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CHAPTER 1 

INTRODUCTION 

Microwave energy has been substituted for convection 

oven heating in many areas of our lives because of its very 

high heating speed. The idea to use it for photoresist bake 

in semiconductor processing is based on the same advantage, 

but inconsistencies and difficulties have been continuously 

observed since it was first used in semiconductor produc

tion. The heating results can vary from machine to machine, 

or even from one wafer to another, and sometimes the wafers 

may not be heated up by microwave at all. These problems 

have interfered with the successful application of microwave 

energy in semiconductor fabrication. It is the purpose of 

this work to investigate the many important properties of 

microwave curing, to search for the answers to many of the 

questions which puzzled people in semiconductor industry who 

have tried to use microwave for photoresist bake, and final

ly to present the pros and cons of microwave curing for cur

rent semiconductor processing. 

Microwave is an electromagnetic wave with wavelength 

range from 1 m to 1 mm, and the power loss of an electromag

netic wave through its propagating media is the cause of mi

crowave heating. Therefore, it is necessary to begin this 
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work with a thorough understanding of the relevant electro

magnetic wave theories, properties of the process materials 

and the interactions between microwave and the process ma

terials. The specific tasks of this project are then orga

nized as follows: 

1. To present and analyze all the electromagnetic wave 

theories which are relevant to microwave heating in 

this work. These theories will describe the propa

gating properties of electromagnetic waves in diffe 

rent materials, under different boundary conditions 

and the power losses of the electromagnetic wave 

through its propagating media. 

2. To investigate the relevant properties of the pro

cess materials and the interactions between electro 

magnetic waves and the process materials in various 

stages of semiconductor processing. Silicon, poly-

silicon, silicon dioxide, silicon nitride, and alu

minum are the materials most frequently used in cur 

rent semiconductor processing and will be under in

tensive study in this work. Although it rarely hap 

pens that a material will be heated up by microwave 

alone, it is important to understand how microwave 

heating occurs in each material, for it is always 

possible to deduce the results for a complicated 

composite system from a basic system. 

3. To develop and carry out a series of experiments 
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to determine the optimal microwave curing parame

ters. During the curing process, photoresist under

goes a thickness shrinkage due to the densification 

of the resin. When a thickness shrinkage of about 

14.5 % is achieved, the resist reaches its optimal 

condition. This is used as a criterion for search

ing optimal microwave curing energy. Experiments 

are carried out on wafers with different process 

material surfaces. 

4. To design a silicon-gate NMOSFET to be fabricated 

at the University of Arizona. The wafers are to be 

processed in two groups, one has only convection 

oven bake, and the other has microwave curing. 

Except during the resist baking stage, the two 

groups of wafers are to be processed together in 

order to keep the processing conditions exactly the 

same. 

5. To evaluate the electrical characteristics of the 

completed devices from two groups and compare their 

results. For microwave energy to be a useful heat

ing source of photoresist bake, it is not only nec

essary for it to work efficiently and consistently 

in photolithographic steps, it also should not have 

any effects on the electrical performance of the 

finished devices. 
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All these tasks were successfully accomplished in 

this work. The experimental results were found to be very 

consistent with the theoretical predictions. An in-depth 

analysis of electromagnetic wave theories and material prop

erties may seem to be tedious in the beginning, but it is 

actually the key to explaining the inconsistencies experi

enced by some people in semiconductor industry. The appar

ent inconsistencies and difficulties are in fact the inher

ent properties of microwave, and this unfortunately sets 

many limits on utilizing microwave energy for resist curing. 

An overview of this thesis proceeds as follows. In 

Chapter 2, the electromagnetic wave theories which are rele

vant to this work are presented. Some mathematical expres

sions are derived in this thesis for two reasons. First, 

citing from other resources is impossible; second, although 

available in other resources, these expressions are not in 

suitable form to be quoted. For instance, plane wave solu

tion is derived in almost every textbook of electromagnetic 

field theories, but simplifications of the media are usually 

made before the derivation, so that the plane wave solutions 

obtained are in an incomplete form. In this thesis, the 

plane wave solution is derived without any simplification of 

the material. When it is applied to different material, it 

gives a clear and complete picture of how electromagnetic 

waves behave in different media. 
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Before applying the theories developed in Chapter 2 

for numerical calculations of microwave power losses in 

materials, much information and data of the process mate

rials must be available. Unfortunately, a lot of necessary 

information is not available, and it is necessary to deduce 

it through theories. In Chapter 3, all the material data 

are gathered, and the microwave power losses in various 

process materials are calculated and compared. At the end 

of this chapter, a procedure to achieve optimal microwave 

curing conditions is discussed and developed. 

Chapter 4 presents the work of design and fabrica

tion of silicon-gate NMOS transistor in the Microelectronics 

Laboratory of the University of Arizona. A mask layout 

design is first described, and a silicon-gate NMOSFET proc

ess is then developed. A detailed fabrication sequence is 

described at the end of this chapter. 

The experimental results of microwave curing and the 

electrical evaluation of the completed devices are given in 

Chapter 5. Excellent agreements between the.theories and 

experiments are observed. 

The pros and cons of microwave curing in current 

semiconductor processing are concluded from the experiences 

of this work and summarized in Chapter 6. A set of guide

lines for microwave curing which evolved through this work 

is also included. 



CHAPTER 2 

ELECTROMAGNETIC WAVE THEORIES FOR MICROWAVE HEATING 

2.1 Introduction 

This chapter provides a theoretical background for 

microwave heating in semiconductor processing. The theories 

presented in this chapter will find applications in the next 

chapter. Although there are many books written for electro

magnetic wave theories, none are tailored for the special 

needs of this work. After some organizations, modifications 

and derivations, the electromagnetic wave theories for mi

crowave heating in semiconductor processing are presented in 

the form of this chapter. Efforts are made to keep the 

content of this chapter as complete and concise as possible. 

Electromagnetic waves exhibit different propagation 

properties in different types of material. This is devel

oped in Section 2.2 and is concluded in Sections 2.3 and 

2.4. Electromagnetic waves also behave differently at dif

ferent types of interfaces. The detail is discussed in 

Section 2.5. 

In semiconductor processing, material is deposited 

layer upon layer, and it is often necessary to work on a 

wafer with many layers of material. No matter how compli

cated the systems may be, the general microwave heating 
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properties can always be determined by extension of the 

understanding of the materials and the simpler systems. 

2.2 Maxwell's Equations, Wave Equation 
and Plane Wave Solutions 

The well-known Maxwell's Equations: 

' " H = J • g, (2.1} 

1 2 . 2 )  

7 x D = p , (2.3) 

V x B = 0, (2.4) 

were derived from experimental results and are the fundamen

tal equations for all electromagnetic fields produced by any 

charge density p(coulomb/meter ) or current density J(ampere 

2 
/meter ). Electric field vector E(statvolt/cm) and electric 

? 
displacement vector D(coulomb/meter ), magnetic field vector 

2 
B(weber/meter ) and magnetic intensity vector H(ampere/ 

meter), and electric field vector E and current density J 

are related by three constitutive equations respectively. 

They are: 

D = eE, C2-5) 

B = pH, (2.6) 

J = gE. (2.7) 

e, jj and a are the properties of the substance where the 



fields exist, e = ^e^Qj eQ is permittivity of free space 

g 
(= (l/36n)xl0 farad/meter), and K is the relative permit-

tivity of the medium and dimensionless. Similarly, 

_ i y = Kmv0, PQ is permeability of free space(= 4ttx10 henry/ 

meter) , and is the relative permeability of the substance 

and dimensionless. a is the conductivity of the material 

and has the unit of mho/meter. 

The most important consequence of Maxwell's Equa

tions is the discovery of electromagnetic waves. That is, 

the electromagnetic disturbance is not restricted at one 

spot where it originally occurs but propagates as a wave 

into the space. The wave equations which govern the propa

gation of the electromagnetic fields in a homogeneous, 

linear medium are derived from the Maxwell's Equations 

without simplification of material properties and are ex

pressed as below: 

V E - ep—— - ay-jrl: = 0, (2.8) 

v
2H - - ay|§ = 0. (2.9) 

31 2 3 ̂  

Here, particular attention is given to the monochro

matic plane wave solution to Equations (2.8) and (2.9). 

Although plane wave solutions are only a restricted class of 

solutions of Maxwell's Equations, they form the basis of a 

much wider class of solutions. Because Maxwell's Equations 



are linear, all solutions can be represented as a linear sum 

of plane wave solutions. Looking only at monochromatic 

plane wave will give a sufficient understanding of the prop

agating properties of electromagnetic waves in the media 

considered without complicating the situation. 

plane wave solutions to Equations (2.8) and (2.9) are given 

by 

Each of Expressions (2,10) and (2.11) represents two plane 

waves traveling along positive and negtive directions of 

unit vector u. o> is the angular frequency of the electro

magnetic wave, and r is the position vector of the fields, 

r is called propagation constant and is defined as 

After the necessary mathematical manipulation, the 

H(r,t) = HQexp(jwt ± ru-r), 

E(r,£) = E^xpCjiot ± ru*r). 

(2.10) 

(2.11) 

T = - w 2 y e + juap, (2.12) 

r is also expressed as 

r = a + j'B, (2.13) 

where a is called attenuation constant, and 8, phase 

constant. 
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2.5 Plane Waves in Unbounded Media 

Many properties of electromagnetic waves in unbound

ed media are investigated in this section. An unbounded 

medium is an idealized medium with infinite extent. How an 

electromagnetic wave propagates in a linear medium is deter

mined by the conductivity a, the permittivity e and the per

meability y of the medium. Since all the materials in this 

work are non-magnetic, that is y = ^mP0> 1> the perme

abilities of all the materials of this work are equal to 

that of free space yQ. The process materials can be divided 

into two categories: (1) nonconducting media in which o = 

0. Silicon dioxide, silicon nitride, and photoresist belong 

to this category. And (2) conducting media in which o ^ 0. 

Silicon, polysilicon, and aluminum belong to this category. 

If, for the moment, how the waves enter into the 

media is not considered, the fields for the forward wave 

become 

H(r,t) = Hoexp(jwt - Tu-r), 

E(r,t) = EQexpCjwt - ru«r). 

By substituting these two equations back to Maxwell's 

Equations, two equations describing the relationship among 

the fields and the propagating direction are found: 

u • E = 0 = u • H, C2.14) 

H « jju * E, (2.15) 
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where n = , n is called the intrinsic impedance of the 

medium. 

Equations (2.14) and (2.15) summarize two important 

features of a plane wave: first, the electric field E and 

its associate magnetic field H are always on the same plane 

which is perpendicular to the propagation direction; 

second, E and H are perpendicular to each other. 

Since the propagation direction is arbitrary, it can 

be taken along z-axis, then E and H would lie on x-y plane. 

If E acts along x-direction, H would act along y-direction 

according to Eq. (2.15). The fields for the forward wave 

then become 

H(r,i) = H^expfjwt - rz*r), (2.16) 

E(r,£) = E expfjut -Tz-r). (2.17) 

Because the properties of plane waves and the way the coor

dinates are taken, the notations are greatly simplified. 

Expressions (2.16) and (2.17) will be used in the succeeding 

discussion of the propagation of electromagnetic waves. 

2.3.1 Propagation Properties in Nonconducting Media 

When the media under consideration are nonconducting 

materials, a = 0, the propagation constant r reduces to 

jtu/vTe. The permittivity, e = e'- je", can be either real or 

complex, so there are two cases to be discussed: 

Case 1) e1 ^0 but e" = 0; that is, the permittivity e 



12 

is real. Then, the propagation constant r = j'w/y e' = j g, 

and the attenuation constant a = 0. The electromagnetic 

wave will propagate at the phase velocity v = ̂  = l/Zpe1 p 

through the medium without attenuation. In a lossless medi

um, Expressions (2.16) and (2.17) become 

H(r,t) = H exp(j(ui - 6z)), (2.18) 

E(r,t) = E exp(j(ut - Bz)). (2.19) 
u*c 

They represent sinusoidal waves traveling along z-direction, 

and they are illustrated in Fig.2.1. 

Case 2) e', e" $ 0, that is, the permittivity e is com

plex. Then, the propagation constant r = a + j 0, 

where 

a  =  f " 2 u ( - c <  *  A ' 2  +  e " 2 )  ( 2  Z 0 )  

8 = lt*>2u (e ' + /s'2 • e"2] (2.21) 

In this case, Expressions (2.16) and (2.17) become 

H(r,t) = HQyexp(-az)exp(j(wt - $z)), (2.22) 

E(r,t) = E exp(-az)exp(j (tut - 3z)). (2.23) 
o cc 

It is readily observed that the electromagnetic wave suffers 

an attenuation along its propagation due to the power loss 

into the lossy medium. The lossy characteristic of the me-
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E " 
medium can be specified by its lossy tangent tan<5 = -p- which 

is a function of frequency since both e' and E" are func

tions of freqency. The propagation of the electromagnetic 

wave in a lossy dielectric is illustrated in Fig.2.2. The 

wave amplitude oscillates in space with an angular frequency 

u; at the same time it is decaying exponentially according 

to the attenuation constant a. 

