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ABSTRACT 

Reactive ion etching has been used to obtain 

anisotropic silicon trenches with small sidewall angles. 

This work demonstrates that the sidewall angle can be 

controlled by the wafer temperature and there exists an 

Arrhenius-type relationship among isotropic polymer 

deposition rate, thickness of polymer, and sidewall angle. 

Procedures for simulating slopped trench etches have 

been proposed in this study. Following these procedures, 

slopped trench etch can be simulated first by trial and 

error, then based on that data, other trench etches 

simulation can be systematically worked out. 

Three equations have been obtained from the 

experimental and simulation results which allow us to 

determine the polymer deposition rate, the polymer thickness 

and sidewall angle against temperature. The approximately 

equal slopes in these plots (In (Y) versus 1/T) strongly 

imply that those parameters (i.e. isotropic deposition rate, 

polymer thickness and sidewall angle) are proportional among 

one another and that temperature indeed is the dominant 

factor. 
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CHAPTER 1 

INTRODUCTION 

Simulation is a well-established and essential 

analytical tool in the design of integrated circuits 

(IC's). With today's emphasis on decreasing device size as 

Large Scale Integrated (LSI) technologies give way to their 

Very Large Scale Integrated (VLSI) successors, there is an 

ever increasing need to accurately simulate two-dimensional 

processes in IC processing. In particular, the line-edge 

profiles resulting from the various lithography, growth, and 

etching processes must be characterized, analyzed, 

interpreted, and modeled. A program for Simulation and 

Modeling of Profiles in Lithography and Etching (SAMPLE) 

developed at the University of California at Berkeley [1] is 

designed to mimic a large variety of lithographic and 

etching processes. It produces, principally, cross 

sections of the line-edge profiles, at various stages in 

the processing. 

Silicon controllable trench etching had been studied by 

M. Smadi [2] and Victor Liang [3] for oxygen and temperature 

effects, respectively. Their results show that it is the 

polymer deposited on the sidewall that plays the primary 

role in the controlling of the sidewall angle in silicon 

trench etching. In this study we have made an attempt using 
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the SAMPLE program to correlate the isotropic polymer 

deposition with sidewall angle and thickness of polymer. 

1.1 Applications 

Two examples of dry etching processes are presented 

below to illustrate the usefulness of computer simulation in 

understanding basic etching phenomena, process design and 

experimental observation: 

Example 1: By combining proper ratios of the two etch rate 

components, (i.e. isotropic and anisotropic), Reynolds, et 

al. [4] simulated the reactively ion etched two layer 

structure shown in Fig. 1.1(a). The simulated profiles are 

shown in Fig. 1.1(b). When compared with Fig. 1.1 (a) of the 

SEM micrographs of Si02/Si bilevel structure (from [5]), it 

can be seen that the simulated profiles exhibited all the 

key features due to the anisotropic and isotropic etching 

components. 

Example 2 : This example,due to John L. Reynolds et al [4], 

characterizes the enhancement of isotropic plasma etching by 

arsenic ion implantation. Fig. 1.2 shows a micrograph of 

an etched polysilicon layer. A 1000 A layer of polysilicon 

has been implanted with arsenic, then covered with an 

additional 5000 A of polysilicon. The composite is plasma 

etched in a barrel reactor resulting in the profiles shown. 

The implanted layer etched more quickly leading to various 
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(a) 

S iO 2 
0 

440A/min 
2.0f-Lm 

Si 
0 

770 A /min 
2.0 flm 

(b) 

Figure 1. 1 Comparison of experimental and simulated 
profiles for reactive ion etching of sio2 and Si. (a) 
SEM micrograph (from Ref.5); (b) Simulated profiles. 
(from Ref.4) 
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degrees of undercut depending on the amount of implantation. 

The profiles in Fig. 1.2 were etched 30 min, at 15 W, 10 

MTorr, 70 *C in CF4/5%02. All implantation was done at 30 

Kev. Fig. 1.2(a) has no As ion implant and the undercut has 

an angle of about 70 degree. Fig. 1.2(b) and (c) both have 

As ion implant dose of 5 x 1014 (ion/cm2) and 5 x 1016 

(ion/cm2), respectively. Fig. 1.2(b) shows an undercut angle 

of 50 degree, while Fig. 1.2(c) 35 degree. Under these same 

conditions, Fig. 1.3 plots the experimental stepped taper 

angle for various implant doses. The larger the dose, the 

more rapidly the implanted layer etches and a more stepped 

taper results. The graph in Fig.1.3 also characterizes the 

inverse process, in which the surface is implanted. 

The use of stepped polysilicon layers in ( Elevated 

Electrode Integrated Circuits) E2IC [6],[7] requires 

allowance for a certain amount of undercutting. Simulations 

can be used to study the amount of undercutting which must 

be tolerated. The process is modelled by layers of different 

etch rates depending on implant dose. For example, Fig 1.4 

shows the simulation of the time evolution of an implanted 

buried layer. It agrees quite closely with the time 

development in plasma etching. The model clearly shows the 

undercut necessary to produce the stepped profile. 

1.2 Discussion of Contents 
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Figure 1.3 Profiles angle vs implant dose for buried layer 
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A brief outline of this thesis proceeds as follows. In 

Chapter 2, the structure of SAMPLE and operational 

definitions are discussed. Applications in etching are 

further introduced and explained in more detail. The outputs 

of plasma etching simulation are listed in appendix A. 

Chapter 3 defines initial and target profiles for 

simulation which will provide isotropic deposition rate (Vj) 

and anisotropic etch rate (V^) for both mask and substrate. 

The correlation of isotropic deposition with sidewall 

angle ,the thickness of polymer and time-evolved profiles in 

trench simulation are discussed in Chapter 4. Effect of 

temperature on the sidewall angle is demonstrated. The 

sidewall angle of the trench is found to be strongly 

dependent on wafer temperature during etching. Arrhenius 

equation has been used to study the etch rates at different 

temperatures. A summary of this study is presented in 

Chapter 5. 
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CHAPTER 2 

STRUCTURE OF SAMPLE 

2.1 Introduction 

A simulator may be constructed in a variety of 

ways, depending on the goals, machine limitations, and state 

of the art in modeling the physical processes of interest. 

The goals in the design of SAMPLE include: 

1) close correspondence between simulated pocesses 

and actual processes; 

2) ease of use; 

3) simplicity of introduction of new processes; 

4) reasonable computation efficiency; 

5) portability to a variety of computers. 

