

model. Because of this reduction, the surface potential c/), for a given Vgs increases 

leading to an increase in subthreshold current. The nonuniform-dctping may possibly 

contribute to an increase in S for short-channel device. For narrow-width devices, the 

increase of Ids causes S to decrease with increasing channel width. From Figs 5.2.17 to 

5.2.20, it can show that S can be improved at lower temperature, and i t  also depends on 

the channel doping uniformity and the quality of oxide. 

Finally, the effects of short-channel, narrow-width and temperature variation on V1. 

and S, which were discussed in this section, are summarizecl in Table 5.2.1. 

Table 5.2.1. The effects of short-channel. narrow-widlh and tempernturc: viu~ation on V f  rind S.  Ncrk h l  1I1r 

uparrow ( 1 )  denotes an increase in value with respeci to biasing and downwrcw I1 1 hhuws a tlcc~c:tsc. 



Mask Length L, (ym) 



Mask Width W, (pm) 

figure 5.2-20.. S vs W, for different V,% at V& = 0.1 V and T = 3(3J K. 
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5.3 gm AND ii 

.4s stated earlier, the maximum transconductance g,,,,,,;,, was used to cieten~rinr the 

inflection point of Ids-Vgs curve. This g ,,,,,,,,, value is important to clcvice and circ.uit 

designers sin,;: it correspr~nds to the gain factor of the devices. As such, g,ll~rl,.,u is plottetl 

as a function of temperature for different channel lengths and channel widths in Figs 5.3.1 

and 5.3.2, respectively. As shown in both figures, g,,,,,,,;,, is higher at 200 K than at 400 

K due to larger carrier mobility, and simultanoeusly g,,,,l,,,, degradation is more severe 

at 200 K than at 400 K due to higher surface degradation. Also, the geometry of ttir 

device has an impact on the value of gln.Illnx. 

One important parameter that is closely related to g,,,,,,,;,, is the mobility of charge 

carriers p,. In addition to demonstrating the fundamental properties of the material as 

well as of the device, y, provides an important role in device and circuit perfiwmancc. 

Because current flows in the inversion layer, mobility is expected to be influenced by the 

thickness of the inversion layer and therefore, it can be affected by temperature. Other 

parameters such as gate bias and substrate bias degradations can be found by using Eqns 

(2.3.27) and (5.2.1). 

Since p, is calculated at low field, it should be the same for ail devices, and it should 

not depend on any device parameters, only on operating temperature. As such, Fig 5.3.3 

shows the variation of p, as 2 function of temperature. It shows / J O  for narrow-width 

devices is slightly smaller than that from short-channel devices. For instance, the values 

of p, at room tempemture are 410 crn2/v.s for varying channel length devices and 390 



Temperature T (K) 

Figure 5.3.1. g,,,, vs T for different L, at Vd, = 0.1 V and VSb = 0 V. 



Temperature T (K) 

Figure 5.3.2. g ,,,, vs T for different W, at Vk = 0.1 V and VSh = 0 V. 
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Figure 5.3.3. /KO vs T for crifferent t, and W,. 



cm2/V.s for varying widths devices. The reason is that the data of the fi)rnmr is ahout 

an order or two magnitude smaller than that of the latter clue ti) nar-ww chnni~el \vic!tI~, 

and hence the data for varying channel width device are mure noisy. However, they 

show the same dependence on temperature, 

A strong vertical force between the gate and substrate nttracrs the carriers to the 

silicon surface. When the source and the drain experience a potential diflferrnce, the 

carriers travelling at the silicon surhce encounter scattering and retardation clue to  S U S ~ I C C  

roughness. The surface degradation factor Ho is used to measure the silicon surfrice 

roughness scattering. Its dependence on temperature shows an increase with clecrertsing 

temperature, as shown in 3 g  5.3.4. Also, tlo for short-channel devices are greater than the 

nmow-width ones because the horizttntal field is coupled more strongly t o  the vertical 

field in the short-channel devices. For varying length devices, (10 decreases from 0 , O H t i  

at T = 200 K to 0.025 at T = 400 K and it increases from 0.085 to 0.023 for thc san~e 

temperature range for varying width devices. 