2.3.2 Propagation Properties in Conducting Media 

In a conducting medium, a f 0 and the permittivity e 

is always real in the range of microwave frequencies. The 

propagation constant can be written as 

t2 = -io2y(e - = -oi2ijee^) (2.24] 

where 

eeff e' " (2.25) 

Although the permittivity of a conducting medium is real, 

the effective permittivity has an imaginary part from the 

contribution of the conductivity. As the conduction current 

transfers power of the electromagnetic wave to heat which 

dissipates in the material, it actually has the same effect 

as an imaginary permittivity. The imaginary part of the 

effective permittivity is therefore a measure of the lossi-

ness of a conducting material. 
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| 

Fig.2.1 The Propagation of Electromagnetic Wave 
in a Lossless Dielectric 

Fig.2.2 The Propagation of Electromagnetic Wave 
in a Lossy Dielectric 
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In the case of conducting media, the expressions 

for the electromagnetic fields will be the same as Equa

tions (2.22) and (2.23) except 

Therefore, an electromagnetic wave propagating in a con

ducting medium will decay exponentially as it does in a 

lossy dielectric. The propagation of an electromagnetic 

wave in a conducting medium is discussed in a more detail 

as follows: 

(1) If a << cje, then a = a/y/e and 3 = ui/ye, 

the electromagnetic wave will have the same phase 

velocity as in a nonconducting medium, but the am

plitude will decay slowly. This approximation 

holds good for imperfect dielectrics where loss 

current occurs due to finite conductivity. 

(2) If a >> we, then a = (3 = /ojpa/2, both attenuation 

constant a and phase constant 3 increase with /a. 

This approximation holds good for metals and semi

conductor electronic materials at microwave frequen

cies and below. In this case, the electromagnetic 

waves attenuate very rapidly. The reciprocal of the 

attenuation constant is called the skin depth, 

a  2  =  me {  -1 +  J \  +  a  2/io2e 2 } ,  ( 2 . 2 6 )  

P 2  =  y V e { l  +  A  +  a 2 / c o 2 e 2 } .  (2.27) 
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K  =  i  =  / 2 / w p o .  ( 2 . 2  8 )  

This is the distance that an electromagnetic wave 

can propagate; at more than this distance, the wave 

becomes inappreciable. 

2.4 Energy Flow and Power Loss 

In this section the behavior of electromagnetic 

energy is considered, rather than that of electromagnetic 

fields. Electromagnetic energy is distributed throughout 

every region where electromagnetic wave pervades. Although 

the energy is conserved, electromagnetic energy is not nec

essarily conserved, for it can be converted into heat or 

other forms of energy, such as mechanical or chemical. 

The instantaneous energy density of an electromag

netic wave at a given spot in a region E where the wave 

pervades is expressed as 

u = yce*d " b*h)• (2.29) 

U(joules/meter ) varies with time as an electromagnetic wave 

propagates. This indicates that there is power flowing 

along with the propagation of electromagnetic wave. 

Similar to the equation of the electric charge con

servation , 
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the equation of the energy conservation is 

~ = V-S + E-J, (2.30) 

where 

S = E x H. (2. 31) 

3 
The Poynting vector S(watts/meter ) is the power flowing 

across the surface of the region r. E-J is the heat 

generated in the medium if a conducting current occurs. 

Integrating Eq.(2,30) over the region r yields 

/ dV = / v-S dV + / (E-J) dV. (2.32) 
r dt r r 

If the region r is enclosed by surface s, from Gauss's 

Theorem, 

/ V - S  d V  =  f  S - d A .  
r s 

And Eq.(2.3 2) can be rewritten as 

/ S-dA = -f ~ dV - f (E-J) dV. (2.33) 
s r r 

If the left-hand side of Eq.(2.33) is equal to zero, there 

is no net power flowing into or out of the region r when the 

electromagnetic wave propagates through it, that is, there 

is no power lost or stored in the region R. If the left-
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hand side of Eq.(2.33) has a negative value, there is more 

energy flowing into the region than out of it. The energy 

is either stored inside the region r or dissipated as heat 

through the lossy medium of r. 

To investigate the microwave power loss in process 

materials, it is necessary to express the right-hand side of 

Eq.(2.33) by the electromagnetic fields and material param

eters. The following mathematical manipulation is then 

taken to accomplish this task. 

The complex expressions for the electric and the 

magnetic fields have been used freely in the previous dis

cussion with the understanding that the actual physical 

quantities are given by the real parts of the complex ex

pressions. Because Maxwell's Equations are linear, they can 

be satisfied separately by the real and the imaginary parts 

of a complex solution. But the expressions for energy den

sity and power flow are nonlinear; therefore, it is neces

sary to take the real parts of the electric and magnetic 

fields for the mathematical manipulation concerning energy 

density and power flow. 

Equations (2.29) and (2.31) tell that the energy 

density and the power flow vary at twice the wave frequency. 

At high frequencies their time dependence is not measurable, 

and their time averages are more practical to look at. If 

f and g are two harmonically time-varying quantities in 



19 

their complex expressions, the time average of the product 

of their real parts is equal to half the real part of the 

product of one quantity and the complex conjugate of the 

other. Mathematically this theorem can be written as 

(Re/)(Reg) = f Re(/$*).' (2.34) 

The bar stands for the time average, and the asterisk * 

indicates the complex conjugate. 

Now, by substituting Equations (2.7), (2.29), and 

(2.31) into Eq.(2.33), it is obtained that 

/ ( E x  H )  •  d A  »  - 4  /  I r - C E - D  +  B - H )  d V  -  /  ( E - o E )  d V .  
5 2 R dt E 

(2.35) 

Using the theorem of (2.34), the time average of Eq.(2.35) 

becomes 

l  *  1  < a f * '  a n  * 
I /s (E x H ) * dA = -| / Iff-D + E-C|f) 

+ If-"* - B.(|f)A| dV 

4 / (E-cE*) dV. (2.36) 
L R 

Substituting Equations (2.5), (2.6), (2.22), and (2.23) into 

Eq.(2.3 6) yields 
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\ fs EOxHOyeXp^2aZ^ U ' d A  =  " I  j j  | j u ) E f f^a.exp(-2az) 

2 
+ juivH exp(-2az)| dV 

1 2 

- -j i oe exp(-2az) dV. 
£ r 0x 

(2.37) 

If the permittivity of the medium is complex, E = e' - je", 

the right-hand side of Eq.(2.37) can be rearranged as 

/ |jcoCc'4 + p//^)exp.(-2az) 

2 2 

+ (o£_ + ue"^ )exp(-2az)| dV. (2.3S) 
{JSC uic 

This expression is equal to the integral of Poynting 

vector over an closed surface s and has a negative value. 

The imaginary part of (2.38) is the electromagnetic energy 

which is stored in the region r , and the real part of (2.38J 

is the electromagnetic energy which is dissipated into the 

medium of r. 

2.5 Plane Waves at Interfaces 

In preceding sections many of the properties of 

electromagnetic waves in idealized unbounded media are dis

cussed without questioning how an electromagnetic wave 
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enters into the media. The behavior of the electromagnetic 

wave at different interfaces is to be investigated by com

bining plane wave solutions with the appropriate boundary 

conditions in this section. Three cases of boundary-value 

problems are to be discussed: (1) electromagnetic waves at 

the interface of two dielectrics, and after that, (2) be

tween a dielectric and a conducting medium, and finally, (3) 

the case of a thin layer. 

2.5.1 Reflection and Transmission at the Boundary 
of Two Dielectrics 

When an electromagnetic wave is incident on a plane 

dielectric interface, to satisfy the required boundary con

ditions there are always a reflected wave and a transmitted 

wave present with the incident wave. The situation is de

picted in Fig.2.3. 

In this figure and show the incident wave 
• i 

traveling in the direction of the unit vector u^, and 

show the reflected wave traveling in the direction of the 

i 
unit vector u^, and E2 and show the transmitted wave 

traveling in the direction of the unit vector u^. If the 

unit vector normal to the boundary is n, the plane defined 

by n and u^ is called the plane of incidence. In this case, 

n is taken along z-axis, and the plane of incidence lies on 

x-y plane. Three angles are formed by the incident, the re

flected, and the transmitted waves: the angle of incidence 
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"i i "a 
\ i 

H > 

Fig. 2, 3 The Incidence of an Electromagnetic Wave 
on a Plane Dielectric Interface 



0^ is the angle between n and ; the angle of reflection 0^ 

1 
is the angle between n and u^; the angle of refraction 02 

is the angle between n and 

Regardless of the polarization of an electromagnetic 

wave, the fields can always be resolved into two components: 

the p-component of polarization which is chosen to be paral

lel to the plane of incidence, and the s-component of polar

ization which is perpendicular to the plane of incidence. 

Therefore, the electric fields can be expressed as 

E1 = Elp + Els' <2-39) 

E1 = Elp + Els5 (2.40) 

E2 = E2p + E2s' (2.41) 

and the magnetic intensity vectors can be expressed as 

H1 • Hlp + Hls, t2-42' 

% - Hlp * His' (2-43:i 

h2 = h + h2s. (2.44) 

According to Equations (2.10) and (2.11), the re

flected and the transmitted waves must have the same fre

quency and phase as those of the incident wave in order to 
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satisfy the boundary conditions at the interface for all 

time t. This leads to three consequences which are also 

experimentally observed: 

i 
1. n, u^, u^, and U2 are all coplanar. 

2. The angle of reflection is equal to that of inci-
» 

dence, 0^ = 9^. 

2. Snell's law, n^sine^ = n2sin62> where n, n^ are 

the refractive indices of media 1 and 2 respec

tively. The refractive index is equal to the square 

root of the dielectric constant, n = Sk . 
e 

Using the second consequence described above, 

Eq.(2.15), and the boundary condition that the tangential 

components of the electric fields are continuous at the 

interface, the Fresnel coefficients that give the ratios of 

the fields for oblique incidence can be obtained. The 

Fresnel coefficients for the s-polarization and p-polari-

zation are described as follows: 

1. s-polarization 

The Fresnel coefficient r12 gives the relation 
Q 

between the reflected electric field vector and the 

incident electric field vector; and the Fresnel co

efficient t12 gives the relation between the trans-
s 

mitted electric field vector and the incident elec

tric field vector. 
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'ols ri2s^ols' ^o2s *12 • 1ZS ols (2.45) 

and 

7l2cos0£ - w2cos02 
ri2s = "jcosej • n2cose2 ' (2„6) 

2njcos0^ 

^12s T^COS©, + n9cos09 ' (2.47) 

p-polarization 

The Fresnel coefficient i'12 gives the relation 

between the reflected electric field amplitude and 

the incident electric field amplitude; the Fresnel 

coefficient t\2p gives the relation between the 

transmitted electric field amplitude and the inci

dent electric field amplitude. 

i 
e i = ri? e i £ o - ti? • (2.48) 
olp 1 zp olp, o2p l£p olp K J 

and 

n2cos0j - n1cos02 
ri2p ~ n?cos01 + n1cos0? » (2.49) 
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2n^cos0^ 

p ^cose^ + n^cose (2.50) 

What is usually measurable is not the reflected and 

the transmitted fields, but the average power flow per unit 

area which is given by Poynting vector and is also called 

the intensity of the wave. The reflectance R is defined as 

the ratio of the reflected intensity to the incident inten

sity, and the transmittance T is defined as the ratio of the 

transmitted intensity to the incident intensity. According 

to last section, the time average of power flow per unit 

area is 

1 * 
S = j E * H , 

(2.51) 

Then, from the definitions of R and T, 

R 
(2.52) 

n*S2s ri2COSQ2 2 

(2.53) 

r 
p " n* s lp  ~ r i2P '  (2.54) 
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n*S- JI-COS0o 2 
T _ 2p _ _2 2 
P n*S"ip 12p* (2.55) 

Because of the conservation of energy at the interface 

Rs + Ts = 1; (2.56) 

Rp + Tp = 1. (2.57) 

It is seen from the preceding description that the 

reflection and the transmission of electromagnetic energy at 

a plane dielectric interface depend on the incident angles. 

The details are discussed in the following. 

When 0^ = 0, which is the case of normal incidence, 

the plane of incidence is undefined, and the results are in

dependent of polarization. The Fresnel coefficients reduce 

to 

n7 - n, 2n1 
ri2 = n2 + n1 ' tl2 = n1 + n2 ' (2.58) 

And the reflectance and transmittance become 

2  n o  2  
R = ri2> T = —• t12. (2.59) 

"l 

Therefore, the greater the difference of the dielectric con

stants of the two media is, the more of the incident energy 

will be reflected. In the air the incident and rcfleeted 
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waves travel in opposite directions; they do not form a 

standing wave as the case of incidence on a conducting ma

terial. As an example, it is assumed that an electromagntic 

wave is incident from air onto a glass surface. If the di

electric constant of the glass is 2.25, then, vj2 = 0.2, 

£ 12 = 0.8, the reflectance R = 0.04, and the transmittance 

T = 0.96. The incident, reflected, and transmitted waves 

are depicted in Fig.2.4. Since the polarization is arbi

trary, it is taken along x-axis. 

When e1 = n/2, which is the case of grazing inci

dence, R = R = 1 and all the incident energy is reflected, 
s p 

From Equations (2.46] and (2.49), the reflectance near graz

ing incidence is very large. 