The approach which has been followed may be described 

by means of the block diagram shown in Fig. 2.1. In 

essence, SAMPLE is a closed-shop processing facility. The 

user speaks in a language which has simple but powerful 

commands. A controller interprets the inputs and directs 

the simulation activity. The user does not have to get 

into the laboratory, but can request, through the 

controller, any process details and elaborate plots and 

tables of the progress of his work. All of the process 

variables have standard (default) values, so that 

specifying any process reasonably close to the standard 



user OUTPUT 

INTERFACE 

INTERFACE 

INPUT 
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• • • 
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PROCESSING 
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Fig. 2.1 Structure of SAMPLE. 
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is especially simple. The user makes requests and provides 

data in a simple powerful input language. The controller 

interprets the requests and directs the activity in the 

laboratory which is the core of the simulator. The 

controller also routes any desired output back to the user. 

Unless directed otherwise, the controller will request 

"standard" processing; i.e., default values for user-

controlled parameters will be selected. 

The purpose of the above structure is much like the 

purpose of an orderly processing facility. A very complex 

process flow may be accommodated with a guarantee that the 

desired process steps are done, and in the order 

prescribed. Process modifications or additions are easily 

implemented by changing the internal structure of 

individual machines (or adding machines) without 

affecting the remainder of the simulator. The complete code 

is written in standard Fortran IV in order to be 

easily implemented into different computers. 

2.2 Applications 

Table 2.1 shows the dry etching processes simulated 

by SAMPLE which are of particular interest to us in this 

study. 

In Table 2.1, ETCHRATES 10 (-0.001226, 0.002309) (-



Table 2.1 Dry etching processes simulated by SAMPLE. 

state 
ments 

SIMULATOR SPECIFICATIONS COMMENTS 

1 ETCHRATES 10 
(-0.001226,0.002309) 
(-0.007357,0.013857) 

specifies isotropic 
and anisotropic etch 
rate for mask and 

substrate, respective
ly. 

2 ETCHLAYERS -12 specifies 2 layers 

3 ETCHLAYERS 1 1.00 specifies mask thick
ness 

4 ETCHLAYERS 0 6.00 specifies substrate 
thickness 

5 ETCHACCUR 4 specifies accuracy for 
string point manage

ment 

6 ETCHPROF (0,0) (1.5,0) (3.0,0) 
(3.0,1.0) (6.7,1.0) (6.7,0) 

(8.9,0) (10.5,0) 

specifies the coordi
nates for the turning 
points of a piece-wise 

initial profile. 

7 ETCHWINDOW 10.5 specifies the horizon
tal window of output 

graph. 

8 ETCHPLOT 1 1 set flag for graphic 
output. 

9 ETCHTIME 100, 600, 6 specifies the etching 
times of profile out

put in seconds. 

10 ETCHRUN initiates the etching 
routine to run. 
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0.007357, 0.013857) specifies the type of etching desired 

and the applicable rate information of the layers starting 

from the top down. The number 10 stands for plasma-assisted 

etching. Appendix B lists other type of processing such as 

deposition, planarization and surface diffusion which can be 

simulated by SAMPLE. The ETCH RATES are specified in 

micrometers/second; singly for each layer for isotropic 

etching/deposition and in pairs (isotropic, anisotropic) for 

each layer for anisotropic etching. The numbers in the 

first parenthesis represents the mask isotropic and 

anisotropic etching components, respectively. The 

substrate's isotropic and anisotropic is in the second 

parenthesis. These numbers are experimental data used in 

this simulation sutdy. Chapter 3 will illustrate how we 

obtain these values. 

The second statement in Table 2.1 — ETCHLAYERS -l 2 — 

specifies 2 layers in our simulation. The number -1 is part 

of the ETCHLAYERS statement. It does not represent any 

physical condition. 

The following statements — ETCHLAYERS 1 1.00 and 

ETCHLAYERS 0 6.00 — states the thickness of mask (1.00 

micron) and substrate (6.00 microns). The mask is defined by 

the integer 1 and substrate by the integer 0. 

The fifth statement — ETCHARCCR 4 — specifies a 
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relative control of string point management used in SAMPLE. 

The number 4 is the default value and is sufficient for most 

cases. 

The sixth statement — ETCHPROF (0,0) (1.5,0) (3.0,0) 

(3.0,1.0) (6.7, 1.0) (6.7,0) (8.9,0) (10.5,0) — are the 

coordinates for the turning points of a piece-wise initial 

profile. The first time-evolved profile is the initial 

profile used in the simulation as shown in Fig. 2.2. 

The seventh statement — ETCHWINDOW 10.5 — specifies 

the width of initial profile in microns. 

The eighth statement — ETCHPLOT 11 — sets the flag 

for graphic output. If the number 1,1 is specified, a 

graphic data file (f77punch7.dat) will be generated and can 

be plotted as shown in Fig. 2.2. 

The ninth statement — ETCHTIME 100, 600, 6 --

specifies the etching times of profile output in seconds. 

The number 600 is the total etch time (10 minutes), 100 

represents the interval of the time-evolved profile. In 

other words, every 100 seconds a time-evolved profiles will 

be generated. The last number n6n represents the number of 

profiles. 

The last statement — ETCHRUN — initiates the etching 

routine to run. 

The input data given in Table 2.1 will produce an 
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etch final profile shown in Fig. 2.2; also tabular data at 

the various stages of the process is generated and shown 

in Appendix A. The cost of such a simulation is quite 

modest; e.g., the run described by Table 2.1 requirs 5 

sec in a VAX 8600, 15 sec on a VAX 11/750. 

A number of user-oriented instructions which are 

detailed elsewhere [9] have been designed to make process 

experimentation very simple. (For example, one can specify 

a set of development times, and the line-edge profile will 

be plotted at each time.) A further provision has been made 

to allow the user to add his own unique processing through 

a command called TRIAL. The input entry TRIAL (N)(X)(Y)... 

directs the simulator to the user-defined subroutine 

identified by N and passes the values of any desired 

parameter X, Y,... to the subroutine. This command has 

proven very useful in trying out new additions to the code. 

2.3 Etching Subprocess Models and Extensions 

The etching of any layer in which the kinetics are 

surface rate limited may be simulated by means of the string 

development algorithm of Jewett et al.[10] The boundary 

between the etched and unetched region is approximated by a 

series of points joined by straight line segments (a 

string). Each point advances along the angle bisector of 
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the two adjoining segments according to the local value of 

etch rate. A typical string, composed of 40-100 lines 

segments, is started on the surface and, as time proceeds, 

advances through the layer being etched. During the 

simulation, the segments are kept roughly equal in length by 

adding points in regions of expansion of the etch front, 

and deleting points in regions of contraction. Further 

details may be found in [9]. 
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CHAPTER 3 

SIMULATION DESIGN AND PROCEDURE 

3.1 Introduction 

Accompanying the experimental results done by Liang [3] 

was a project of computer simulation of the etching process. 