Figs 5.3.5 and 5.3.6 show the result of the substrate bias degradation factor Or{ t'or 

varying channel length and width devices, respectively, as a function of temperature at 

Vsb = 3 V. This degradation exists because increasing Vsh also increases the vertical field 

in the channel. The vertical field restricts the movement of the carriers in the silicon 

sarface and thereby affects its mobility. Both graphs show Oic decreases as temperature 

increases. 
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Figure 5.3.4. $0 vs T for different L, and W,. 
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Fig-we 5.3.5. OB vs T for different Z, 
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Figure 5.3.6. BR vs T for different W,. 
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Figure 5.3.7. p e ~  vs T. 



The effective carrier mobility pe*f, which is defined in Eqn (2.3.27). is sometimes 

more useful than p,, especially in analog circuits. p,ff is calculated using Eqn (2.3,27) 

and the extracted parameters, and the result is plotted against temperature at V, = 3 

V and Vsb = 3 V in Fig 5.3.7. The graph indicates that peff increases for all devices 

as temperature decreases. As temperature increases, the effective mobility for different 

channel length decreases from 424 cm2/v.s at T = 20r) K to 264 cm2/v.s at T = 400 

K and it decreases from 398 cm2/V.s to 225 cm2/v.s for the same temperature range 

for varying width devices. 

The effects of short-channel, narrow-width, voltage biasing and temperature variation 

on gn,,,,lax, po and other parameters are summarized in Table 5.3.1 

Table 5.3.1. The effects of short-channel, narrowwidth, voltage biasing and temperature variation on g,,,,, p,, / I ( ,  

and y ~ .  Note that the upanow (1) denotes an increase in value with respect to biasing and downarrow ( 1 )  

shows :I dccreaqe. The shaded area implies that data is noi applicable or not available in this research. 



5.4 R,, LL, G, AND _fW 

This section presents the most important results 

and narrow-wicith effects, the parasitic parameters 

devices and Gp and L W  fur narmw-width devices, 

of this study. Due to sllcxt-channtl 

include R,,. AL fos shost-t-ht~n~wl 

All the parameters ~vttrt ests;~i:tc.cl 

using the methods described in the previous chaptes. In particular, Kl, ;mi LI, wesr 

extracted using the technique shown in Section 4.1 o n  short-channel tlevict.s whereas 

Gp and AW were extracted from narrow-width devices based o ~ i  the sclie~~c: illustsakxi 

in Section 4.2. The physical meanings for these parameters were described in ('haptcss 

2 and 4. 

Figs 5.4.1 and 5.4.2 show the extracted values of Rp and AL, respectively, as function 

of effective gate biasing V,, a for different Vd, at rcwm temperature and V,,, = 0 V. As 

expected, both graphs show the parasitic parameters decrease with increasing V,,.. The 

total parasitic resiswnce Rp decreases from 128 62 for Vg, = 0.6 V to about 78 12 for 

V,, = 3.4 V. SimultaneousIy, AL reduces from 0.2 pm to 0.09 lrm. As Vpe ~ I I C S C ~ ~ S ~ S ,  

the decrease of both parasitics is clue to the fact that the gate covers part of the 11 

regions, and the fringing field in the spacer oxide at the drain side increases with V1,,. 

at a constant Vds. The canier concentration in the n- regions increases as VFt. incre;ises, 

and hence the extrinsic resistance at the drain side decreases. The channel length near 

the drain is affected by the rntxhlation of the charge concentration in the n- regitm. As 

the concentration of the n- regions approaches that of the nf region, the rehction Al, 

decreases accordingly- 



Effective Gate Voltage V,, (V) 

Figure 5.4.1. R, vs V, for differen1 Vd, at T = 300 K and VSb = 0 V. 
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Effective Gate Voltage V,, (V) 

EiLgnre 5.4.2. AL us V, fix different Vli, at T = 300 K and Vh = 0 V. 
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From Figs 5.4.1 and 5-4.2, the values of R, and AL increase as Vdi: increases at 

a cmstant Vgs. The potential difference between Vg, and Vds at the edge of the drain 

decreases as VdS increases, the fringe field in the spacer oxide decreases and hence, 

decreases the carrier wncenuation in the drain n- region. Also. when VC1, increases, the 

end point ctf  the effective channel length at the drain side will move toward the source 

side and this increases the depletion width of a p-n junction at the drain side. As a 

result, AL increases with Vd, since the intrinsic drain point move toward ths source side. 