When + &2 = "^/Z, the reflectance of the p-polar

ized wave is zero, but there is always reflection of energy 

for s-polarized wave. The incident angle which causes zero 

reflectance of p-polarized wave is called the Brewster 

angle and can be found from the equation below: 

tan0g = n^/n^. (2.60) 

For the given example, the Brewster angle is 56°. 

The dependence of the reflectance on the incident 

angle for the given example is plotted in Fig.2.5. The cor

responding graphs will be plotted for silicon dioxide and 

silicon nitride in next chapter. 



air glass 

(a) The Incident Wave 

air glass 

(b) The Reflected Wave and Transmitted Wave 

air glass 

(c) The Resultant Waves in the Air and Glass 

Fig.2.4 The Incidence of an Electromagnetic Wave 
from Air onto a Glass 
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I 

«2 = 1.5 

0 

Fig.2.5 The Dependence of the Reflectance on the 
Incident Angle for the Given Example 



31 

The behavior of electromagnetic waves at the inter

face of two dielectrics described in this section holds good 

for nonpolar materials at microwave freqencies. Dielectrics 

made of polar molecules, such as photoresist, have complex 

permittivities at microwave freqencies, and therefore, com

plex refractive indices in this freqency range. Because of 

their finite conductivities, practical conducting materials 

have complex effective permittivities and complex refractive 

indices at microwave freqencies too. Since all of the alge

braic manipulations stay valid for complex refractive in

dices, when either of the two media has complex refractive 

index, the Fresnel coefficients are still given by Equations 

(2.41), (2.47), (2.49), and (2.50). 

Although the algebraic formulas stay the same for 

the case of complex refractive indices as for the case of 

nonpolar materials, the behavior of electromagnetic waves 

at this type of interface is somewhat different because of 

the presence of the absorption of electromagnetic energy. 

The situation for conducting materials will be discussed in 

next section; but the situation for polar dielectrics will 

be investigated only for photoresist by substituting numeri

cal value of its refractive index into the relevant equa

tions in next chapter. 
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2.5.2 Reflection from a Conducting Plane 

The situation of the incidence of an electromagnetic 

wave from a nonconducting medium onto a conducting plane 

will be discussed in this section. As indicated in Sec

tion 2.3.2, the effective permittivity of a conducting mate

rial is 

£ /> Z? G ' - J • 
eff " ai 

From the relation e = k e , the effective dielectric con-
e o* 

stant is 

ka = k' - (2.61) 
eeff e toe 

and the refractive index of a conducting material becomes 

n = A' -* a 

e  ^  ue ( 2 . 6 2  J  

In the following discussion, the medium 1 is a dielectric 

with refractive index nand the medium 2 is a conductor 

with complex refractive index ft. If the incident angle is 
A  

0^, by Snell's law, n^sinO^ = ftsinO; and the trigonometric 
A  A  

identity, cose + sine = 1, it is obtained that' 

cos0 = /l - ( n ^ / f i  sine^2. (2.65) 

Substituting Eq. (2.63) into Equations (2.46) to (2.50), the 

complex Fresnel coefficients for materials with complex re

fractive indices are 
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n ^ c o s 0 ^  -  f t / l  -  ( n ^ / f t  s i n 6 ^ ) 2  

+ ft/1 - (w^/ft sine^)* (2.64) 

2n^cos6j 
t12 = — ; 

•s 

pl 2 12p 

1 2n -

n^cose^ + ft/1 - (n^/ft sin0^)z (2.65) 

ftcose^ - rc^/1 - (n^/ft sinS^)^ 

< » c o s 9 1  -  n j / 1  -  f n x / H  s i n e 1 ) £  '  ( 2  6 6 )  

2n^cos0 ̂ 

p ftcose^ + n^/1 - (n^/ft sine^)* (2.67) 

The Fresnel coefficients of reflection can be ex

pressed in their polar forms as 

v\2s = i?i2s [ ̂ as > ri2p = i2p i e^a p  •  

Then, the relation between the incident electric field and 

reflected field become 

E'i = 1^12 |eJasE . , e't = 12-12 |eJ'apE - . • 
ols 1 AZs' ols olp 1 lzpl olp 

It is seen that there are phase shifts of the reflected and 

transmitted waves with respect to the incident wave. How

ever, the phases do not have effect on the reflectance be

cause the form of Poynting vector, and the reflectances are 
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(2.68), (2.69) 

Since the transmitted energy is eventually dissipated as 

heat in a conducting medium, the absorptance A is equal to 

the transmittance T, and 

a function of incident angle, but also a function of freqen-

cy. The dependence of the reflectance on the incident angle 

for aluminum and doped silicon at 2.45 GHz, which is the 

microwave frequency used in this work, will be explored in 

next chapter. The case of normal incidence is discussed in a 

more detail here. 

from air upon a conducting plane, n-^ = 1 and ̂  = ft* Ex

pressing the complex refractive index ft as 

A = 1 - R. (2.70) 

The reflectance from a conducting plane is not only 

If a monochromatic electromagnetic wave is incident 

ft = n  +  j k ,  (2.71) 

the reflectance and absorptance become 

d = (n - l)2 + k z  

( n  +  1 ) 2  +  k *  '  (2.72) 

= 4 n  
~(n + 1 )2 + k^ (2.73) 
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A conducting material which satisfies the condition of 

a >> toe will have its optical constants n and k satisfy 

n - k - /o72h)£ . f 2. 74") o 

Substituting Eq.C2.74) into Eq.C2.73) yields 

A « 2/2u)e /a . (2.75) 

This is called the Hagen-Rubens relation; it holds true for 

moderately good conductors in microwave region and below, 

and for metals up to infrared region. Therefore, moderately 

-1 -1 
doped silicon with conductivity of 10 m is much more 

7 -1 -1 
absorbent than aluminum with conductivity of 3.7x10 J2 m 

2.5.3 Reflection and Transmission by a Thin Layer 

In this section, a more complicated and more real

istic boundary-value problem, the reflection and transmis

sion of electromagnetic wave by a thin layer, is discussed. 

In Fig.2.6, a layer of thickness of d is sandwiched by two 

semi - infinite media 1 and 3. When a wave is incident upon 

the first plane, it is partly reflected and partly trans

mitted; when this transmitted wave hits the second plane, 

it is partly reflected and partly transmitted again; the 

reflected wave then arrives back at the first interface, 

and it is partly reflected and partly transmitted; and so 

on. This process can continue infinitely if the media are 
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X 

Fig.2.6 The Reflection and Transmission of 
Electromagnetic Wave by a Thin Layer 



lossless. The total reflected wave in medium 1 is made up 

of all of the waves which gets back into medium 1, and the 

total transmitted wave in medium 3 is the sum of all the 

waves which gets into medium 3. This is illustrated in Fig. 

2.7. 
a 

The net amplitude reflection coefficient r can be 

obtained by adding up the Fresnel coefficients at each 

boundary together with the phase shift $. The phase shifts 

occur because each of the component waves travels a differ

ent distance; since all are bounded by the two boundaries, 

the phase shifts are always an integer From Fig.2.6, the 

fundamental phase shift is 

$ = 2r2U2 *r2 " r1u1*r1< (2.76) 

If medium 2 has permittivity then, 

$ = 2da)/iJTJ cos 0 ̂ • (2.77) 

A 

The net amplitude reflection coefficient r can be expressed 

as 

A  A  A A A  *  J +  A  A  A  A  A  *  i »  

r  =  r 1 2  + *12r23t21e + ®12^23^21^23*21e + *** (2.78) 

After some algebraic manipulations, it becomes 

r l 2  + r 23Q 

1 + r12r23eJ> ' (2.79) 



Fig.2,7 Multiple Reflections and Transmissions 
of an Incident Ray by a Thin Layer 
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A similar reasoning and calculation give the net amplitude 

transmission coefficient in medium 3: 

t -
*12*23®^ 

A  A  

1 + rlzrz2e^ ' (2.80) 

In accordance with Equations (2.52) to (2.55), the reflec

tance and the transmittance are 

R = yr* , (2.81) 

A  A  «_cos6, 

T = ft1cose1 t't* • (2.82) 

If the slab is made up by a lossless dielectric, 

R + T = 1, 

but if it is lossy, then, 

R + A + T = 1. (2.83) 

A A 

The transmittance is propotional to £•£*, and t*t* 

is proportional to e'^'^-e ^^, at normal incidence, 

= e-2d(ufet/yeo) ̂ (2.84) 

Therefore, the transmission of the electromagnetic energy 

decreases exponentially with the layer thickness. 



CHAPTER 3 

DEVELOPMENT AND OPTIMIZATION OF MICROWAVE CURING 
IN SEMICONDUCTOR PROCESSING 

5.1 Introduction 

In this chapter, the optimization of microwave 

curing in semiconductor processing is approached from two 

directions, one is from the point of optimal resist curing; 

the other is from that of efficient microwave heating. The 

requirements of optimal resist curing are first explained 

from the photoresist composition; how to achieve it through 

the controllable parameters are then described. After all 

the necessary material parameters are gathered, microwave 

heating in different process materials are examined and com

pared. Informations obtained from these two considerations 

are finaaly combined and applied to implement the optimal 

microwave curing process. 

5.2 Control of Photoresist Curing 

5.2.1 A Compositional Description of Photoresist 
Through the Photolithographic Operation 

Photolithography is the pattern transfer process in 

semiconductor IC fabrication using ultraviolet light as its 

imaging source. This process is repeated many times before 

the fabrication is completed. The steps in a photolitho-

40 
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Fig.3.1 Steps in a Photolithographic Process 
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graphic process are illustrated in Fig.3.1. Photoresist is 

the major material used in this process. It is spun on the 

surface of wafer, and cured, exposed, developed to obtain a 

temporary image of the desired pattern. Wafers undergo the 

step of chemical etching after the resist is hardened by 

post bake, and the areas without the protection of photo

resist will be etched away. When photoresist is stripped 

from the surface of wafer, the image of the desired pattern 

remains on the wafer. 

All positive photoresists contain three functional 

components: sensitizer, resin, and solvents. In addition 

various types of additives, such as wetting agents, stabi

lizers, etc., may be added to improve the performance of the 

resist system. 

The sensitizer used in most positive-working photo

resist is naphthoquinone diazide. It is obtained by joining 

a photosensitive element, namely naphthoquinone diazide sul-

fonychloride, to a central group through an ester or amide 

linkage. Sulfonic acid group is generally present to impart 

water solubility and increase the stability. The central 

group affects the solubility of sensitizer in various sol

vents, the film forming ability, the tendencies of precipi

tation and crystallization of sensitizer from the solution, 

and the developing characteristics. Diazide type sensi

tizers generally decompose upon elevated temperature; low-



molecular weight sensitizers start to decompose at about 

150°C, and a safe curing temperature should not exceed 

100°C. 

Resin provides resist with film forming ability, so 

it affects the resist adhesion and, subsequently, the de

veloping capability and etching resistance. The most used 

polymer is phenol formaldehyde novolak which is prepared by 

reacting phenol or meta-cresol with formaldehyde in an acid 

solution with an excess of phenol or meta-cresol. Since the 

chemical chains terminate with phenol groupings, novolaks do 

not form cross-linked polymers. On the other hand, if the 

reaction takes place in an alkaline medium with an excess of 

formaldehyde, the resin will be capable of further polymer

ization upon heating, for its chain terminates in reactive 

alcohol groups. The resin formed this way is called resol 

resin and is often mixed in a lower ratio with novolak resin 

to increase the coating thickness and chemical resistance. 

Other polymers, such as acrylate-based copolymer, are also 

often used with novolak resins to obtain the desired charac

teristics. 

The solvent system gives resist the coating capabil

ity, because it works as a carrier of sensitizer and resin 

during the application of photoresist. The solvent system 

should be able to hold the resist formulation in the solu

tion form both during the storage and application. 
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2-ethoxyethyl acetate and 2-methoxyethyl acetate are often 

used solvents for positive resist, sometimes xylene and bu-

tyle acetate are added for various drying and coating proper

ties . 

Most the solvents are driven out of the resist after 

spin coating; soft bake further removes the solvent residue 

and densifies the resist. Resist curing is a very critical 

step since it affects the parameters of all the subsequent 

operations. The optimization of photoresist curing is dis

cussed after the functions of photoresist throughout the 

photolithographic process are described. 

Upon the exposure of ultraviolet light, the sensi

tizer undergoes a chemical change. The photochemical reac

tion is illustrated in Fig.3.2. The short-lived intermediate 

ketocarbene accompanied with an evolution of nitrogen is 

first formed by the photolytic dissociation of naphthoquinone 

diazide, and it immediately rearranges to form the more sta

ble ketene. Ketene can react with water to form 3-indenecar-

boxylic acid, if the irradiation of resist takes place in an 

ambient environment where water is available. Carboxylic 

acid acts as a dissolution enhancer for the novolak resin in 

the aqueous alkaline developing solution, but the unexposed 

resist, containing the. dissolution inhibiting ketone, is base 

base-insoluble. This differential solubility in developer 

makes the imaging on resist possible. 
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Fig.3.2 Photochemical Reaction of Sensitizer 
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Postbaking is used after development to improve the 

resistance of photoresist to the subsequent etching process, 

postbake temperature is always kept below 140°C, because 

positive resists exhibit a plastic deformation through the 

dehydration of the resins when the bake temperature is above 

140°C; and a serious shrinkage of linewidth through the 

change of resins from resol type to novolak polymers results 

when the temperature is above 200°C. 