The purpose of the simulation program is to develop an 

understanding of the polymer deposition and etching 

mechanism. SAMPLE is a process simulation program developed 

at University of California, Berkeley, CA, and is available 

at the University of Arizona [1], By identifying isotropic 

and anisotropic etch rate components from experimental 

information, a dry etching process can be simulated. 

However, after the literature review, there is no paper 

indicating the procedures of finding those etching 

components. 

In the early stage of this study, FINDV program [12] 

had been extensively used in an attempt to identify the 

etching components without success due to incorrect 

assumptions used in FINDV. In the FINDV program, polymer 

deposited on the sidewall was assumed to be uniform as shown 

in Fig. 3.1. The distance difference between target and 

calculated profile were characterized by el, e2, e3 and e4 

shown in Fig. 3.1, calculated by the optimization technique. 

From the time-evolved simulation results as shown in Fig. 
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3.2 and models proposed in Refs. [13] and [14], it was 

discovered that the polymer on the sidewall is not uniform, 

and thus this non-uniformity limits the applicability of 

FINDV program. Considerable effort by the author had been 

made to develop a new algorithm in the FINDV program to 

identify the isotropic and anisotropic etching 

components.[12] This algorithm (explained in Appendix C) 

was not incorporated into FINDV, but was used manually in 

this study and excellent agreement between SEM and 

simulation profiles was found. 

We use the following to denote the etching components: 

VI0 = isotropic rate for the mask 

VI1 = isotropic rate for the substrate 

VA0 - anisotropic rate for the mask 

VA1 = anisotropic rate for the substrate 

The isotropic deposition rate (Vj) representing the chemical 

etching that is done by radicals, while the anisotropic etch 

rate (VA) representing the etching done by ions and/or any 

directional species bombarding the surface. 

The degree of anisotropy (A) is defined as: 

A ^A 

VA + VI 

The extreme two cases are, A=1 where the etching is 

totally anisotropic as in sputtering and A=0 where the 
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etching is totally isotropic as in wet-chemical etching. 

Hence, there are two distinct types of profiles that can 

result: anisotropic and isotropic. The anisotropic profile 

results when the isotropic etch rate is zero and is shown in 

Figure 3.3. The trench sidewalls are vertical and 

undercutting of the mask is not present. The isotropic etch 

profile results if the anisotropic etch rate is zero and is 

shown in Figure 3.4. This profile is obtained with wet 

chemical etching, typically, it is characterized by etching 

that proceeds in all directions uniformly. Figure 3.5 shows 

a typical profile observed in the laboratory when 

temperature control is applied. 

3.2 Discussion of Experiments 

The experiments discussed in this thesis for simulation 

studies were performed in a Tegal 1500 Test Bench [16], as 

shown in Fig. 3.6. The chamber is surrounded by a water 

jacket through which a cooling/heating liquid medium (water 

mixed with ethylene glycol) flows. This same liquid medium 

also flows through the bottom electrode so that the 

temperature of both the chamber and bottom electrode can be 

controlled. The temperature of the water mixture can be set 

anywhere in the range of 2 °C to 98 °C. The RF power to the 

chamber, at a frequency of 13.56 MHz, is capacitively 

coupled through the bottom electrode and the chamber itself 
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is grounded. The power can be varied from 50 to 800 watts, 

although the experiments reported here were performed at 500 

watt. Pressure is measured by a manometer and could be 

controlled from about 250 to 1200 mtorr. The chemistry used 

in the study was chloroform (CHC13) and nitrogen (N2). The 

flow rate of CHCI3 is 30 seem and the flow rate of N2 is 3 

seem. 

The wafer used in this experiment were 4 inch, single 

crystal silicon wafers of <100> orientation. The masking 

material was one micrometer of thermally grown silicon 

dioxide and the test pattern was printed using standard 

photolithography methods. The pattern of the oxide mask 

consists of rows of trenches with a variety of pitches 

ranging from 2.5 um to 8 um. The walls of the oxide mask 

were vertical. The wafer is cleaned with piranha solution 

after the processing. Fig. 3.7 shows a SEM (scanning 

electron micrograph) of the initial profile of the oxide 

mask. 

In order to control the temperature, an aluminum guard 

ring was used to clamp the wafer down to the high voltage 

electrode. When in place there was a gap of about 1 mm 

between the wafer and the high voltage electrode. Helium was 

injected into this gap at a pressure that could be varied 

from 1 to 10 torr. The helium gas has a thermal conductivity 
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which increases with pressure. Thus, by adjusting the 

temperature of the water mixture passing through the 

electrode and chamber, we had considerably flexibility in 

controlling the temperature of the wafer. In order to 

measure the temperature of the backside of the wafer, a 

Luxtron 750 system was used. 

For the study of temperature effect, five runs at each 

wafer temperature setting are performed. Table 3.1 lists the 

settings of the plasma parameters of the etch. 

Table 3.1 Plasma parameters used to investigate 
wafer temperature effects. 

Gases Used 
Flow Rate 
Power 
Pressure 
Etch time 
Wafer Temperature 

CHC13 + N2 (10%) 
33 seem 
500 Watts 
250 mTorr 
10 minutes 
45, 75, 105, 150, 195 

Finally, SEM (Scanning Electron Microscope) 

micrograph's of the etches are taken to obtain qualitative 

and quantitative data on the etch profiles. Two SEM 

micrographs for each etch are taken. Another micrograph is 

taken at 90 degrees to the cross section of the etched 

trench to show the angle of the trench side-wall. Fig. 3.8 

shows a series of five trench etches performed in the 

laboratory at different temperatures with other parameters 

(power=500 W, pressure = 300 mtorr, flow rate: CH3CI (30 
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seem), N2 (3 seem)) fixed. The smoothness of the sidewalls 

indicate that the oxide mask for this batch of wafers is of 

good quality. All the etches were performed with good wafer 

temperature control, resulting in very planar sidewalls. In 

this simulation study, we will investigate the temperature 

effect on the controllable sidewall angle. 