Therefore, the parasitic resistance at the drain side increases as Vds increases and this 

crtntrjbutes to an increase in the total parasitic resistance Rp. 

For narrow-width devices, the corresponding Gp and AW are plottecl against Vg, for 

different Vds at rocm temperature and Vs6 = 0 V in Figs 5.4.3 and 5.4.4, respectively. 

Gp increases from 0.012 p S  for V,, = 0.6 V to about 0.42 1rS for Vg, = 3.4 V, and AW 

increases from 0.07 jtm trr 0. I8 prn. The actual values of both parameters are negative and 

rrnly their absolute values are shown in the figures. From now on, 1AT4'1 denotes channel 

width increase. In order to explain the existence of negative parasitic conductance -Gp 

and channel width reduction - l W ,  it is important to look at the variation of the threshold 

volrage in the region from rhe intinsic channel to the channel stop implant region under 

the field oxide. The doping density of the channel re@on increases toward the stop 

region. Sintuttrtnei~usly, the thickness of the oxide between the gate poly and these 

edges increases from &_he channel region to the stop region. Hence, the threshold voltage 

increases from under the intrinsic gate poly to under the field oxide due to increases in 

both the doping concentrarion of silicon surface and the thickness of oxide. 



0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 

Effective Gate Voltage V,, (V) 

Figwe 5.4.3. vs V, for different Vk at T = 300 K and VSb = 0 V. 
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Effective Gate Voltage V,, (V) 

Figun. 5.4.3. lAW1 vs V,, for different Vg, at T = 300 K and VSb = 0 V. 
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As Vg, increases, more and more of these edges of the channel below the hircl's beak 

structure become accumulated with charge carriers eventhough the threshdci voltitge of' 

these edge regions under the field oxide is higher than the intsinsic cl~annel. Due to an 

increase in these edge regions, the effective channel width is wider than design wirlth. 

When the device channel is narrow, the increase of these edges becomes significant r m l  

appropriate to include in the modelling of narrow-width devices. Hence, the atvx)lute 

value of AVJ increases with Vge as shown in Fig 5.4.4. When these edge regions attain 

a certain surface potential, the "extra" carriers begin to accumulate and will contribute to 

the total drain current. Therefore, the value of IC,l increases with VgC. as shown in  Fig 

5.4.3. Since the value of Ids obtained by Eqn (4.2.1) is the sum of the drain current o f  

intrinsic channel and the current through the edges, an equivalent negative I(:,, I is required 

to compensate the edge effect caused by channel-width widening. Due to the variation 

of threshold voltage in these regions, the contribution of these carriers to the device 

conductance is not proportional to the increase in the effective channel width, as inclicatecl 

by the curvature of iG,j in Fig 5.4.3. That is, IG,)\ increases quaclratically whereas 

I AiVI increases linearly, Both parasitic parameters for the narrow-width devices behave 

differently from Rp and AL of short-channel devices because the edges of the channel 

are increasingly easier to turn-on as the surface potential at these regions increases. 

Figs 5.4.3 and 5.4.4 also show the effect of Vds on parasitic conductance I f ~ ' , , i  and 

channel width increase /AWi as function of gaie biasing. Both parameters increase with 

Vds. The effect of drain biasing shows that the increase of Icll 1 is not proportiw~al to 

the increase in IAWI. The existence of the edge regions and its corresponcling parasitic 
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conciuctance is parallel to the intrinsic channel between the drain and the source. As VC1, 

increases, the potential difference between the drain and the source increases, and thereby 

increases the parasitic current in the edge regions. Therefore, the parasitic conductance 

of the edge regions increases faster than the increase in channel width. 