Photoresist is stripped from the wafer surface after 

it is used as a mask to protect areas below during the etch

ing process. The photoresist strippers can be divided into 

three categories: (1) solvent-type strippers remove the re

sist by breaking down the resist structure, (2] oxidizing-

type strippers remove the resist by oxidizing the resist to 

carbon dioxide and water, and (3) plasma strippers use 

active oxygen alone or combined with other plasma gases to 

decompose and volatilize the resist, the gaseous products 

are then removed from the plasma chamber by a vacuum pump. 

3.2.2 The Optimization of Photoresist Curing 

Photoresist curing is an early step in the photo

lithographic process, it becomes increasingly important 

as critical dimensions are held to increasingly tight toler

ances. Soft bake has critical effects both on the function 

of resist and on many subsequent operation parameters. 

These effects are first discussed and then applied to 
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optimize the photoresist curing. 

As indicated earlier, the solvents are used to carry 

the sensitizers and resins during resist application, so 

that an uniform coating can be obtained. A high percentage 

of the solvent is removed during the spinning operation by 

the Venturi vacuum effect, leaving the resist film porous 

and with only trace amounts of residual solvent. The resid

ual solvent should be removed by soft baking, and the resist 

film densified appropriately for the resist to function 

correctly in subsequent steps. 

The response of the photo-active compound to the 

ultraviolet light is affected by several factors. The basic 

reaction requires trace amounts of water for the reaction to 

go to completion as carboxylic acid. If this trace water is 

not available in the resist film, the photo-speed is re

duced. If, on the other hand, the resist film is very po

rous, the amount of moisture absorbed by the film can change 

significantly with varying ambient humidity, causing the 

photo-speed to shift. Under constant humidity conditions, a 

porous resist film will be soluble in the developer with 

less exposure dose, due to leaching of the resin in undensi-

fied films. This results in excessive film thickness loss 

at development. The effect of residual solvent in the re

sist film is a reduction of photo-speed. This can be espe

cially harmful at the substrate interface where trapped 
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solvent excludes the water needed for the photo-reaction, 

causing the formation of a developer insoluble scum. After 

development, an insufficient soft bake will leave a thinner 

and more porous resist layer to protect the material below 

through etching, and result in more undercutting and pin

holes. These effects not only change the dimensions of the 

circuit components, but can cause different electrical per

formances than intended or even electrical failures to the 

circuits. 

For convection oven curing, when the temperature is 

above 100°C, the sensitizers are in a danger of decomposi

tion, and the photosensitivity of resist is decreased. In 

addition, the resole resin, which is one of the constituents 

of most positive photoresists, can undergo further cross-

linking upon heating. Because of this reason, curing can 

densify the resist and improve the chemical resistance of 

the resists. But when the resist is overbaked, the develop

ment and stripping become very difficult because of the 

highly polymerized resins. The decreased solubility of the 

resist in developer can cause the dimensions of the circuit 

components to shift in the direction opposite to that of 

underbaking. 

Therefore, the cure cycle must remove residual sol

vents without causing thermal degradation of the resin or 

photo-active compound, and the resist film must be densified 
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repeatably. If a convection oven is used for resist curing, 

Fig.3.3 shows the resist weight loss versus oven tempera

ture. Since the resist weight loss is caused by the removal 

of solvents, it is linearly proportional to the amount of 

solvents removed; and when no more weight loss is possible, 

the solvents are completely removed. It is noticed that the 

solvents will not be completely removed until the tempera

ture exceeds 140°C. Another look at Fig.3.3 shows that be

tween 100°C and 120°C the rate at which solvents leave the 

resist is very slow; but on the other hand, Fig.3.4 shows 

that there is a tremendous thickness loss between 100°C and 

120°C. Since very little of the solvents is removed, the 

thickness loss comes from a very efficient polymerization 

undertaken by the resins in this temperature range. There

fore, the best temperature range for resist curing is be

tween 90°C and 100°C, which is before the heavy polymeriza

tion of resins takes place, and it will not retain more than 

3 or 4% solvents within the resist. In addition, at this 

temperature range the sensitizers are in no danger of decom

position. 

Convection baking was the only technique available 

for resist curing in the past, and many resist curing char

acteristics were studied by using convection ovens; accord

ingly, all the data were established upon the oven tempera

tures. More resist curing techniques are available for 
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current semiconductor fabrications. They are distinquished 

by their special heating sources and special pathways that 

the heat takes to reach photoresist. The resist curing 

characteristics are determined by the amount of heat ab

sorbed by resist, not by how the heat is generated, nor by 

how the heat is transferred to the resist. According to the 

theories of heat transfer, the word "heat" refers to "the 

energy transferred", and whether the energy transferred is 

regarded as a flow of heat or as a performance of work has 

no bearing on the quantity of energy transferred to the sys

tem. Therefore, two conclusions are made: (1) The resist 

curing characteristics may be established on any convenient 

operation parameters according to the technique employed, 

for instance, the oven temperature for convection curing and 

the dwelling time for infrared curing. But the real varia

ble is the net energy absorbed by photoresist. (2) If the 

operation parameters upon which the resist curing character

istics are to be established have linear relation with the 

net energy absorbed by photoresist, then the obtained curves 

should exhibit similar characteristics no matter what tech

nique is used. 

Because one of the tasks of this work is to deter

mine the optimal operation parameters for microwave curing, 

the approach now appears more clear. Just as the optimiza

tion of convection curing, to optimize the microwave curing 



is to find the set of operation parameters by which the re

sist solvents will be sufficiently removed and the resins 

will be just densified enough to improve the chemical re

sistance during etching without being overpolymerized to 

hinder the development. In consideration of the second 

conclusion of last paragraph, if an operation parameter for 

microwave curing which is linearly related to the energy 

absorbed by the resist can be found, then the curing charac

teristics established upon this operation parameter should 

have compatible characteristics as those of convection 

curing based on oven temperature. 

In this work, this operation parameter is assumed to 

be the microwave energy transferred into the baking cavity, 

since it is conveniently measurable. The curing character

istics chosen to be established are: (1) resist thickness 

loss after microwave curing, and (2) resist thickness loss 

after curing and development. These two were chosen because 

they are directly related to the function of photoresist. 

Similar to Fig.3.4, the characteristic curve of resist 

thickness loss after microwave curing should exhibit a re

gion in which the resist thickness loss has very small or no 

variation with the input microwave energy, and that will be 

the energy range for optimal microwave curing. The second 

curing characteristic graph is expected to show a minimun 

thickness loss after development at this optimal range. 
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3.3 Investigating Process Materials 

In this section, the process materials involved in 

semiconductor processing are categorized, the microwave 

heating properties for each individual material are then 

investigated accordingly. Since not all of the relevant 

material parameters are available in numerical form, 

theoretical derivations and approximations are necessary in 

order to obtain these parameters. At last the contribution 

from each material to microwave heating is concluded and 

compared. 

3.3.1 Gathering Material Parameters 

Dielectrics - Photoresist, Silicon Dioxide, and 

Silicon Nitrode. When an electric field is applied to a 

dielectric material, the macroscopic phenomenon of dielec

tric polarization takes place because of the microscopic 

polarizability of the molecules in the material. This 

effect gives the dielectric its dielectric constant Kq, and 

the relation between k  and the molecular polarizability s 
e 

is given by Clausius-Mosotti equation: 

Nc Xe " 1M 

3eo" Ke * 2"m ' t3'1} 

where N is Avogadro's number, density, and M the molecu

lar weight. 
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There are four distinct mechanisms which can con

tribute to the molecular polarizability and are character

ized by each own relaxation time x, namely: 

~16 
(1) Electronic polarizability ? with x =10 sec; 

(2) Atomic polarizability x, with xQ - 10 ̂  - 10 "^sec; 
a a 

_  7  . 1 ( 1  
(3) Dipole polarizability with x^ = 10 - 10 sec; 

_ 3 
(4) Interfacial polarizability with x^ <. 10 sec. 

The relaxation time x represents the time which is necessary 

for each specific polarization to establish. The dielectric 

constant starts to decrease when the alternating electric 

field changes so rapidly that the establishment of a polari

zation can not be accomplished. Under a static electric 

field, the dielectric constant is contributed by all four 

types of polarization, but as frequency increases, each po

larization will decay and eventually cease its contribution 

to the dielectric constant according to each own relaxation 

time. Accompanying the decreasing dielectric constant in 

each dispersion region is the dielectric absorption or di

electric loss, which is the energy taken by the dipoles, 

atoms, or electrons from the field to establish polariza

tion, but when a polarization fails, the energy is released 

from dipoles, atoms, or electrons and dissipated as heat. 

The dielectric loss passes a broad maximun at the frequency 
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f = 1/t. The typical behavior of dielectric dispersion and 

dielectric absorption is illustrated in Fig.3.5. 

Dielectrics whose molecules possess no permanent 

dipole moments are called non-polar dielectrics, such as 

atomic dielectrics and molecular dielectrics having symmet

rical charge distribution. Since they do not contain per

manent dipole moments, there is no contribution from dipole 

polarizability to their dielectric constants. Therefore in 

non-polar materials, no dielectric dispersion is observed up 

to frequencies over 10^ Mhz, and their dielectric constants 

remain unchanged throughout radio-frequency spectrum. The 

dielectric loss of a non-polar material in radio-frequency 

region is generally very small and is attributed to the 

traces of polar impurities which reside in the material. 

12 
At very high microwave frequencies, i.e. about 10 hz, the 

non-polar dielectrics may have somewhat more significant 

dielectric losses due to atomic polarization if their atomic 

-12 
relaxation times are of the order of 10 sec. At 2.45 Ghz, 

which is the microwave frequency used in this work, a non-

polar dielectric should not exhibit any appreciable dielec

tric loss. On the other hand, a polar dielectric whose 

molecules contain permanent dipole moments may have consid

erable dielectric loss, depending on its imaginary dielec

tric constant at this frequency. 
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All the process dielectrics, photoresist, silicon 

dioxide, and silicon nitride, are made of polyatomic mole

cules. The contents of the bonding energy and permanent 

dipole moment of a polyatomic molecule should only be deter

mined experimentally, but a good first approximation can be 

obtained by visualizing such molecule as composed of di

atomic groups whose bond strength and dipole moment are 

already known. Accordingly, photoresist is classified as 

polar material, but silicon dioxide and silicon nitride are 

non-polar dielectrics. This is further confirmed by experi

mental data which are cited in the following, along with the 

discussions of how to utilize these data to obtain the rele

vant parameters. 

As mentioned in Section 3.2, positive photoresist 

contains three major components: photosensitizer, resins, 

and solvents, but none of the real composition of any com

mercial resists has been revealed. In stead of deriving the 

dielectric constant of photoresist itself, the dielectric 

constant of the resin - phenol-formaldehyde novolak is 

pursued, because it is the only piece of data available. On 

the other' hand, after spinning, most solvents are driven out 

of the resist, only the sensitizer and resins remain on the 

wafer for the following bake, and the resins contribute the 

major part of the resist mass, i.e. 90% of the total. 

Therefore, the results derived from this approximation 
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should be reasonably close to the actual condition. 

According to Birks(1960), the real dielectric con

stant and the loss tangent of phenolic resins at three 

different frequencies are listed in the following table. 

TABLE 3.1 

Real Dielectric Constant and Loss Tangent of Phenolic Resins 

frequency f(hz) K' tang 

60 5 .0 ~ 6.5 0.06 - 0.1 

IxlO3 4.5 ~ 6.0 0.03 ~ 0.08 

lxlO6 4.5 - 5.0 0.015 - 0.03 

It is seen that dielectric dispersion occurs in the 

3 11 
frequency range between 1x10 hz and 1x10 hz which is the 

range for dipole polarization, and the assumption that photo

resist is a polar material is justified. 

The dielectric dispersion caused by dipole polariza

tion is described by Debye Equations: 

*o " 1 K '  -  1  =  

X" = —a 

1 + CUT)2 '(3.2) 

(X " 1)(dt 

1 + (cox)2 (3.3) 

V I  - 1) U) T 
tan6 = |tt = —1 r 

^  V  + fi.irl 2 K q  + (UT)2 (3.4) 
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Where K' and K" are the real and the imaginary parts of the 

complex dielectric constant kq respectively, k is the 

static dielectric constant, to is the angular frequency and 

equal to 2TT£, and T is dielectric relaxation time. 

To derive the complex dielectric constant of photo

resist, the average real dielectric constant k} = 4.75, 

average dielectric loss tan<5 = 0. 0225 at to = 2irxl0^ are 

first substituted into Debye Equations in order to obtain 

the static dielectric constant K and the dielectric relaxa

tion time T. It is found that Kq = 4.753, and t = 4.54x10 ^ 

9 
sec. Next, these two values together with UJ = 2TTX2. 45x10 

are brought back to Debye Equations to calculate the real 

and imaginary parts of the dielectric constant and loss tan-

q 
gent at 2.45x10 hz. Hence, the complex dielectric constant 

and loss tangent pursued are ky = 1.00077, kn = 0.5372, and 

tan6 = 0.05368. 