3.3 Simulation of Experiments 

In SAMPLE, negative values of isotropic etch rates 

represent deposition rates. In order to obtain simulations 

which matched the final profiles shown in Fig. 3.8, negative 

values of isotropic etch rates were required. Although 

simulation cannot identify physical processes, it is 

proposed that a inhibiting layer of chlorinated hydrocarbon 

polymer is formed on the walls of the trench. OMA (Optical 

Multi-channel Analyzer) study [15] for our Si trench etching 

using chemistry (CH3C1 and N2) indicates that CCl trace does 

exist in the gas phase. This strongly implies the existence 

of a chlorinated hydrocarbon polymer. The polymer formed on 

the surface could be due to the surface reactions as well as 

adsorption of unsaturated polymer from the gas phase. [16] 

A series of computer runs were performed to determine 

which combination of these parameter values produced the 

profiles observed in the laboratory as shown in Fig 3.8. The 
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detailed description of the procedures of finding the 

etching components is listed in appendix C. 

3.3.1 Etch Profiles 

To run SAMPLE, an initial profile and etch rates for 

all layers defined must be known. For the simulations here, 

a simple 2 layer initial profile as shown in Fig. 3.9 was 

used. This profiles has two layers: the mask and the layer 

to be etched (substrate). Fig. 3.10 is the final profile of 

Fig. 3.8(e) needed to be simulated. 

Fig. 3.11 shows the final profile of a simulation of an 

etch with 2 minutes time-evolved profiles using the initial 

profile of Fig. 3.9. and the SAMPLE input and output file of 

appendix A. The etch rate variables are shown in Table 3.2 

below. 

Table 3.2 Simulated Etch Rates 

Mask 
Si02 

(um/sec) 

Substrate 
Si 

(um/sec) 

Anisotropic 0.0011567 0.0069405 

Isotropic -0.0000734 -0.000441 

It is therefore seen that a deposition on the etch 

surface can in fact create sloped profiles. During the 

reactive ion etching, impinging ions strike the wafer 
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vertically so that the bottom of the trench will receive the 

largest flux of ions. Therefore, a polymer inhibitor layer 

at the bottom of the trench is easily removed. 

Alternatively, for the sidewalls, the polymer inhibitor 

layer builds up. Since little or no ion bombardment occurs 

on the sidewalls, anisotropic etching of the side is 

limited. Sec. 4.3 will illustrate the time-evolved profiles 

in detail. 

As the polymer is deposited on the wafer surface, only 

the amount on the bottom of the trench is removed through 

ion bombardment. Most of the polymer on the sidewalls 

remains resulting in a gradual narrowing of the trench etch. 

3.3.2 Procedure for Achieving Slopped Trench Etches 

In order to simulate and match the final profiles of 

Fig. 3.8(e), both anisotropic and isotropic etch rates 

needed to be known. Fortunately, measured values from the 

SEMs of trench depth = h, width at trench bottom = b, 

sidewall angle = 0 , selectivity for substrate and mask, 

initial profile, and etch time can provide a guideline to 

determine these etch rates. It is noted that Fig. 3.8(e) is 

determined by trial and error. Based on case (e), a 

systematic procedures could be worked out for each case, 

(see appendix C for detail) This systematic procedure is 
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implied by physical processes, but not based on physical 

processes. 

First of all, trench depth (h) and time (t) will 

determine the base substrate anisotropic etch rate: 

VAB = trench depth / time 

where VAB is the base substrate anisotropic etch rate at 

zero substrate isotropic etch rate. By increasing the 

substrate isotropic etch rate (V^) and compensating the 

substrate anisotropic etch rate (i.e. VAB = VA1 + Vll) to 

maintain the same trench depth, different sidewall angle 

profiles with the same trench depth can be simulated. 

In order to completely simulate an etching profile, the 

mask's anisotropic and isotropic etch rates also needed to 

be known. Experimental data will provide anisotropic 

selectivity by computing the ratio of h-j / (1.0-hQ) as shown 

in Fig. 3.12. The mask's anisotropic etch rate (VA0) can be 

determined by VA1/selectivity. In this study, the 

anisotropic selectivity has been determined experimentally 

to be 6. 

However, there is no rule that allows us to determine 

the isotropic selectivity. We assume that the polymer 

deposition rate on the mask (Si02) and substrate (Si) is 

different. The fact that Si02 will release oxygen in the 

etching process will definitely affect the polymer 
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formation. During the etch, the mask and substrate are both 

exposed to the same chemical reaction environment; 

therefore, it is reasonable to assume that the ratio of 

anisotropic and isotropic for mask and substrate should be 

about the same. That is: 

VAl/VIl = VA0/VI0 

Therefore, VI0 can be determined from the known VA1'VI1 

and VAQ. It is noted that in order to make the simulation 

work, we have to make this arbitrary assumption, there is no 

physical evidence to support this assumption. 

After making the above assumption, the mask's isotropic 

etch rate can be calculated. For example, from Fig. 3.13, 

base substrate anisotropic etch rate VAB (0.0065 um/sec) is 

calculated as shown in Fig. 3.13. By increasing the 

substrate isotropic etch rate (VI;L) to (0.00044 um/sec) and 

compensate substrate anisotropic etch rate (VA1 = 0.0065 + 

0.00044 = 0.00694) (see appendix C for detail), the mask's 

isotropic etch rate can be computed as follows: 

From the assumption, we have: 

VA0/VI0 = VAl/VIl = 0-00694 / 0.00044 =15.7 

Since VA1=0 .00694 um/sec, Vn= 0 .00044 um/sec and VA0 = 

VAi/6.0 = 0.001156 um/sec are known, VI0 can be easily 

calculated from the above algebra equation. Thus vio -

0.0000736. 
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Fig. 3.14 is the result of SAMPLE simulation of trench 

etch at 195 °C as shown in Fig. 3.10. (i.e. final profile of 

Fig. 3.8(e)). 

3.4 Simulation Results 

Table 3.3 summarizes the parameters for case (a) to (e) 

in Fig.3.8. It is noted that Fig. 3.10,3.15,16,17 and 18 are 

target profiles obtained as straight line approximations to 

the mask layer on the top of substrate outside the trench 

window of Fig. 3.8 (a) to (e). It is assumed that the mask 

sidewall profile has been approximated as the extension of 

the substrate sidewall profile; also the selectivity is 6. 

These results are obtained from experiment. Table 3.4 

tabulates the simulation parameters for Fig. 

3.11,3.19,20,21, and 22. The first four columns are 

isotropic and anisotropic etch rates for mask and substrate, 

respectively. The degree of anisotropics for mask and 

substrate are also listed. The ratio of VAB to Vj^ is the 

key step to find out the substrate isotropic deposition rate 

(see appendix C for detail). By varying (VAB/VI1) from 14.7 

to 0.883, as shown in Table 3.4, a complete trench profile 

can be simulated. This new algorithm can be adapted to FINDV 

program to completely identify etch rates in plasma 

etching.[12]. 