The explanation to the effect of Vsb biasing on these parasitics is similar to that 

of changing Vlr,. Figs 5.4.5 and 5.4.6 show the effect of VSb biasing on Rp and AL, 

respectively, as function of V,,. As Vsb increases, the depletion width at the drain side 

increases, contributing to an increase in AL. The depletion width at the source side also 

increases but does not contribute much to QL as the drain side. Since the potential of 

the drain side is higher than the source, the channel end point at the drain side moves 

toward the source side. The parasitic resistance at the drain side also increases because 

more of n- regions are involved in calculating Rp. At fixed Vsb and increasing V,,, both 

parameters decrease with increasing V,, with the same implication as the one for varying 

Vlis. The concentration of the charge carriers in the channel and n- regions increases. 

Figs 5.4.7 and 5.4.8 show the effect of VSh biasing on IGpI and IQWI as function 

of Vp,. lGp 1 and IAWl increase with Vge for different VSb at room temperature and 

fixed VLIS = 0.1 V. From Section 5.2, we know that the threshold voltage increases with 

Vsh. As Vsh increases, the depletion layer of the edges widens and its threshold voltage 

increases due to an increase of immobile charges in the depletion layer. Therefore, the 

parasitic current contributed by the edges should decrease as VSb increases. However, 

this is not the case shown in Fig 5.4.7. It is because the value of V,, includes VT of 

the effective channel width. 



Effective Gate Voltage V,, (V) 

Figure 5.4.5. R, vs V,, for different V,b at T = 300 K and VA = 0 . 1  V. 

1 llJ 





Effective Gate Voltage V,, (V) 

Figure 5.4.7. /(;,I vs V, for different VSb at T = 300 K and Vd\ = 0 . 1  V 
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Effective Gate Voltage V,, (V) 

Figun' 5.4.8. lilll-1 vs V, for different VSb at T = 300 K and Vd, = 0.1 V. 
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At constant voltage biasing, parasitic parameters can also be affected by temperature 

variations. Before proceeeding further, it is appropriate to look at the effect of tempeririilre 

on the depletion width since Rp and AL are dependent o n  the depletion width. In eqn 

(2.3.5), both doping concentration NA and t i , ,  terms are function uf temperature, and 

hence depletion width WD can be changed by temperature variations. Fig 5.2.15 shows 

that WD decreases as temperature increases, and this implies that Rp shoulcl clecrease. 

But, this is not the case as shown in Fig 5.4.10 because it shows R,, increases with 

temperature. Theoretically, the resistivity of silicon is a function of temperature and i t  

increases ~ ~ ~ i t h  temperature. An increase in the resistivity of silicon p,, causes R,, to 

ir6:re;ae at higher temperature. Consequently, Rp increases from 75 12 at T = 200 K to 

82 R at T = 400 K for Vds = 0.1 V, and AL increases from 0.07 pm to 0.1 1 /it11 at the 

same temperature range. It shows that p,, plays a more dominant role than w[, in the 

determination of Rp with temperature. At a constant temperature, Rp increases with V,r,. 

Fig 5.4.1 1 shows AL increases with temperature for different VJ,. Eventhough thc 

depletion width wr) decreases, AL increases with temperature. For shm%channel devices, 

the horizontal depletion-layer widths, yl) and ys, at the drain and source sick; are smaller 

than the vertical depletion-layer width w[>. Due to charge sharing model, the transverse 

field strongly influences the potential distribution at the silicon surface. The expression 

for y~ as a function of temperature at Vsb = 0 can be written as 1311 



Temperature T (K) 

Figure 5.4.9. yn vs T for different V& at Vsb = 0 V. 
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Temperature T (K) 

Figure 5.4.10. R, vs T for different Vd, at V* = 0 V. 



Temperature T (K) 

Figure 5.4.1.8. AL vs T for ZIiffment Va at V* = 0 V. 
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where Vbi is the built-in potential of a y-n junction. Fig 5.4.9 sht~ws yl i  incrswrs \\tit11 

temperature. In the ohmic: region of device opem-atirm, the reduction _11, rct!!kces tile 

effective channel length similar to the depletion y ~ >  and hence, AL also increases with 

temperatwe. 