The amorphous dielectrics, silicon dioxide and 

silicon nitride, are both non-polar materials from the first 

approximation by visualizing their molecular structures. 

Their extremely high dielectric strengths and resistivities 

are another indication of their non-polarity. The loss tan

gents of silicon dioxide and silicon nitride are illustrated 

in Fig.3.6. 

It is seen that the loss tangent of silicon nitride 

remains constant over the whole frequency spectrum up to 
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1 Mhz. That is, no dielectric dispersion occurs at the fre

quency range where it should occur if there are permanent 

dipole moments. From the preceeding discussion of the prop

erties of non-polar materials, it is logical to extrapolate 

the dielectric constant and loss tangent of silicon nitride 

at 2.45 Ghz from those at lower frequencies. Hence it is 

concluded that the complex dielectric constant and loss tan

gent of silicon nitride at 2.45 Ghz are: K' = 7.5, K" = 

1.3125xl0-2, and tan6 = 1.75><10"3. 

From Fig.3.6, it is found that the loss tangent of 

silicon dioxide is one order smaller than that of silicon 

2 3 
nitride, and a slight variation from 1x10 to lxio hz which 

is contributed by the interfacial polarization. At frequen

cies above 1*10^ hz, the dielectric constant and loss tan

gent are getting settled to a steady value. The desired 

information which is missing after 1x10^ hz is completed by 

the data taken from Von Hippel(1954) and are listed in 

TABLE 3.2. All of these experimental data were made on 

fused silica; since no data of film silica are available, 

it is necessary to approximate the dielectric parameters of 

film silica by those of bulk silica. It is observed from 
Q 

Table 3.2 that after lxio hz the loss tangent starts to 

increase again, but the real part of complex dielectric 

constant always remains unchanged. This is because the di

electric loss is so small that it can not cause apparent 
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dielectric dispersion throughout the whole frequency spec-

10 
trum up to 1x10 hz. This increasing of loss tangent is 

therefore attributed to the polar impurities which reside in 

the silicon dioxide. A good approximation of the relevant 

parameters of silicon dioxide at 2.45 Ghz are K' = 3.78, 

K" = 3.78x10 and tanfi = 1x10 

TABLE 3.2 

Real Dielectric Constant and Loss Tangent of Silicon Dioxide 

. 4 
freque cy f(hz) k 1 tanSfxlO ) 

lxlO2 3.78 6.6 

lxlO3 3.78 2.6 

lxlO4 3.78 1.1 

lxlO5 3.78 0.4 

lxlO6 3.78 0.1 

lxlO7 3.78 0.1 

lxlO8 3.78 0.3 

3xl08 3.78 0.5 

3xl09 3.78 

lxlO10 3.78 1.7 
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Conductor - Aluminum. The material parameter which 

affects the microwave heating property of aluminum is its 

conductivity. The conductivity of aluminum films with film 

o - 8 
thicknesses greater than 1500 A is approximately 5.7x10 

-1 -1 
fi -m and is compatible with that of bulk aluminum. As men

tioned in last chapter, the conductivity and the imaginary 

dielectric constant have the same effect in microwave ab.-

sorption, and the effective dielectric constant of a con

ducting material can be expressed by its conductivity as 

o 9 
= K* + o . Therefore aluminum has K" = 1.7084x10 . 

eff 

Semiconductors - Crystalline Silicon and Polysilicon. 

Microwave heating property of semiconductors is also deter

mined by the same material parameter - conductivity. 

Although the resistivity, which is the inverse of conduc

tivity, and the conductivity describe the same property of a 

material, the former is much more commonly used in semicon

ductor technology. With this understanding, the resistivity 

and the conductivity will be used exchangeably in this the

sis. The wafers used in silicon-gate NMOS processing have a 

resistivity range from 5 n-cm to 15 n-cm. The average value 

10 J2-cm will be used for calculation of microwave heating 

properties of silicon. Expressing as effective dielectric 

constant, silicon has K' = 12, K" = 462. During the semi

conductor processing, wafers are usually doped with either 

N- or P-type impurities at various concentrations; since 
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the resistivity of silicon is a function of impurity concen

tration, this consequently affects the microwave heating 

properties of the wafers which the processing starts with. 

The resistivity of crystalline silicon is illustrated as a 

function of dopant concentration in Fig.3.7. Undoped poly-

5 6 
silicon has a resistivity between 10 Q-cm and 10 fi-cm, and 

5 
the average value 5x10 fi-cm will be used to calculate 

microwave power loss of undoped polysilicon. Thus, undoped 

7 
polysilicon has if' = 12, KM = 2.31x10 . The resistivity of 

doped polysilicon decreases according to the doping process, 

this is illustrated in Fig.3.8. Diffusion is the method 

used in this work to obtain a conducting silicon gate. From 

- 3 
Fig.3.8, the resistivity 1x10 £2-cm is used to calculate 

microwave heating properties of doped polysilicon. There

fore, doped polysilicon has k' = 12, ku = 0.0462. 

3.3.2 Reflectance, Skin Depth, 
and Power Loss Per Unit Volume 

After the necessary material parameters are obtain

ed, other variables and properties related to microwave 

heating can be calculated and investigated by substituting 

numerical values of these material parameters into the prop

er equations discussed in last chapter. The properties that 

will be explored in this subsection are: 

1. Reflectance. When a microwave is incident upon the 

material surface, part of the wave is reflected and 
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part is transmitted, and only the transmitted wave 

can be absorbed. Therefore, it is necessary to find 

how much microwave energy is transmitted into the 

material before the absorbed energy can be calculat

ed. To achieve uniform heating, the wafer is rotat

ed at about 1400 cycles per minute during heating, 

and the circular cavity is set up to provide as many 

modes as possible, hence the microwave is incident 

upon the material surface randomly. To simulate 

this experimental situation, it is assumed that the 

microivave is incident upon the material surface from 

all angles with same probability. The reflectance 

versus incident angle for each process material will 

be plotted to help to visualize this first relevant 

property of each process material. 

2. Skin depth. When a.microwave is incident on a lossy 

material, the transmitted wave will decay along its 

propagation due to the absorption of the material. 

Skin depth is the distance from the material surface 

where the field strength of transmitted wave decays 

to 1/e of its value at the surface. For many pur

poses, the field strength beyond the skin depth is 

negligible, and a good estimate of microwave heating 

in semiconductor processing can be largely simpli

fied by utilizing this concept. 



3. Microwave power loss per unit volume. By substitut

ing the material parameters into Eq.(2.38), it is 

possible to calculate the microwave power loss per 

unit volume of process material. This will be one 

of the most important criteria to weigh the contri

bution from each material to microwave curing in 

semiconductor processing. 

Reflectance. To calculate the reflectance of micro

wave at the material surfaces, it is necessary to obtain the 

complex refractive indices of the process materials. The 

complex refractive index ft is given by the following equa

tions : 

h = n + jk 

n = All{V + Jk *'2 + K"*) (3.5) 

k = /l/2(-X* + /rz + (3.6) 

Substituting K' and K" of each process material into Equa

tions (3.5) and (3.6) yields the optical constants n and k 

for each process material. The results are tabulated in 

TABLE 3.3. 

By substituting these optical constants into Equa

tions (2.46), (2.47), (2.49), and (2.50), and assuming that 

is the refractive index of air, the Fresnel coefficients 
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TABLE 3.3 

Optical Constants for Process Materials 

process material n k 

photoresist 1.000745 0.02684 

silicon dioxide 1.944 0 

silicon nitride 2.7386 0 

aluminum 1.166x10^ 1.166*10^ 

1x10 fi-cm silicon 6.57.8 5.592 

undoped polysilicon 3.464 0 

doped polysilicon 6.063*10^ 6.063*10^ 
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of each process material at 2.45 Ghz microwave frequency can 

be obtained. From Eq.f2.52) and Eq.C2.54), the'reflectance 

can be easily calculated. Transmittance T = 1 - R because 

of the energy conservation. The reflectance versus incident 

angle is plotted for photoresist, silicon dioxide, silicon 

nitride, silicon, and undoped polysilicon in Figures 3.9,' 

3.10, 3.11, 3.12, and 3.13 respectively. The.reflectances 

for aluminum and doped polysilicon are too small to be plot

ted and are tabulated in TABLE 3.4 and.TABLE 3.5. 

Skin depth. The skin depth is the reciprocal of 

attenuation constant a. For photoresist, silicon dioxide, 

and silicon nitride, it can be calculated by substituting 

material parameters into Eq.(2.20); for aluminum, silicon, 

and polysilicon, Eq.(2.28). The results are listed in 

TABLE 3.6. 

Power Loss Per Unit Volume. The second term of Eq. 

(2.38) gives the power loss per unit volume of a process 

material in microwave heating. It is not only a function of 

material parameters but also a function of position inside 

the material. Assume that the microwave is incident normal

ly upon the material surface and the electric field vector 

at the surface has the magnitude of 1 volt/meter, the power 

loss per unit volume of each process material can be plotted 

as a function of the distance from the material surface. 

The results are shown in Fig.3.14. 
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TABLE 3.4 

Reflectance of Aluminum at Various Incident Angles 

incident angle R R 
_S 

0 °  1 1  

15° 1 1 

30° 1 0.9998019 

45° 1 0.9997575 

60° 1 0.999657 

75° 1 0.999338 

90° 1 1 



TABLE 3.5 

Reflectance of Doped Polysilicon at Various Incident Angle 

incident angle R R 
2 S p 

0° 0.9967067 0.9967067 

15° 0.9968185 f 0.9965914 
/ 

30° 0.9971474 0.9961981 

45o 0.9976705 0.9953451 

60° 0.998352 0.9934243 

75° 0.9991427 0.9873929 

90° 1 1 
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TABLE 3.6 

Attenuation Constants and Skin Depths for Process Materials 

process material 

photoresist 

attenuation constant skin depth 

a 5 Cm) 

0.5492 1 .  8 2 1  

silicon dioxide 

silicon nitride 

aluminum 5.98x10" 1.672x10 
- 6  

1x10 £2-cm silicon 310.88-

undoped polysilicon 1.39 

3.217x10 

0. 719 

doped polysilicon 3.11x10 3. 215x10 
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3.3.3 A Comparison of the Contributions of Process 
Materials to Microwave Heating 

The total microwave energy absorbed by the wafer is 

the sum of energy absorbed by each process material, 

E to ta l  " ? Ei > t3-7^ 
1 

i represents the process materials which are present at that 

curing stage. If the wafer is seated in a cavity and heated 

by microwave for a period of time t, then the microwave en

ergy absorbed by each individual material can be written as: 

Ei = ( / T. de x / P. dV.) x t , (3.8) 

where P is the power loss per unit volume of material. 

Since only T\ is incident angle dependent, the integral over 

the incident angle can be performed seperately, and the 

total transmitance of each individual material is defined 

as: 

T. . = / T. de . (3.9) 
ti l 

If each process material covers the whole wafer surface, the 

integral / P. dV. can be rewritten as: 
° 11 

/ P. dV. = ( /J2 p. d£ ) X A , (3.10) 
11 X i 1 

where A is the surface area of the wafer, and s.z 
are t'ie 

two edge positions of each process material taken from the 

very surface of the wafer; l2^ ~ is therefore the 
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thickness of that material. 

A comparison of the contributions of each individual 

material to microwave heating can be made by taking two 

factors, TV. and s\2i P. da, into consideration. To the 
11 a i. i ' 

first order of approximation, the values of T^.. and for 

each process material can be obtained from Figures 3.9 to 

3.13. If the thickness of each process material is speci

fied, the comparison factor F^, which is defined as 

Fi = Tti X C fl*j Pi d£ 5 ' C3'n) 

can be calculated. The results are listed in TABLE 3.7. 

The thicknesses of process materials used in this calcula

tion are those mostly found in semiconductor processings. 

3.4 Optimization of Microwave Curing 
with MTI Microwave System 

The optimization of microwave curing is based on the 

previous discussion of microwave heating mechanism. MTI 

OmniChuck was used in this study of microwave curing. It is 

equipped with a microwave bake unit which can generate maxi

mum power of 200 watts at 2.45 Ghz. A cross-section of the 

bake unit is illustrated in Fig.3.15. The process cup and 

the shielded hood mate to form a microwave oven around the 

chuck. The microwave energy is generated from a magnetron 

which is built in the machine cabinet and is delivered to 

the oven cavity through a coaxial transmission cable; the 



TABLE 3.7 

A Comparison of the Contributions of Process Materials to Microwave Heating 

Material Thickness T. . f^1 P.dJl F. 
ti %2 1 1 

photoresist 1.6 ym 0. 96 0 0 

silicon dioxide 1.5 ym 0. 6 0 0 

silicon nitride 0.18 ym 0. 7 0 0 

silicon flO fl-cm) 4 5 0  y m  0. 4  2xl0~^ watt/m2 8xl0"4 

undoped polysilicon 1  y m  0. 65 . 0 0 

doped polysilicon 0.8 ym 0  4x10 ̂  watt/m2 0 

aluminum 0.6 ym 0 8 watt/m2 0 
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CHUCK. ADAPTOR. 3 NUT SPECIAL, JA-W) 11 
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CHUCK. ADAPTOR. 