Table 3.3 Experimental results. 

Fig. 3.1 
Case 

a b c d e 

SIDEWALL 
ANGLE 

(DEGREE) 

34 23 13 5 3 

WAFER 
TEMP (C) 

45 75 105 150 195 

TRENCH 
DEPTH 
(UM) 

2.36 4.0 4.17 4.0 3.92 

BOTTOM 
TRENCH 
WIDTH 
(UM) 

0 0 1.17 2.5 3.0 
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Figure 3.15 Final profile of Fig. 3.8(a). Si trench etch 
at 45 °C. 
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Figure 3.16 Final profile of Fig. 3.8(b). Si trench etch 
at 75 *C. 
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Table 3.4 Simulation results. 

Case a b c d e 

Vio -.001226 -.000698 -.000433 -.000155 -.000073 

VA0=VAL/6 0.00231 0.001782 0.001517 0.001239 0.001157 

VI1 -.00736 -.00419 -.0026 -.000933 -.000441 

VA1=VAB+Vll 0.01386 0.0107 0.0091 0.07433 0.006941 

VA0 
Ao= 
(VAO+VIO) 

0.653 0.718 0.778 0.889 0.940 

VAI 
Ai= 7 
(VAI+VII) 

0.653 0.718 0.778 0.889 0.940 VAI 
Ai= 7 
(VAI+VII) 

VAB/VI1= 
0.0065/Vn 

0.883 1.55 2.5 7.00 14.7 

SIDEWALL 
ANGLE 

(DEGREE) 

34 24 18 7 3 

WAFER 
TEMP(FC) 

45 75 105 150 195 

TRENCH 
DEPTH 
(UM) 

2.6 3.9 3.9 3.9 3.9 

BOTTOM 
TRENCH 
WIDTH 
(UM) 

0 0 1.1 2.8 3.1 
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Three important parameters (trench depth = h, bottom 

trench width = b and the sidewall angle = 0) used in this 

new algorithm to identify the isotropic and anisotropic 

etching components and used to match the final profile are 

tabulated. Figure 3.15 to 3.22 are the etching profile from 

the laboratory and output from simulation for case (a) to 

(d) in Fig. 3.8. 

3.5 Procedures to run the SAMPLE in RVAX or CAD VAX. 

A batch process has been created to run SAMPLE. After 

creating a input file using EDT (VAX editor), under 

operation system prompt $, type in @rsam (batch file name). 

The system will prompt for output file and input file. After 

entering the appropriate file name, SAMPLE started to 

execute the procedures listed in the input file. The graphic 

output data will be stored in a file called f77punch7.dat 

and transferred back to IBM PC. A graphic package called 

grapher has been used to display the 2-D cross sections at 

each stage. Figure 3.14 shows the final profile of case (e). 

Note that the trench depth, bottom etch width and sidewall 

angle agree with the SEM profile as shown in Fig. 3.10. 
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CHAPTER 4 

RESULTS 

4.1 Thickness of Polymer 

4.1.1 The temperature dependence of the rates of simple 
reactions. 

The rates of most reactions increase as the temperature 

is raised. A good rule of thumb is that the rate doubles for 

every 10 K increase in temperature. The temperature 

dependence of the rate coefficient, k2, has been found to 

fit the expression proposed by Arrhenius:[17,18] 

k2 = A exp (-Ea/kT) (4.1) 

Where T is the temperature of the reaction expressed in 

degree Kelvin and k is the Boltzmann constant. The two 

parameters, the pre-exponential factor A (which is 

independent of temperature, or nearly so) and the activation 

energy Ea may be determined from a plot of ln(k2) against 

1/T: 

ln(k2) = In(A) - Ea/kT (4.2) 

the intercept is In (A) and the slope is -Ea/k. This is 

called an Arrhenius plot, and a reaction giving a straight 

line is said to show Arrhenius-type behavior. 

The form of the Arrhenius expression can be obtained by 

a straight-forward argument. If we suppose that the second-

order rate coefficient is the result of a bimolecular 

reaction, there are two criteria to fulfill in order to have 
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a reaction. First, the molecules must come together. In a 

gas we call this a collision; in a liquid we call it an 

encounter. The rate at which these collisions (or 

encounters) occur per unit volume is denoted Z. For the 

present we consider reaction in the gas phase, in which case 

Z can be identified as the collision frequency. Second, in 

order to react, the molecules must collide with enough 

energy. A gentle collision does not lead to reaction; the 

collision has to be violent. If we suppose that the 

molecules must collide with at least an energy Ea for 

reaction to ensue, the collision frequency must be 

multiplied by the proportion of molecules colliding with at 

least the kinetic energy Ea along the line of approach. This 

proportion is given by the Boltzmann distribution, and is 

exp(-Ea/kT) for a system at a temperature T. It follows that 

the predicted temperature dependence is: 

rate = Z exp(-Ea/kT) (4.3) 

At normal temperature the proportion of sufficiently 

energetic collisions is very small as shown in Fig. 4.1. 

Furthermore, the model predicts an exponential temperature 

dependence, because the proportion of sufficiently energetic 

collisions increases exponentially with temperature. 
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low temperature 

•e high temperature 

F. 4 

Figure 4.1 The proportion of molecules having an energy in 
excess of Ea is small, but increases strongly with 
temperature. 
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4.1.2 The temperature dependence of polymer deposition 
(formation) in the plasma (gas discharge) 
environment. 

An overriding consideration concerning the chemistry in 

plasma etching is that the by-product must be volatile so 

that it can be removed from the wafer surface during the 

etch. Using a chlorine based gas (CHC13) for silicon 

etching, this volatile product is silicon tetrachloride 

(SiCl4). 

In the plasma, chloroform (CHCI3) can dissociate into 

many species of ions and radicals. Two such species are 

generated by the reaction shown below: 

CHCI3 + e" —> CHC12+ + CI* + 2e~ 

The chlorine radicals then react with silicon to form SiCl4. 

4C1* + Si —> SiCl4 

There are many other possible routes of reactions that will 

lead to the formation of SiCl4, too. The reaction sequence 

shown above is just one of them. The rest are unknown to us 

at the present time. 

Chloroform, being a carbon based compound, can provide 

carbon to form some polymer by-product. The polymer 

formation is believed to occur partly from the gas phase and 

partly from the other sources such as when carbon-
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containing ions CHC12+ strike the wafer surface and 

dissociate into hydro-carbon species and chlorine species. 