For varying width devices, jf:,l and j l l t ' l  are shown in  Figs 5.4.12 and 5.3.13, 

respectively as fitnctitm of temperature variation for different VLtS. ](;,,I tlt.crt.itst.s with 

increasing temperature while jAWf increases with temperature. As cliscussecl cariirlr, the 

resistivity of silicon psi increases with temperature. Since conductance is the rec.iproc:al 

of resistance, I(:,j decreases with temperature. At a fixed temperature, the effect of VCI, 

on both parasitics is similar to those in Figs 5.4.3 and 5.4.4. 

The effect of temperature on Rp, AE, JG,] and 1 AbVl for different VqI, are shown in  

Figs 5.4.14 to 5-4-12', respectively. The variations of all parasitic parameters with respect 

to temperature are similar to changing Vds. At a constant VSh anti increasing te~nperatusc, 

Rp increases and jG,! decreases due to an increase in temperature-tlepe~~clent resistivity 

of silicon and the depietittn yt) causes _It and IAlWl to increase. The depletion width 

around the drain region increases with Vsb, and hence causes all parameters to  increttse 

with Vsb at a constant temperature. 

The effects of voltage biasing and temperature variation o n  Rp, AL, I(:, I anti / A  WI 

discussed in this section are summarized in Table 5,4.i. 
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Temperature T (K) 

Figure 5.4.13. 14i.Vj vs T for different Vd, at V,b = 0 V 
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Temperature T (K) 

Figure 5.4.15. AL vs T for different Vsb at V* = 0.1 V. 
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Temperature T (K) 

Figure 5.4.16. I(:,,/ vs T for different VSb at Vd, = 0.1 V. 
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Temperature T (K) 

Figure 5.4.17. IAWl vs T for different VSb at Vd, = 0.1 V. 
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Table 5.4.1. The ef'fe~.ts of' voltage biasing and temperature variation on  the parasitic parameters. Note that the 

ilparrctw ( 1 )  dcnoies an increase in value with respect to biasing and downmow ( 1 )  shows a decrease. 

5-5 MODELLIN(: OF PHYSICAL PARAMETERS 

The previous three sections present the results of all physical parameters which are 

important in the study of small geometry devices. The data were extracted from measured 

Ids-Vgs data using the respective short-channel and narrow-width devices, Some of the 

extracted parameters used the parameter extraction scheme while the others were based 

on the equations which were described in Chapter 2. From the figures in Section 5.2 to 

5.4, it is possible to show the modeIling of individual physical parameters as a function 

of temperature, channel dimensions and voltage biasing. The simulation of Ids-Vgs curve 

in the following section uses some of these equation3. Table 5.5.1 shows some of the 

physical parameters as a function of temperature at Vds = 0.1 V and Vsh = 0 V. Unless 

i t  is specitierl, the equations of the parameters are derived from data using either all 

varying channel-length or channel-width devices. 

it has been shown in Chapter 2 that some physical parameters such as threshold 

voltage and subthreshold slope vary according to their channel dimensions. Table 5.5.2 

shows the relationship of these parameters with their respective channel length and 

channel width at room temperature. 



Tahle 5.5.1. Sorne of the physical parameters as a functiw of te~npt:lnturt. Note that tht.  Icttcr I in I ~ : ~ c k t * t  I ~ ~ : I I O ~ ~ S  

w tienotes the equatlon is derived frilm a narrow-wdth di-v~ce with L = 10 pr1l at111 W = 2 pt11 

I 28.08 + I). IH6'7' I 

Table 5.5.2. Some of the physical pararnekrs as ;t function t ) f  ch;~nncl 

dimensions. The letter in bracket has the same rncminp as in Tnhlc 5.5.1 

i Physical parameters I Function of channel dimensions I 



The results in Section 5.4 show that the parasitic parametexs can be altered by 

changing the biasing conditions at their terminals. Based on the results in Figs 5.4.1 

to 5.4.17, it is possible to model the parasitic parameters in terms of biasing conditions 

and use these equations in the simulation of Ids-Vgs curve. They can also be applied 

to ~nocielling of smaller dimensions eventhough the results were extracted from devices 

of different channel dimensions. The following section will provide more details on 

modelling of I:ls-Vgs. Table 5.5.3 shows the equations of parasitic parameters with 

respect to voltage biasing at room temperature. 

Tihie 5.5.3. I'aras~tlc parameters R,,, AL, iC,',,l and lAWl as a function o f  grate, drain and substrate voltage biasing. 