-t EPOXY BIPAX 13 WASHER, PLASTIC. 
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8 BAFFLE ASSEMBLY n NUT, HEX %-M CWE'N' JAI^} 
9 CHUCK ie> COUPLlMO LOOP 

Fig.3.15 Cross-Section of Microwave Bake Unit 
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microwave energy is then coupled into the cavity through a 

primary antenna (coupling loop, 5) and is distributed by a 

secondary antenna (post and distribution plate, 14). The 

effective output of the magnetron can be controled by ad

justing a potentiometer to accommodate different baking 

needs. 

To implement the optimal microwave curing process, 

the informations of the effects of process materials and the 

effects of operation parameters were first gathered. Five 

groups of wafers were prepared, each had different surface 

material, namely, silicon dioxide, silicon nitride, silicon, 

polysilicon, and aluminum for investigation of material ef

fects on microwave curing. The microwave energy which radi

ates into the oven cavity was chosen to be the major opera

tion parameter to examine. A joule counter was used to help 

a more accurate control of the amount of energy coupled into 

the cavity. One major task of the implementation of optimal 

microwave curing process is to obtain the two curing charac

teristic curves discussed in Section 3.2.2: (1) resist 

thickness loss after microwave bake, and (2) resist thick

ness loss after microwave bake and development. A series of 

resist thickness loss measurements were carried out on five 

groups of wafers. The optimal curing energy was determined 

to be the one by which the minimum thickness loss afrer bake 

and development was achieved, or a resist thickness loss of 
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about 141 after curing was obtained. 

In the course of searching the optimal microwave 

curing energy, it was discovered that two operation parame

ters, the microwave output duty cycle and the rotation speed 

of wafer during soft bake, both have significant effects on 

the curing results which are different from what people in 

semiconductor industry would expect. Material properties, 

such as the resistivity of silicon wafer and the thickness 

of the deposited aluminum film, affect the curing results as 

predicted by the previous theoretical discussions. A series 

of experiments were performed to examine these effects. 

Several equivelent experiments were also carried out 

by using a convection oven. A comparison of the results of 

two curing techniques is discussed in Chapter 6. All exper

imental results are organized and presented with detailed 

experimental procedures in Chapter 5. 



CHAPTER 4 

DESIGN AND FABRICATION OF SILICON-GATE MOSFET TEST VEHICLE 

4.1 Introduction 

To ascertain that the microwave curing does not have 

any effect on the electrical performance of finished semi

conductor devices, a process was designed to fabricate 

silicon-gate MOSFET test vehicle. Wafers were devided into 

two groups and processed together except the resist curing 

technique. One group of wafers were cured by convection 

oven with curing parameters as recommended by photoresist 

manufacturer, the other group of wafers were cured by micro

wave energy using the optimal curing parameters found in 

this work. The electrical evaluation of two groups of fin

ished devices was performed and is presented together with 

the results of the optimization of microwave curing in next 

chapter. 

4.2 Discussion of The Layout Design 

The layout of the microwave curing silicon-gate NMOS 

test chip is illustrated in Fig.4.1. It contains eight dis

crete silicon-gate NMOS transistors, Ql, Q3, Q5 and Q7 are 

intended to be enhancement mode, whereas Q2, Q4, Q6 and Q8 

depletion mode. Q7 and Q8 are connected as a D-load 

87 
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Resolution Pattern 

«5 <54 

Fig.4.1 Layout of Silicon-Gate NMOSFET Test 
Vehicle for Microwave Curing 
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inverter. A resolution pattern is located in the center of 

chip to assist in evaluating the photolithographic process. 

Two capacitors are by tx^o sides of the resolution pattern to 

help the understanding of the surface condition. The mask 

dimensions of the transistor channels and capacitors are 

listed below: 

Device L 0m) W(vm) 

Q1 3 76 

Q2 3 76 

Q3 12.5 76 

Q4 12.5 76 

Q5 76 76 

Q6 76 76 

Q7 25 76 

Q8 76 76 

CI 482.6 355.6 

C2 482.6 355.6 

4.3 Silicon-Gate MOSFET Process Development 

For this work polysilicon was used as the gate mate

rial and each gate was doped at the same time as the corre

sponding source and drain. The threshold voltage of an n-

channel silicon-gate MOSFET is given by 
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QgS Qb 
VTN " *MS " C + 24,f " C~ ' (4.1) 

o o 

where 

$Ms = work function difference from gate to channel (V), 

Qgs = silicon surface charge density (C/cm), 

CQ = capacitance per unit area of gate oxide (F/cm^ 

4>£ = Fermi level of silicon beneath gate oxide (V), 

Qg = charge density of ionized acceptors within 

the channel depletion layer (C/cm), 

and according to the analysis of Carr and Mize(1972) 

$MS ~ $f (si-gate) " ^f (silicon beneath channel) 

for the case of silicon-gate MOSFET. The value of the Fermi 

level of heavily doped silicon gate is -0.5 V from the stud

ies of Faggin and Klein(1970). The remaining terms in the 

equation for VTN are 

kT ,_NA _ ,n NA 
= " c, lnn. • C0.0258)ln K4S)(loi0 , (4.3) 

= (8.182xl0-16) (NAUf|)!2 , (4.4) 
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r - £° 3.453xlQ~15 
O  t  t  '  l ^ . b j  

O X  o x  

_ o 9 _ o 9 
Qss ranges from 8.0x10 coul./cm to 1.4x10 coul./cm 

or less depending on the substrate orientation and process

ing. Only (111) orientation silicon wafers with a surface 

"8 2 
charge density of 8.0x10 coul./cm were available for this 

work. The thickness of gate oxide used in this work was 

1000 A°, therefore CQ is equal to 3.453x10"** F/cm^. Rear

ranging and combining terms yields 

VTN = (-0.5) + 

+ C8.182*1Q~ 1 6) ^ NAII^ 2  - 8.Qxio" 8  

3.4S3xl0"8 (4.6) 

From this equation the threshold voltage can be easily found 

by knowing the net doping concentration of silicon beneath 

the gate oxide. The threshold voltage versus net channel 

doping is illustrated in Fig.4.2. 

The processing parameters of the primary run were 

set according to the available literature by other workers, 

but changes occured during the progress of the work. The 

variation of the device characteristics with the processing 

parameters is first of all justified by Eq.(4,6), it there

fore provides the theoretical background of the development 



Net Channel Doping (cm ) 

Fig.4.2 Threshold Voltages versus Net Channel Doping for P-type 
till) Silicon Wafer 

\D 
ts) 
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of the fabrication process. 

4.4 Fabrication of Silicon-Gate MOSFET Vehicle 
Incorporating Microwave Curing 

Fabrication of self-aligned, silicon-gate NMOSFET is 

a well-established process. It begins with lightly doped p-

type (100)-silicon wafers of about 10 fi-cm. Locus oxidation 

is first performed to form the device areas with the advan

tage of less oxide steps, a gate oxide about 1000 A0 is then 

grown. Ion implantation technique is employed to tailor the 

device threshold voltage; for example, a boron ion implant 

11 - 2 
of 7x10 cm at 30 KeV may be used to set the threshold 

voltage of an enhancement-mode transistor, and a phosphorus 

12 - 2 
ion implant of 1.4x10 cm at 90 KeV for a depletion-mode 

transistor. After the desired threshold voltage adjustment, 

undoped polysilicon is deposited and patterned to form tran

sistor gates. The source and drain regions are now opened 

and the wafer is subjected to a phosphorus diffusion; the 

gate is doped simultaneously as the source and drain are 

formed. Finally the contact windows are opened, and the 

aluminum is deposited and patterned. 

Since the aim of this work was to evaluate the ef

fect of microwave curing on device performance, a simpler 

fabrication process is prefered to a complicated one. The 

locus oxidation was therefore replaced by an ordinary ther

mal oxidation for field oxide growth, and only one threshold 
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voltage adjustment ion implant was performed for enhancement 

mode, but no second ion implant for depletion mode. Another 

change from the standard fabrication process was that (111)-

silicon wafers were used in this work instead of (100)-sil

icon wafers because of the availability. 

In this work wafers were divided into two groups and 

identified by the numbers scribed on the backs of wafers. 

They were processed together except for the photolithograph

ic steps by which the device areas and silicon gates were 

generated. During these two photolithographic stages, one 

group of wafers underwent microwave curing, while the other 

had convection oven curing. After source-drain diffusion, 

the conductivity of wafers became too high for microwave 

curing technique to be useful, and only oven curing tech

nique was used. The oven curing parameters used in this 

work were those recommended by resist manufacturer, whereas 

the microwave curing parameters were the experimental re

sults of this work. Both positive and negative photoresists 

were used in the fabrication of silicon-gate NMOSFET test 

vehicle, the imaging procedures are detailed in Appendix A. 

The cross-section of the silicon-gate NMOSFET fabri

cation sequence performed in this work is illustrated in 

Fig.4.3. There are a total of four masks used to complete 

the fabrication, they are illustrated in Fig.4.4. The de

tailed procedure of the last run of silicon-gate NMOSFET 
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Fig.4.3 Cross-Section of Silicon-Gate NMOSFET 
Fabrication Sequence 
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Fig. 4.3 (Continued) 
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Fig.4.3 (Continued) 
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Fig.4.3 (Continued) 
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Fig.4.3 (Continued) 
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Fig.4.4 Silicon-Gate NMOSFET Test Vehicle Mask Set 
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fabrication in this work is presented in TABLE 4.1 with no 

detailed description of photolithographic steps included. 



TABLE 4.1 
Detailed Process Description 

for Silicon-Gate NMOSFET Fabrication 

Step Time 

(min) 

Temp. 

C°C) 

Ambient Other Comments 

Initial measurements: 

Sheet resistance 
Wafer thickness 

4-point probe 
Micrometer 
caliper 

Initial clean: Time: +30sec 

H 2 S 0 4 : H 2°2 = 3 : 1  5 100 Temp.: +10 

DI rinse 
H20:HF=10:1 

5 
20sec 

DI rinse 
™°3 

5 
5 90 

DI rinse 
Spin dry 

5 

Initial oxidation 

Dry 30 1050 O^-ISO cc/min 



TABLE 4.1 (Continued) 

Step Time 

(min) 

Temp. 

(°C) 

Ambient other Comments 

Wet 
Dry-

Mask 1 

3hrs 
30 

1050 
1050 

0?-150 cc/min 
O^-ISO cc/min 

DI temp.=97 C t =0.89 m 
ox 

Negative imaging 
(Appendix A) 
BHF etch 

DI rinse 
KTI 752 strip: 
SA80 bath 1 
SA80 bath 2 
DI rinse 

12 

125 
125 

NH4F:HF=10:1 

(401) (48%) 

H S0.-6000 ml 
H^so^-eooo ml 

etch 730 A /min 

Full wafer clean 
(as initial clean) 



TABLE 4,1 (Continued) 

Step Time 

(min) 

Temp. 

(°C) 

Ambient other Comments 

Gate oxidation: 

Furnace purge 

Primary Oxidation 

Cool down 

Boron ion implant 

Full wafer clean 
(as initial clean) 

60 

60 
20 

2 

80 

3 

5 

1000 

1000 
1000 

1000 

1000 

1000 

^-980 cc/min 

HCl-8 cc/min 
N--980 cc/min 
N--1200 cc/min 
O2-150 cc/min 

N--1200 cc/min 
0«-150 cc/min 
O2-1075 cc/min 

HCl-8 cc/min 
N.,-1200 cc/min 
02-150 cc/min 

at end of tube 

40 KeV 
12 - 2 

1x10 cm 

t =1000 A° 
ox 



TABLE 4.1 (Continued) 

Step Time 

(min) 

Temp. 

(°C ) 

Ambient other Comments 

Polysilicon LPCVD 75 650 100% SiH.-
0.24 Torf 

tpoly=*xl°4 A° 

Polysilicon 
oxidation (wet) 

12 1050 02~150 cc/min DI temp.=97°C tox=2600 A0 

Mask 2 
Positive imaging 
(Appendix A) 
BHF etch 3.5 NH4F:HF=10:1 

(40%) (48%) 

etch 730 A°/min 

DI rinse 
KTI 820 strip: 
SA80 bath 1 
SA80 'bath 2 
DI rinse 

2 

5 
5 
2 

125 
125 

H2S04-6000 ml 

H2S04-6000 ml 

Polysilicon etch 6 room HN03:HF:DI 

=20:1:20 



TABLE 4.1 (Continued) 

Step Time 

(min) 

Temp. 

C°c) 
Ambient other Comments 

DI rinse 5 

Source/drain window 
BHF etch 

1.5 NH4F:HF=10:1 

C40%3 (4830 

Full wafer clean 
fas initial clean) 

Phosphorous gate, 
source/drain 
diffusion: 

Preheat 5 840 0--50 cc/min 
N2~500 cc/min 

Pre-deposition 4 

IS 

840 0_-50 cc/min 
^-500 cc/min 

0--50 cc/min 
^-500 cc/min 

N2 thru POClj 

Deglaze 
DI rinse 

20 sec 
5 

10% HF 
Sheet R=56 



TABLE 4.1 (Continued] 

Step Time 

(min) 

Temp. 