The released hydro-carbon species can then form polymeric 

by-products. From the argument of the previous section, we 

expect that the polymer dissociation reaction in the gas 

phase to follow the Arrhenius-type behavior (Equ. 4.3). 

Since polymer formation (deposition) is the inverse of 

polymer dissociation reaction, therefore, we expect 

that:[19] 

polymer formation 
(deposition) rate 

VIQ(or VI;L) ex exp (+Ea/kT) (4.4) 

If we take natural logarithm on both sides in equation 4.4 

and plot ln(VI0) and ln(VI1) against reciprocal temperature, 

we would get a straight line and equation 4.4 is said to 

show Arrhenius-type behavior. The term Ea is interpreted as 

polymer intermolecular binding energy and can be calculated 

from the slope of the line of the Arrhenius plot of Eq. 4.4. 

From the plasma physics point of view, only electrons 

inside the plasma are hot (about 2 eV), while the other 

species such as neutrals and ions are at ambient 

temperature. Therefore, we expect the polymer on the wafer 

to be at the same temperature as the wafer, (i.e. a 

temperature range from 45 'C to 195 °C). In this range of 

temperature, polymer will first melt and then evaporate 
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without breaking the internal bonding. Just like benzene, 

when heated up to about 80 degree, it will evaporate and 

will not decompose into fragmented molecules. 

Once the polymer evaporates through the sheath (dark 

region) into the plasma formed in the center of chamber, 

they will collide with hot electrons and dissociate to show 

the CC1 trace peak in OMA (Optical Multi-Channel 

Analyzer).[15] 

4.1.3 Temperature Effect on Polymer Deposition 

As discussed in the previous section, polymer 

deposition is a combination of physical (sputtering) and 

chemical phenomenon in which the rate of material deposition 

and the characteristics of the deposited film depends upon 

surface diffusion rates of the material deposited and the 

adsorption/desorption rates of the material to the 

substrate. The importance of temperature in deposition 

processes is well documented in the field of CVD (chemical 

vapor deposition) of thin film. These facts naturally lead 

to the speculation that temperature should play an important 

role in the side-wall forming process. 

4.1.4 Polymer intermolecular binding energy. 

Equation 4.4 can be written as: 
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E« 
ln(VI0) <=XL (4.5) 

k T 

The intermolecular binding energy can be determined from a 

plot of ln(VI0) against 1/T. Fig. 4.2 is a plot of 

deposition rate ( |VI0| and IVjjJ) in log scale versus 1/T 

with data listed in Table 4.1. 

Table 4.1 Mask and Substrate Deposition Rate 
at different temperature 

Case Temp (eC) Vj0 (um/sec) (um/sec) 

(a) 45 -0.001226 -0.00736 

(b) 75 -0.000698 -0.00419 

(c) 105 -0.000433 -0.0026 

(d) 150 -0.000155 -0.000933 

(e) 195 -0.000073 -0.000441 

The least-mean-sguare correlation coefficients for substrate 

and mask are 0.991 and 0.993 respectively. These two numbers 

represent the good fitting of data points into a straight 

line. We will now present an example of calculating the Ea 

from Arrhenius plot (Fig. 4.2): 

VI;L « (2.844375 * 103/T) - 13.687612 is 

the linear regression equation for substrate. 

From Fig. 4.2 and Eg. 4.5, we have: 
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Ea 3 
slope 2.844375 * 10J 

k 

In order to convert the unit of Ea from J/atom to J/mole, we 

need to multiply Ea by Avogadro's number (6.02252 x 1023 

atom/mol-1). We find that: 

Ea = 2.844375 * 103 * 1.38062 X 10~23 X 6.02252 X 1023 

= 23.65 KJ mol"1 

The same procedure may be followed to find Ea for mask. 

Table 4.2 lists the Ea for mask and substrate polymer 

formation. 

Table 4.2 Activation energy (intermolecular binding 
energy) of polymer on mask and substrate 

Ea/KJ mol"1 

mask 23.21 

substrate 23.65 

This calculation confirms that the polymer deposited on both 

the mask and substrate is the same due to the same 

intermolecular binding energy. 

The intermolecular binding energy of the polymer 

represents the energy which the polymer needs to become a 

volatile species. M. Smadi [1] proposed that the chlorinated 

hydrocarbon polymer has the following structure: 
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H CI H CI O 

R — C — C — C — C — C — CI 

CI CI H H 

The intermolecular binding energy for benzene (CgH6) whose 

intermolecular binding energy for hydrocarbon compound is 

mainly due to van der Waals forces whose strength is 

determined by the number of carbon in the chain and the 

geometrical structure (i.e. ring or long chain). 

Since benzene is a ringed ( less contact area) and non-polar 

compound (no electrostatic attraction), therefore, a low 

intermolecular binding energy is expected. For our proposed 

chlorinated hydrocarbon polymer structure, with a longer 

chain ( larger contact area) and polar molecule (with 

electrostatic attraction), higher intermolecular binding 

energy (23 KJ mol"1) is reasonable. 

structure is shown below) is 11 KJ mol-1 [18]. The 

H 

C 

H 

4.1.5 Temperature Effect on Polymer Thickness 

Polymer thickness defined as the thickness of polymer 
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at 1 um depth from top of mask can be measured from Figure 

3.14, 3.19,20,21,and 22. Measurements are listed in Table 

4.3 as a function of temperature and are plotted in Fig. 

4.3. Fig. 4.4 is the same plot as Fig. 4.2 without log scale 

on polymer deposition rate. Note that the polymer thickness 

also shows Arrhenius—type behavior and the exponential 

coefficient (2.89054e3) of the curve is approximately equal 

to that of Figure 4.4 (2.831683e3) (isotropic deposition 

rate against temperature). Figure 4.4 indicates that at 

Table 4.3 Polymer Thickness on the sidewall 

Temp (*C) 45 75 105 150 195 

Polymer 
thickness on 
the substrate 

(um) 

0.55 0.35 0.2 0.067 0.033 

higher temperature, polymer deposition rate is lower 

resulting in a thinner polymer layer. At lower temperatures, 

high deposition rates result in a thicker polymer layer on 

the sidewall. 

4.1.6 Conclusion 

The contents of this section suggest the following: 

1. Polymer intermolecular binding energy can be estimated 

from the Arrhenius plot and can be helpful in 
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identifying the formula of different polymer species if 

different chemistry is used. 

2. The thickness of polymer decreases as the temperature 

is raised. Curve fitting formula shows that the 

thickness of polymer follows Arrhenius-type behavior. 