14 14' I 
((4.1289 + 0.02RSI/l, + 9.4026\&,)10-~) + 

((10.56 + 3. 1RR4Vl, - 7 . 6 8 9 3 ~ ~ ~ , ) 1 0 - ' )  V g ,  - 
( ( m n z  + 25.38Vds - 91.7:314~)10-~)  v:~ 

& -. 



5.6 SIMULATION OF I-V CURVE 

The important results and equations presented above will be utilized in this section. 

This section shows the modelling of Ids-Vgs curves of a wide, short-channel device anii 

a long, narrow-width device. The first part of this section shows the simulation of 

short-channel device and narrow-ehannei device and their results while the secuncl part 

described the parameter extraction scheme can be apply to smaller dimensions. Some 

model equations of physical parameters from Section 5.5 were included in the simulation. 

In this research, the most crucial equations included in the simulation are the equations 

for Rp and AL of short-channel device and ]G,I and IAWI of narrow-width device. They 

are used to model the behaviour of parasitics under different biasing ccmditictus. 

It will be shown that accurate analytical expressions of both Rp and AL are necessary 

for modelling Ids-Vgs characteristics of short-channel LDD devices. As the channel length 

decreases, the parasitic resistance becomes increasingly important because the value of 

Rp is quite significant with respect to the intrinsic channel resistance. Fig 5.6.1 shows 

the comparison of three Ids-Vgs data curves at room temperature, Va = 0.1 V, Vst, = 0 

V and L, = 1.2 pm. The solid line is the measured data of a short-channel device with 

L = 1.2 pm using the equipment setup described in Chapter 3. Analytic (V) shows the 

calculated Id,-V,, data using the model equations illustrated in Table 5.5.3 in which K,, 

and AL are functions of Vg,. Analytic (F) shows the calculated Ids-Vg, data using fixed 

values to represent the parasitic parameters at Vgs = 7 V. From this figure, it shows that 

Analytic (V) fits better with the measured data than Analytic (F). 



-- Measured + Analytic (V) 0 Analytic (F) 
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Gate Voltage V,, (V) 

Figure 5.6-1. The comparison of h-V,, curves at V k  = 0.1 V, VSb = 0 V, T = 300 K and L ,  = 1.2 pm. 

The solid line is the measured data of a short-channel device with L = 1.2 ilm. Analytic (V) shows the 

calculated &<-V,, data using the model equations. Analytic (F) shows the calculated I&-V,, data using 

fixed values to repersent the parasitic parameters. 



between the measured data and the calculrtteci va1uc.s can The average fitting error 

be found from the following expression [63] 

where Itni is the ith measured data, ICi is the ith calculatecl data and N is the nun113er of 

data points. The fitting error for Analytic (V) is less than 1 % while Analytic (F) hxi 

a fitting error of about 6 5%. The values for Rp atad AL in Analytic (F) were obtai~~ecl 

at high V,, biasing (Vg, = 7 V) to alleviate the geometrical effect in VT determination, 

However, due to device down-scaling into submicron range, the maximum gate-to-source 

voltage supported will be reduced. Typically, the range of V,, for most electronics 

application is between 0 and 5 V. Thus, previous methods that suggest high V,, biasing 

will be avoided due to device reliability problem. To further illustrate the inprtance 01' 

parasitic parameters in modelling Ids-Vgs, Fig 5.6.2 shows the SPICE simulation (SPICE 

(V)) of Id,-V,, data using piecewise values of parasitics Rp and AL from Figs 5.4.1 and 

5.4.2, respectively fits better on the measured data than SPICE (F) using fixed parasitics. 

For the simulation of narrow-width devices, the model equations for physical param- 

eters Gp and lAWl will be used. It can be concludecl, from Section 5.4, that the shape 

of the channel edge changes with biasing conditions. As the channel width shrinks, the 

edges on both sides of the channel becomes increasingly important because the cievice 

conductance is directly proportional to the channel width and a small change in these 

edges will significantly change their drive cavability. By using the values of the extracted 

parameters and the equations of the parasitics, it is possible to show the moclelling rtf 
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Gate Voltage V, (V) 

Figure 5.6.2. The comparison of experimental I&-V, data and SPICE si~nulation at Vd, = 0.1 V, VSb = 

Cf V, T = 3tX) K 'and L, = 1.2 p. 