(°c) 

Ambient other Comments 

Drive-in: 
Dry 

Wet 

5 

20 

1050 

1050 

02"50 cc/min 

C^-SO cc/min DI temp.= 97°C 

t =3100 A° 
ox 

Sheet R=25 
x. =2.1 m 

i 
Dry 5 1050 C^-SO cc/min 

Pyrolytic oxide 
deposition: 

Pre-heat 
Deposition 
Cool down 

3.5 
3.5 
3.5 

430 

Set 
N2 =

70, 02=90 

N2/42SiH4=40 

Phosphine=5 

Turn on 
water cooling 
thru whole 
cycle 

t =2100 A° 
ox 

Mask 3 
Negative imaging 
BHF etch 15 NH.F:HF=10:1 

4 
etch 730 A°/min 

DI rinse 
KTI 752 strip: 
SA80 bath 1 
SA80 bath 2 
DI rinse 

2 

5 
5 
2 

125 
125 

(401) (485) 

H?SO.-6000 ml 
H^SOj-SOOO ml 

T—1 
O 
00 



TABLE 4.1 (Continued) 

* 

Step Time 

(min) 

Temp. 

(°c) 

Ambient other Comments 

Aluminum deposition E-beam system tA£=0.6 m 

Mask 4 
Positive imaging 
Metal etch 1 70 HP304:DI:HN03 

DI rinse 
KTI 820 strip: 
712 D bath 
DI rinse 
Spin dry 

2 

10 
5 

95 

=40:9:2 

Aluminum sinter 2 450 90% N2, 10UI2 



CHAPTER 5 

RESULTS 

5.1 Introduction 

The experimental results of this work are organized 

and presented with necessary theoretical explanations in 

this chapter. Many inconsistent results of microwave curing 

were observed in the earlier stages of this work, therefore, 

a more systematic procedure was taken to obtain the informa

tion on the effect of the material and operation parameters. 

This information helps to set consistent operation condi

tions for the succeeding implementation of an optimal micro

wave curing process. The characteristics of optimal convec

tion oven curing were also obtained experimentally in order 

to confirm the accuracy of the optimization of the microwave 

curing performed in this work. 

Two groups of wafers were processed to fabricate the 

silicon-gate NMOS test vehicle, one used the convection oven 

curing technique, while the other used the microwave curing 

technique whenever it was applicable. The electrical char

acteristics and yields of both were measured and compared. 

The results are also presented in this chapter. 
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5.2 Experimental Results of Microwave Curing 

To determine optimal microwave curing process, it is 

necessary to find the values of all the critical parameters 

which must work together to give the best curing results. 

Besides the microwave energy coupled into the oven cavity, 

there are five additional parameters which have to be con

sidered. They are: 

(1) Wafer resistivity, 

(2) Microwave output duty cycle, 

(3) Rotation speed during softbake, 

(4) Different material surface, 

(5) Photoresist thickness. 

The results of the investigation of these parameters are 

first presented and then are applied to create the optimal 

microwave curing process. 

All the wafers used in this work are p-type, (111) 

orientation with resistivity range from 5 to 15 fi-cm. KTI 

positive photoresist 820 with viscosity of 28 cs was used 

throughout the whole process. The resist was applied to 

the clean wafer surface by spin coating, 1 sec slo\sr spin at 

500 rpm and 20 sec at final spin speed 5000 rpm. This pro

cedure was applied whenever the resist coating was required 

except in the study of the effect of resist thickness, where 

the final spin speed was varied to obtain different resist 

thickness. Upon the completion of resist coating, the wafer 
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was subjected to the softbake process. During softbake, the 

wafer was rotated at 1400 rpm in all cases except in the 

study of the effects of rotation speed and in the study of 

aluminum surface, where it was desired to have the wafer 

held still during softbake. 

As mentioned earlier, MTI OmniChuck was the micro

wave system used in this work. The efficiency of micro

wave energy coupled into the cavity was controlled by the 

tuning of the system. Therefore, as soon as the tuning was 

set, it was not changed. In this work, the system was 

tuned by the MTI service engineer and kept unchanged through 

this work. Microwave power was transmitted from the gener

ator to the cavity by a coaxial cable. When the impedance 

inside the cavity changes, the reflection of microwave power 

back through the coaxial cable also changes. Wafers of dif

ferent compositions have different impedance. After the 

system was tuned, the microwave power reflected from the 

cavity could be measured by a microwave power meter. For 

wafers with different surface materials, such measurements 

were made at 100% output duty cycle and are recorded as fol

lows : 



surface material reflected 
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power 

bare silicon 15w to lOw 

7600 A° SiC>2 20w to lOw 

2000 A° Si304 20w 

7500 A0 polysilicon 25w to lOw 

500 A° aluminum 96w 

1500 A° aluminum 103w 

2500 A0 aluminum 105w 

5500 A° aluminum 105w 

6000 A0 aluminum 105w 

5.2.1 Effects of Wafer Resistivity 

As concluded in the previous theoretical discussion, 

only the silicon wafer absorbs microwave energy efficiently 

among all the process materials. The microwave energy ab

sorption rate of silicon depends on its resistivity and, 

since resistivity varies from wafer to wafer, it is meaning

less to attempt to control the absorption of microwave ener

gy by time as in convection oven technique. A joule counter 

was therefore used to help the control of microwave curing. 

When the microivrave energy which radiated into the cavity 

reached the amount set by joule counter, the microwave power 

would be automatically shut off. Although the microwave 

energy which radiates into the cavity is not exactly the 

same as the energy absorbed, the control is good enough to 
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make the process work, because the absorption of the anod-

ized cavity wall is considerably smaller than that of the 

silicon wafer. 

To investigate the effects of wafer resistivity on 

microwave curing, the resistivities of wafers were first 

measured, the wafers were spun with resist and microwave 

baked. The experiments were carried out under three differ

ent operation conditions: (1) the effective output duty 

cycle was set at 101 and the joule counter was set at 85 

joules, (2) the effective output duty cycle was set at 20% 

and the joule counter was set at 55 joules, and C3) the ef

fective output duty cycle was set at 301 and the joule count 

counter was set at 45 joules. The rotational speed of wafer 

during softbake was held at 1400 rpm for all three experi

ments . 

The results are illustrated in Figures 5.1 to 5.3. 

It is seen that the effects of wafer resistivity was elimi

nated by using joule counter. It is therefore shown that the 

joule counter provides a convenient means to control the 

microwave energy dose, and consequently the curing results. 

Although figures show that wafers of different resistivities 

have the same resist thickness loss under the same microwave 

energy dose, they took different times to reach this densi-

fication. The time each wafer took to reach the microwave 

power dose set by the joule counter was also measured. The 



115 

absorption rate may be calculated by dividing the energy by 

the time required for each wafer to reach that dose. The 

calculated results are shown in Fig.5.4. 

5.2.2 Effects of Microwave Output Duty Cycle 

To investigate the effects of the microwave output 

duty cycle, the microwave energy coupled into the cavity was 

varied from 0 to 120 joule, and the resist thickness loss 

was measured after each bake, as the effective output duty 

cycle was held costant at 10%, 20%, 30%,...etc.. It was 

found that the cure uniformity decreased as the output duty 

cycle was increased. The uniformity became unacceptable 

when the output duty cycle was set above 30%. The higher 

the output duty cycle was set, the shorter the time the wafer 

wafer would take to reach the amount of energy set by joule 

counter. Therefore it is more efficient to have a higher 

output duty cycle, but, the trade off'is the lack of uni

formity of the curing results. 

The experimental results shown in Fig.5.5 indicate 

that not only the uniformity is affected by the output duty 

cycle, but the resist thickness loss is also affected by the 

output duty cycle. This effect is usually overlooked by 

people in the semiconductor industry, because, it seems, very 

reasonable to assume that, despite the different output duty 

cycles, the resist thickness loss should stay the same as 

long as the microwave energy coupled into the oven cavity 
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stays the same. Unfortunately, this is proved to be false. 

For this reason, when the microwave output duty cycle is 

changed, the amount of microwave energy required for optimal 

curing results changes too. 

This effect seems contradictory, but it can be ex

plained as following: When the output duty cycle is set 

higher, the temperature of wafer increases faster. From 

Fig.5.6, the wafer resistivity increases as the temperature 

increases, and more microwave energy is absorbed. 

5.2.3 Effects of Rotation Speed During Softbake 

It is commonly thought by people in the semiconduc

tor industry who use microwave curing technique that rotat

ing the wafer during microwave softbake is to avoid the hot 

and cold spots created by standing waves inside the oven 

cavity. But, the experimental results presented' in this • 

subsection tell a different story. 

In order to observe the difference between curing 

with rotation and without rotation, two groups of wafers 

were cured by microwave under the same operating condi

tion except that wafers in one group were rotated at 1400 

rpm during the bake, while wafers in the other group were 

not. The results shown in Fig.5.7 indicate that curing with 

rotation has less resist thickness loss than curing without 

rotation. This is because more microwave was reflected by a 

rotating surface than a still surface and subsequently ab



117 

sorbed by the cavity wall. No problem of uniformity has 

been observed from either group of wafers. 

5.2.4 Effects of Different Material Surfaces 

Five groups of wafers were prepared to study the 

effects of process materials on microwave curing. Each 

group had a different material surface, that is, one had a 

bare silicon surface, whereas the other four had 7600 A° 

SiC^, 2000 A° Si^N^, 7500 A° polysilicon, and 6000 A° alu

minum on top of silicon substrate, respectively. 

According to Fig.3.16, 7600 A0 SiC^, 2000 A° Si^N^, 

and 7500 A° polysilicon should look transparent to micro

wave and have no effect on.the curing results. This 

prediction is verified by comparing the results in Fig.5.8, 

Fig.5.9, Fig.5.10, and (2) of Fig.5.5. 

According to the calculation of the reflectance of 

microwave at aluminum surface, more than 99.999% of micro

wave was reflected and never reached silicon substrate to be 

absorbed before the power was shut off by joule counter. 

This should result in no measurable resist thickness loss 

after microwave curing. This is again verified by-the. 

experiments, but no figure is presented for this case. 

Efforts were made to set the operation conditions as 

favorable as possible to the microwave curing of wafers with 

aluminum surfaces, but no satisfactory curing procedure was 

found. The upper end of joule counter is fixed at 145 
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joules, therefore, if the curing requires more than 145 

joules, the amount of microwave energy which radiates into 

the cavity can not be controled by joule counter. To exam

ine the microwave curing on aluminum surface, the time was 

taken as the independent variable instead of the amount of 

energy coupled into cavity. In order to maximize the curing 

efficiency, the output duty cycle was set at 1001, and the 

wafer was cured with no rotation. Fig.5.11 shows that it 

takes 16 minutes to reach 14% resist thickness loss. The 

curing efficiency is too poor for microwave to be useful. 

From the discussion of 2.7.4, if the thickness of aluminum 

film is reduced, more microwave would be able to transmit the 

aluminum film and be absorbed by the silicon substrate. 

Aluminum films were deposited on silicon substrates with dif

ferent thicknesses. The wafers were then cured at 100% out

put duty cycle for 6 minutes without rotation. The results 

in Fig.5.12 show that the aluminum film has to be about 0.1 

ym in order to achieve desired resist shrinkage in 6 min

utes, but, in order for aluminum to be a useful material in 

semiconductor fabrication, the thickness of aluminum film 

has to be between 0.6 pm and 1 ym. 

5.2.5 Effects of Photoresist Thickness 

In semiconductor processing the photoresist thick

ness is often varied to obtain desired coverage or geometry. 

To examine the effects of photoresist thickness on microwave 
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curing, the resist was applied to wafer surfaces at three 

different final speeds, 4000 rpm, 5000 rpm, and 6000 rpm. 

Wafers used in this case had 7600 A0 thermally grown SiC>2 

as the surface material, the output duty cycle was set at 

20%, and the wafer was rotated-at 1400 rpm during the bake. 

The results are illustrated in Figures 5.13 to 5.15. 

No significant effect is observed. Therefore, once the 

curing process is optimized, it can be used for different 

resist thicknesses as long as the final spin speeds are 

within a range of 2000 rpm. 

5.2.6 Implementation of Optimal Microwave Curing Process 

In the previous investigation of the effects of dif

ferent parameters, except the first one which was performed 

to see the effect.s of different resistivities under use of 

joule counter, the microwave energy which radiates into the 

cavity was the independent variable used. It is found that 

each curve has a range where the dependent variable does not 

vary or varies very slowly with the energy. As concluded in 

2.2.2, that is the range of optimal microwave curing energy. 

Curves show that the optimal ranges are 80 to 90 joules for 

10% output duty cycle, 50 to 60 joules for 20% output duty 

cycle, and 40 to 50 joules for 30% output duty cycle. 