Therefore, polymer thickness at other temperature may 

be predicted from the empirical formula which is a 

exponential fit of data points (i.e. H = 7.650613e-005 

* exp (2.89054 * le3 / T). If the polymer deposited on 

the sidewall needs to be etched either by wet chemistry 

or dry etching, the results from the simulation will 

provide the estimated etching time for the removal of 

polymer. 

4.2 Correlation of Sidewall Angle With Temperature 
and Isotropic Deposition Rate 

4.2.1 Correlation of Sidewall Angle with Temperature 

Fig 4.5 is the plot of sidewall angle against 

temperature. It is obvious from Fig. 4.3 and 4.5 that 

polymer thickness and sidewall angle have the same tendency 

when plotted against temperature. Thicker polymer layers 

result in larger sidewall angle and thinner polymer layers 

produce smaller sidewall angle. Note that it also follows 

Arrhenius-type behavior. The empirical formula , 0 = 

0.021746 * exp (2.411898 * le3 / T), is obtained from an 
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exponential fit of data points. Note that Fig 4.3, Fig 4.4 

and Fig 4.5 all have approximately equal exponential 

factors. If we plot polymer thickness, deposition rate and 

sidewall angle with log scale versus temperature (Fig. 4.3, 

4.4 and 4.5), we will get approximately the same slope. This 

is due to the fact that polymer thickness is proportional to 

deposition rate. Therefore, sidewall angles at different 

temperatures can be predicted from the results of 

simulation. 

4.2.2 Correlation of Sidewall Angle with Isotropic 
Deposition Rate. 

Fig 4.6 is plot of isotropic deposition rate versus 

sidewall angle. The trend is expected: Larger deposition 

rate results in thicker polymer layer and thicker polymer 

layer produces larger sidewall angle. However, no Arrhenius-

type behavior exists between isotropic deposition rate and 

sidewall angle. 

4.2.3 Conclusion 

The contents of this section can be summarized as the 

following: 

1. There exists an Arrhenius-type relationship between 

sidewall angle and temperature. The simulation results 

give the empirical formula 0 = 0.021746 * exp(2.411898 

* le3 / T) 
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2. An Arrhenius-type relationship also exists between 

isotropic deposition rate and wafer temperature. The 

empirical formula is = 2.844375 * Ie3/T) for 

substrate and VI0 = 2.791586 * le3 / T) for mask. 

3. Fig 4.3, 4.4 and 4.5 show that temperature does indeed 

have a pronounced effect on polymer thickness,isotropic 

deposition rate and sidewall angle. The results of this 

simulation correlate these factors together and also 

predict those parameters at different temperature. From 

the simulation data, we can predict the temperature 

needed to produce the desired sidewall angle. 

Furthermore, the thickness of polymer predicted from 

the simulation can give us the overetching time needed 

to etch away the undesired polymer deposited on the 

sidewall. 

4.3 Time-evolved Profiles in Trench Etching Simulation 

A process simulation such as SAMPLE can provide not 

only the final desired result but also can produce the 

detail of the time-evolved steps. To be more specific, we 

can direct the simulation to show time-evolved profiles of 

the polymer accumulating on the sidewall during the etching 

process. Fig 4.7 is the magnified plot of Fig 3.19. with^T 

= 20 seconds. It shows that the polymer accumulated on the 
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sidewall does affect the subsequent anisotropic etch. From 

Fig. 4.7 we can clearly see the Si-polymer interface (L) and 

the accumulation of polymer in every time-evolved interval. 

As shown in Fig. 4.7, Si-polymer boundary (L) must lie 

within the parallelogram ABCD. As AT -> 0, the reduction of 

parallelogram defines Si-polymer (L) shown in Fig. 4.7. 

According to the string model used in SAMPLE, the rate of 

advancement, or etchrate, depends on the position and 

orientation along the profile. Fig 4.8 (a) and (b) show a 

magnified segment of the string model. Under isotropic 

conditions, the string points are advanced at a constant 

rate VQ, in the direction of the perpendicular bisector of 

the adjacent segments. The anisotropic component advances 

string points in a similar manner, but with a rate 

proportional to the etchant flux that would strike a surface 

normal to the perpendicular bisector of adjacent segments. 

That is, unshadowed points are advanced at a rate 

proportional to the cosine of the angle between surface 

normal and the incident flux. The isotropic etching occurs 

equally everywhere, independent of the angle of incidence. 

The anisotropic etch rate, however, only acts in unshadowed 

area with a cosine angular dependence. The accuracy of the 

string model has been verified by John L. Reynolds [20]. 
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CHAPTER 5 

CONCLUSION 

5.1 Summary 

This study shows that there exists an Arrhenius-type 

relationship among isotropic polymer deposition rate, 

thickness of polymer, and sidewall angle. When temperature 

increases, those parameters similarly decrease. When plotted 

against temperature, they all show approximately equal slope 

implying that those parameters (i.e. polymer thickness, 

isotropic deposition rate and sidewall angle) are 

proportional among one another and that temperature indeed 

is the dominant controlling factor. 

From those empirical equations, vital information to 

design a desired sidewall angle trench etch can be obtained. 

For example, a 40 degree sidewall angle is needed, from Fig. 

4.5, equation for 0 in terms of T is listed, if 0 = 40 

degree is interested, the corresponding temperature (T = 

47.45 °C) is calculated. If the process is modified and 

viable for the industrial environment, polymer thickness 

needs to be known in order to estimate the overetch time for 

plasma etching or wet chemistry. In this case, equation of 

polymer thickness (H) in terms of temperature listed in Fig. 

4.3 gives the polymer thickness of 0.628 um. 
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Those Arrhenius-type equations in this study apply only 

to Tegal 1500 chamber, specific chemistry (CHC13: 30 seem, 

N2: 3 seem) and power at 500 W. If another system is used to 

repeat this study, at least five experimental runs at 

different temperatures are required to provide all the 

necessary vital information as we have seen in Fig. 4.3,4.4 

and 4.5. Procedures in Chapter 3 are first perfomed to 

determine the appropriate etching parameter values (i.e. 

VI1' VI0' VA1' and vAo) which can produce the same SEM 

profiles as those obtained in the laboratory. The algorithm 

described in Chapter 3 can be implemented in FINDV program 

to automate the identification of these etching components. 

Once the etching parameters are identified, the output 

profile from SAMPLE can provide polymer thickness 

information and sidewall angle against temperature 

relationship as we have seen in Chapter 4. Curve fitting 

technique can be used to correlate the relationship among 

isotropic deposition rate, polymer thickness and sidewall 

angle with temperature. 