Ids-Vgs curve of a nmw-width device. Again, Fig 5.6.3 shows the cornpitrison c $  I,,,- 

V,, curves between the measured and the calculated data at room temperature, V,,, = 0.1 

V, VSb = 0 V and W, = 2 pm- The calculated Id,-V,,, data u~ing analytical etluatious 

(Analytic (V)) of varying parasitics fits better on the measured data than the one using 

fixed parasitics (Analytic (F)). The fitting e m r  fur Curve 2 is less than 3 (h while Curve 

3 has a fitting error greater than 6 %. The values for 1(:,I anti / A  11'1 i n  Curve 3 were 

obtained at high V,, biasing to avoid the geometrical effect in VT clererniii~;ttic,n. ' i i i  

further illustrate the importance of parasitic parameters in narrow-wiclth ilevise, Fig 5.6.4 

shows the SPICE simulation (SPICE (V)) of Ids-Vg\ using piecewise values of )(,',,I 111111 

[Ski 'f from Figs 5.4.3 and 5-4-4, respectively fits better than SPICE (F). 

Since the devices are fabricated using the 1.2 jlm process technology, the smallest 

device would have a channel length of 1.2 pm. One of the main objectives in  this 

research is to show thar this technique, which used in the 1.2 p i  process devices, is also 

good for devices with smaller dimensions. In this study, the 1.2 pm process techr-rology is 

provided only as a test vehicle for the parameter extraction scheme described i n  Chapter 

4. The technique can also be applied to a set of varying channel length or width clevices of 

different fabrication process because it does not take into account the process parameters 

during parameter extraction. fn order to extract physical parameters, i t  requires a set of 

measured &-,-YES data at different drain ctr substrate biasing for different channel Jength 

clr width devices. Ovetdl, the technique is fast, simple and easy to use. Before using 

the technique, one has to make sure that Eqn (41.5) will be satisfied for a set r)f varying 

Een,ath devices and Eqn (4.2-6) fm varying width devices. 



.. Measnred + Analytic (V) 0 Analytic (F) 
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Figure 5-63. Ttre c<mparisr#1 of I&V, e w e s  at Vii, = 0.1 V, VSb = 0 V. T = 300 K and W, = 2 pm. 

Tfte solid line is the ineasuml data of a short-charnel device with L = 1.2 pm. Analytic (V) shows the 

oatoulafed tdI,k-V, &$a u s i g  maIyt id quatians. .halyric (F) shows the calculated I*-V,, data using 

tixed values ru rqxrsenr the pamitic parameters. 
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Figire 5.6.4. The comparison of experimental Ids-V,, data and SPICE sirnulation at V,!, = 0 . 1  V, Vhb = 

0 V. T = 300 K and W, = 2 frm. 



Chapter 6 CONCLUSION 

In this chapter, a summary of the results and a conclusion on the work completed 

will be given. The outcome of this research is important to device and circuit desigaers 

because they can provide an insight into how parasitic parameters and other parameters 

in the clown-scaling of devices affect their drive capability in a cilcuit. Moreover, it 

can be used to approximately predetermine the drain current of small geometry devices 

before actually making them. 

The parameter extraction scheme described in Chapter 4 is also good for devices 

with smaller dimensions and for a set of devices with different fabrication processes. 

The equations presented in Chapter 5 can also be applied to future submicron devices 

without significant changes. The importance of parasitic parameters in device modelling 

is shown in Section 5.6 because a small percentage change of these parasitics can lead to 

a larger changes in the predictions of their terminal current-voltage characteristics. In this 

research, the dc characteristics below saturation of small-geometry LDD devices were 

studied in detail that include the effects of short-channel, narrow-width and temperature 

variations. The rest of this section gives a summary of the results presented in Chapter 5. 

The study of short-channel effects include parameters such as VT, S, pc), Rp and 

Ai. Overall, short-channel effect is less significant ai lower temperatures. This implies 

that devices can be made shorter without suffering much short-channel effects if they 

are operating at low temperature. However, the hot carrier effect and carrier freeze- 

out are stronger at lower temperatures. Because of reduced carrier scattering at lower 
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temperatures, the transconductance gm and low field carrier mobility p,, will he higher. 