To confirm that these are the optimal ranges of the 

curing energy, experiments were carried out to determine the 

resist thickness losses after curing and development. The 
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results are presented in Figures 5.16 to 5.18. Each time 

two wafers were handled together, one for measurement of re

sist thickness loss after curing; one for measurement of re

sist thickness loss after curing and development. This was 

done to assure the experimental accuracy. The development 

procedure used in this work was: 50 seconds development in 

a developer made with 50% KTI 932 and 505 DI water. It was 

also concluded in 2.2.2 that the optimal curing condition is 

achieved when there is a minimum resist thickness loss 

during development. As shown in Figures 5.16 to 5.18, the 

difference between curve (1) and curve (2) in each figure 

decreases as the energy increases, that is because the den-

sification of the resins makes the resist less porous and 

more resistant to the attack of developer. After the resist 

was cured by a micro\\rave energy around 85 joules at 10% out

put duty cycle, or around 55 joules at 20% output duty cy

cle, or around 45 joules at 30% output duty cycle, there was 

no further resist thickness loss during development. There

fore 85 joules at 10% output duty cycle, 55 joules at 20% 

output duty cycle, and 45 joules at 30% output duty cycle 

are proved to be the optimal settings. The optimal curing 

results obtained by microwave technique are also verified to 

be consistent with those obtained by convection oven tech

nique in next section. 

The procedure demonstrated in this section, namely 
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Section 5.2, can be considered as a formal procedure to de

termine optimal microwave curing process. Information pre

sented in this section can be used by users of the microwave 

curing technique to determine the optimal curing process for 

individual needs. 

5.5 Experimental Results of Convection Oven Curing 

A procedure to optimize convection oven curing was 

also carried out in this work. The purpose was to confirm 

the accuracy of the microwave curing process optimized by 

this work and to compare the advantages and disadvantages 

of two curing techniques. 

To optimize the convection oven curing process , the 

oven used in this work was first characterized. Its temper

ature recovery profiles with and without wafer loading are 

illustrated in Fig.5.19. The wafers used in this case had 

7600 A0 SiC^ on top, the curing results obtained from these 

wafers are applicable to wafers with different surface ma

terials too, since the oven heating is not affected by ma

terial properties. Wafers were first coated with positive 

photoresist KTI 820 by the same spin coating procedure, 1 

sec slow spin at 500 rpm and 20 sec final spin at 5000 rpm, 

and then were cured in the convection oven. The resist 

thickness loss after 30 minutes bake at 95 C°, which is the 

curing condition recommended by the resist manufacturer, is 

14.5% and is consistent with that obtained by microwave 
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curing at 20% output duty cycle and with the joule counter 

set at 55 joules. 

The characteristic curve of resist thickness loss 

after oven bake and development was obtained and is present

ed in Fig. 5.21. The difference between curve (1!) and curve 

(2) decreases as the bake time increases, around the recom

mended baking time of 30 minutes. Curve (1) and (2) are ac

tually joined together. The characteristic curves obtained 

by microwave curing also show the same properties as those 

by oven bake and were discussed in Section 5.2.6. 

5.4 Electrical Evaluations of Silicon-Gate 
NMOS Test Vehicle 

The last task of this work is to investigate the 

effects of microwave energy on the electrical performance 

of finished devices. The structure of the finished devices 

is illustrated in Fig.5.22. The electrical measurements 

were carried out on six wafers of finished devices. Three 

wafers were fabricated only by using convection oven curing 

technique, the other three were fabricated by using both the 

convection oven technique and microwave curing technique. 

The results are presented in the following subsections. 

5.4.1 The Threshold Voltage 

Two sample measurements of threshold voltage are 

shown in Figures 5.23 and 5.24. Fig.5.23 is obtained from a 

15 
transistor which was fabricated on a wafer of 1.834x10 
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- 3 
cm substrate concentration using only oven softbake. Fig. 

5.24 is obtained from a transistor which was fabricated on a 

15 - 3 
wafer of 1.47x10 cm substrate concentration using both 

oven and microwave softbake. Both transistors have the same 

channel length of 12.7 pm. 

Fig.5.23 shows that the transistor is a depletion 

mode NMOSFET and has a threshold voltage -2.1 volts. The 

difference from the calculated value.of -1.95 volts.is 7.7%. 

Fig.5.24 shows that the transistor is also a depletion mode 

device and has a threshold voltage -2,1 volts. The differ

ence between the measured value and.the calculated value of 

-2.02 volts is 41. 

Although it was originally attempted to fabricate 

enhancement mode devices and depletion mode devices on the 

same chip, it turned out that the step of ion implantation 

did not result in any change of the net channel doping. 

This was not only testified by the consistency between the 

measured threshold voltages and the calculated values, but 

also by the resistivity measurement of a test wafer which 

was carried with the device wafers through the ion implant 

step and high temperature annealing. Since the purpose of 

the fabrication of silicon-gate NMOSFET test vehicle is to 

observe the effects of microwave energy on the electrical 

performances of finished devices, either depletion-mode de

vice or enhancement-mode device will give the same answer 
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to the question. 

Since the surface charge density and the contamina

tion ions are usually higher than ideal, the calculated 

threshold voltage is lower than the true one. Therefore the 

measured threshold voltages are reasonable and consistent, 

and the microwave energy does not affect the transistor 

threshold voltage, 

5.4.2 The Current-Voltage Characteristics 

Two sample measurements of current-voltage charac

teristics are shown in Fig.5.25 and Fig.5.26. Fig.5,25 is 

obtained from a transistor which was fabricated on a wafer 

15 - 3 
of 1.834x10 cm substrate concentration using only oven 

softbake. Fig.5.26 is obtained from a transistor which was 

15 - 3 
fabricated on a wafer of 1.36x10 cm substrate concentra

tion using both oven and microwave softbake. Both transis

tors have same channel length of 12.7 um. 

By using the informations in Figures 5.25 and 5.26 

and the drain current equation in the triode region: 

vd ID = e»vG - vt)vd - -f-) , ( 5 . 1 )  

the transistor gain factor 
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— f\ — 1 _ 1 

is found to be 30.5x10 ft V" for the transistor of Fig.5. 

25 and 29.8x10 ^ n ^ for the transistor of Fig.5.26. The 

transistor gain factor varies from one transistor to another 

on the same wafer, and this occurs for both groups of wa

fers. No evidence indicates any special effect of microwave 

energy on the current-voltage characteristics. 

Transistors from both groups of wafers have break

down voltage around 25 volts, and no special difference has 

been observed. 

5.4.3 Yields 

Modified Sirtl etching was performed before the fa

brication of the devices to test wafer dislocations and sur

face damages. It was found that defects were all over the 

wafer surface, and the yield of the fabrication was expected 

to be very low. Tests of six wafers show that the average 

yield by using only oven softbake is 29% and the average 

yield by using both oven and microwave softbake is 28.4%. 

The difference between the yields is too slight to conclude 

any effect of microwave energy on the yields of semiconduc

tor fabrication. 
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Fig.5.22 Silicon-Gate NMOSFET Test Vehicle 
for Microwave Curing Technique 



148 

u 

• H 

Gate Voltage (V] 

Fig.5.23 Measurement of Threshold Voltage for 
a Transistor Cured by Convection Oven 



149 

u 

•H 

Gate Voltage CVJ 

Fig.5.24 Measurement of Threshold Voltage for 
a Transistor Cured by Both Techniques 



150 

Fig.5.25 Current-Voltage Characteristics of a 
Transistor Cured by Convection Oven 
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CHAPTER 6 

CONCLUSIONS 

6.1 Guidelines of Using Microwave Curing Technique 

Many inconsistent curing results have been observed 

by people in the semiconductor industry who attempted to use 

microwave curing techniques.. Although these inconsistencies 

occur from wafer to'wafer or from machine to machine, they 

are due to the insufficient understanding of the microwave 

heating mechanism and the control of it. In order to obtain 

consistent optimal curing results by microwave technique, a 

set of guidelines has been developed through the efforts of 

this work. It is recommended that the users of the micro

wave curing technique follow them in the order they are pre

sented . 

(1) Examine the composition of wafer 

1. There are three cases for which microwave curing 

technique is not recommended. They are: 

(a) wafer with aluminum surface, 

(b) wafer with heavily doped polysilicon surface, 

(c) wafer with surface concentration of doping 

18 - 3 
more than 10 cm 

2. For a very good approximation, photoresist and pro

cess materials like silicon dioxide, silicon 

152 
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nitride, undoped polysilicon in semiconductor pro

cessing can be treated as transparent to microwave 

due to their material properties and their masses. 

One optimized microwave curing process can work 

for wafers with these materials in any form as 

long as other parameters stay constant. 

3. Wafers used in one semiconductor fabrication usual

ly have resistivity range within 10 S2-cm. It was 

verified that if the microwave curing process is 

implemented by the aid of a joule counter, the dif

ferences of wafer resistivity can be neglected. 

Once the microwave curing process is optimized, it 

can work for all the wafers in one fabrication pro

cess . 

Check the tuning of microwave system 

After the system is tuned to the optimal condition, it 

should stay unchanged through the whole process in all 

cases. The tuning condition can be recorded by measur

ing the power reflected from the cavity using a micro

wave power meter, A periodical check of the tuning 

condition is recommended. 

Determine the operation parameters 

If the wafers which are to be cured by microwave energy 

have the same resistivity range as those used in this 

work and a similar photoresist is used, the parameters 
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determined in this work may be applied directly. But 

if the wafers have a very different range of resistivi

ty, or if a very different photoresist is used, a new 

curing process with completely different parameters has 

to be determined. A summary of the information obtain

ed from this work may provide a helpful direction for 

the determination of each influential parameter and is 

listed below. 

1. The lower the wafer resistivity, the lower the 

absorption efficiency. 

2. The higher the output duty cycle, the higher the 

absorption efficiency. 

3. The lower the rotation speed during softbake, the 

higher the absorption efficiency. 

The curing efficiency is usually traded off for the 

uniformity, the optimal curing process should be deter

mined to obtain the best of both. One quick way to de

termine the optimal microwave curing process for dif

ferent photoresists, when all other conditions stay the 

same, is to equate the recommended oven bake tempera

ture and time to microwave energy and keep all other 

parameters the same. For example, KTI 752 negative 

photoresist is recommended by the manufacturer to be 

cured by a convection oven at 90 to 100 °C for 30 min

utes, which is the same as for KTI 820 positive photo-
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resist, therefore the optimal microwave curing condi

tion for KTI 752 negative photoresist is also 55 joules 

of microwave energy at 20% output duty cycle with 1400 

rpm rotation. 

6.2 A Comparison of Microwave Curing and Oven Softbake 

The microwave curing technique provides a clean and 

quick method for resist softbake in semiconductor industry. 

With the automatic handling system, the resist application 

and curing are performed at the same spot without the trans

portation of wafers as in oven curing technique, therefore, 

the wafers cured by microwave technique are certainly sub

ject to less contamination. It takes about 15 seconds to 

complete curing by the microwave technique, but 30 minutes 

by the oven technique. In 30 minutes, the microwave tech

nique can cure about 100 wafers, one after another, and the 

oven technique can cure the same number of wafers by having 

four carriers of wafers dwell inside the oven at the same 

time. Since by microwave technique wafers are cured one by 

one; heat is distributed on each wafer more evenly than by 

oven technique, and the microwave curing uniformity is supe

rior to oven uniformity among those 100 wafers. 

There are two disadvantages of microwave curing tech 

technique. First, it is harder to implement, as experienced 

in this work. Second, its use is limited to where the impe

dance of the composition of the wafer is high enough to have 
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sufficient absorption of microwave energy. On the other 

hand the convection oven technique is very easy to implement 

and it can accommodate wafers at all stages of semiconductor 

processing. 

The microwave curing technique is certainly more 

efficient than the oven technique when used for dehydration 

bake of silicon dioxide, because water is made up of absorb

ing dipole molecules. Microwave curing is also recommended 

for using in research project, because there are usually a 

smaller number of wafers processed. Instead of spending 50 

minutes to complete the curing by oven bake, the curing can 

be completed in one or two minutes by using microwave bake. 

This can save a tremendous amount of time for the research 

proj ects. 



APPENDIX A 

IMAGING PROCEDURE 

A.l Negative Imaging 

KTI 752 negative photoresist with a viscosity of 60 

cs was used in negative imaging process. The steps are 

listed below: 

1. Resist application 

1 sec slow spin at 500 rpm, 

20 sec final spin at 5000 rpm. 

2. Softbake 

30 minutes at 95°C for oven technique, 

55 joules at 20% output duty cycle with rotation 

speed 1400 rpm for microwave technique. 

3. Align and exposure 

_ 2 
12 sec exposure under light intensity of 5 mw-cm 

for 365 ntn wavelength. 

4. Development 

20 sec xylene spray, 15 sec n-butyl acetate spray, 

and N2 blow dry. 

5. Hardbake 

30 minutes at 135°C inside convection oven for both 

groups. 
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A. 2 Positive Imaging 

KTI 820 positive photoresist with a viscosity of 28 

cs was used in positive imaging process. The steps are 

listed below: 

1. Resist application 

1 sec slow spin at 500 rpm, 

20 sec final spin at 5000 rpm. 

2. Softbake 

30 minutes at 95°C for oven technique, 

55 joules at 20% output duty cycle with rotation 

speed 1400 rpm for microwave technique. 

3. Alignment and exposure 

- ? 

6 sec exposure under light intensity of 15 mw-cm 

for 400 nm wavelength. 

4. Development 

50 sec in KTI 932 : DI = 1 : 1 at room temperature. 

5. Hardbake 

30 minutes at 135°C inside convection oven for both 

groups. 
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