VT decreases with increasing temperature for all devices; short-channel effect is mcwe 

pronounced when channel length is less than 2 pm. Subthreshnlci slope S is also affected 

by short-channel modulation at this channel length. 

It has shown that both R,, and AL can be affected by either changing the biasing 

condition at one of the terminals or varying the operating temperature of the devices, It 

was found that, at a fixed temperature, Rp and QL decrease with increasing Vg,, increasr 

with increasing Vds and Vsh. At lower temperatures, the effective channel lengths of 

NMOS devices are longer than that at higher temperatures. It is due to the clecrew in 

horizontal depletion widths at lower temperatures. Rp also increases with temperature 

due to an increase in psi. 

Narrow-width effect can be shown in VT, S, p,, and [AWrl. VT ilecreases 

with increasing temperature for all devices and the narrow-width effect occurs at channel 

width less than 3 pm. Since the channel length is long, the hot-carrier effect is not us 

severe as for short-channel devices. The transconductance g,,, and mobility p,, are higher 

at lower temperatures but they are lower than that for varying channel length devices. 

Similar to Rp and AL, lG,,l and [Awl can also be varied by operating conditions of the 

device. The values of [G,I and [ A w l  increase with Vg,, Vds and Vsrl. For the effect 

of temperature, IGpl and effective channel width decrease with increasing temperature 

because the edges of the channel IAWI increases with temperature. 



6.1 RECOMMENDATIONS 

Since the results of this research is based upon in the linear region of device operation, 

a number of new areas can be explored and will be recommended here :- 

1. the study of the saturation characteristics of these devices; 

2. propose models for some important parameters in the saturation region; and 

3. do stress-degradation test on these devices. 

All of these recommendations can be continued at different biasing and temperature 

conditions. 
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APPENDIX 

This section lists the tkreshold voltages of the devices used in the linear regression. 

vta = [7.0005e-01 6.8 127e-0 1 6.7489e-01 6.7044e-1) 1 6.6682e-0 11 :  

. . . . . 
vtg = [8.0292e-01 7.8732e-01 7.8604e-0 1 7.8SX4e-01 7.8562e-Ol J; 

This section obtains the measured resistance at clifferent effective gate biasing. 

for w = 1:s; 

for i = 1:9; 

for j = 1:100; 

vga(i,w) = (i*0.4)+vta(w)+(w*0.05); 

if (vga(i,w) >= a(j, 1)) & (vga(i,w) <= a(j+1,1)); 

A(i,w) = (a(j+l ,w+l)-a(j,w+l))*((vga(i,w)-a(i,l))... 

/(a(i+l,l)-a(j, l)))+a(i,w+l); 

aa(i,w) = (0.1 *w)/A(i,w); 

else 

end 

..... 
vgg(i,w) - (i*0.4)+vtg(w)+(w*0.05); 

if (vgg(i,w> >= g(i, 1)) & (vgg(i,w) <= g(j+l ,I)): 

G(i,w) = (g(j+l ,w+l)-g(i,w+l))*((vgg(i,w)-g(j, I)) ... 
/(gci+l,l)-g(j,l)))+g(i,w+l); 

gg(i,w) = (0.1 *w)/G(i,w); 

else 

end 

end 

end 

This section extracts the parasitic parameters from the respective slopes and intercepts. 

for k = 153; 

ma(k,w) = (gg(k,w)-aa(k,w))/S. 6e-i; 



m b(k+l ,w) = (gg(k+l ,w)-aa(k+l ,w))/8,6e-6; 

ca(k,w) = aa(k,w j-(ma(k,w)* l.2e-6); 

cb(k+l ,w) = gg(k+l ,w j-(mb(k+l ,w)*g.ge-S)J 

x(k,w) = (cb(k+l ,w )-ca(k,w))/(ma(k,w)-mb(k+l ,w)); 

y(k,w) = (mb(k-t-1 ,w)*x(k,w))+cb(k+l ,wj; 

tllrp = [x yl; 

end 

end 