If the process is adapted to an industrial environment, 

a complete computerized algorithm can be implemented in the 

automation system. The user will input the parameters: 

trench depth, bottom trench width, selectivity for substrate 

and mask, initial profile, etch time, temperature and 
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time interval in order to determine polymer thickness. After 

a series of runs at different temperatures, each equation in 

Fig. 4.2, 4.3 and 4.4 can be obtained by curve fitting and 

used to predict the temperature needed to produce the 

desired sidewall angle. 

5.2 Recommendation for Future Work 

Some recommendations for future work are: 

1. Investigating the polymer deposition and thickness in 

the new Tegal Magnetron System using the same 

chemistry. Repeat this study and compare the results. 

2. Investigating some other chemistries that produces 

polymer and testing the temperature effects on polymer 

deposition. 

3. Investigating dry etching techniques for removing 

polymers. 
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APPENDIX A 

INPUT AND OUTPUT OF PLASMA ETCHING SIMULATION 

SAMPLE input and output files for Table 2.1 and 3.2 are 

listed below. Note that etch rates in ( ) with mask first 

and silicon layer second. Values in brackets are isotropic 

and anisotropic etch rates respectively. 

A. 1 Input of Plasma Etching Simulation (Table 2.1, Fig. 

3.8(a)) 

etchrates 10 (-0.001226,0.002309) (-0.007357,0.013857) 

etchlayers -l 2 

etchlayers 1 1.00 

etchlayers 0 6.00 

etchaccur 4 

etchprof (0,0) (1.5,0) (3.0,0) (3.0,1.00) (6.7,1.00) (6.7,0) 
(8.9,0) (10.5,0) 

etchwindow 10.5 

etchplot 1 1 

etchtime 60 600 10 

etchrun 
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A.2 Output of Plasma Etching Simulation (Table 2.1, Fig. 

3.8(a)) 

SAMPLE 
Simulation and Modelling of Profiles in 

Lithography and Etching 
(ERL, EECS, UCB) 

(Version 1.6a Feb 

(VAX/UNIX version 0.0 

-8 

1, 1985) 

Feb 1, 1985) 

Input =etchrates 10 (-0.001226,0.002309) 
(-0.007357,0.013857) 

Input =etchlayers -1 2 

Input =etchlayers 1 1.00 

Input =etchlayers 0 6.00 

Input =etchaccur 4 

Input =etchprof (0,0) (1.5,0) (3.0,0) (3.0,1.00) (6.7,1.00) 
(6.7,0) 

Input =(8.9,0) (10.5,0) 

Input =etchwindow 10.5 

Input =etchplot 1 1 

Input =etchtime 60 600 10 

Input =etchrun 

turning 
turning 
turning 
turning 
turning 
turning 
turning 

point 
point 
point 
point 
point 
point 
point 

profile message 
1  ( X ,  Z) 

= 
0 .  0000 0 .  0000 micrometers 

2 ( X ,  z) 
= 

1 .  5000 0 .  0000 micrometers 
3 ( X ,  Z) = 3. 0000 0 .  0000 micrometers 
4 ( X ,  Z) 

= 3. 0000 1 .  0000 micrometers 
5 (X# Z) 

= 6. 7000 1 .  0000 micrometers 
6 ( X ,  Z) 

= 6. 7000 0 .  0000 micrometers 
7 ( X ,  Z) 

= 8. 9000 0 .  0000 micrometers 



turning point 8 (x,z) = 10.5000 0.0000 micrometers 

~ plasma assisted etching ~ 

(10) version 5.1.83 

layer thicknesses : 
mask = 1.00000 micrometers 

substrate = 6.00000 micrometers 

etch rates at normal incidence 
directional isotropic component 

mask : 0.0023 -0.0012 micrometers/sec 
substrate : 0.0139 -0.0074 micrometers/sec 

system message(etch routine) 

Profile coordinates are put in the plot-data file 

x left = 0.0000 micrometers 
x right = 10.5000 micrometers 
z top = 0.0000 micrometers 
z bottom = 7.0000 micrometers 
symbol time 

X initial profile 
a 1 mm 0.0 sec 
b 2 min 0.0 sec 
c 3 min 0.0 sec 
d 4 min 0.0 sec 
e 5 min 0.0 sec 
f 6 min 0.0 sec 
g 7 min 0.0 sec 
h 8 min 0.0 sec 
i 9 min 0.0 sec 
j 10 min 0.0 sec 
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aaa aaaaa aaaaaa aaaax xaa aaa aaa aaa aaaa aa 
ddd ddddd dddddd dddcbc bccd ddd ddd ddd dddd dd 
fff fffff ffffff fff fe cedff fff fff fff ffff ff 
iii iiiii iiiiii iiiiihg egiii iii iii iii iiii ii 
jjj jjjjj jjjjjj jjjjjjib ejjjjj jjj jjj jjj jjjj jj 

xa. jj gjdbx 
xacfjxxx xx xxx xx xxx jeb x 

bdfj jjcba i 
abdhja aa aaa aa aajjeca 
ceij jjfcb 
bdfjibb bbb bb bjfdb 
cefj jgec 
ceijc ccc ccjjec 
dfjj jj*ec 

1 egjj jbe 
degjddd jhfd 
fhj jige 
eghjejhe 
gijhf ; 
fgig 
hg 

********** End of lab session ********** 

Exec times: O.OOOu, O.OOOs seconds 00:00:00 
FORTRAH STOP 
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A.3 Input of Plasma Etching Simulation (Table 3.2) (Fig. 

3.8(e)) 

etchrates 10 (-0.0000734,0.0011567) 
(-0.000440565,0.0069405) 

* 

etchlayers -12 # Two etch layers 
* 

etchlayers 1 1.00 # Top layer is 1 micron 
* 

etchlayers 0 6.00 # Bottom layer is 6 micron 
* 

etchaccur 4 # Etch accuracy 
* 

etchprof (0,0) (1.5,0) (3.0,0) (3.0,1.00) 
(6.7,1.00) (6.7,0) (8.9,0) (10.5,0) 

# Coords for initial Profiles 
* 

etchwindow 10.5 # Total etch window 
* 

etchplot 11 # set output graphic file 
* 

etchtime 120 600 5 # Output times 
* 

etchrun # Etching Begins 
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A.4 Output of Plasma Etching Simulation (Table 3.2, Fig. 

3.8(e)) 

1 8 
SAMPLE 

Simulation and Modelling of Profiles in 
Lithography and Etching 

(ERL, EECS, UCB) 

(Version 1.6a Feb 1, 1985) 

(VAX/UNIX version 0.0 Feb 1, 1985) 

1 8 

Input =etchrates 10 (-0.0000734,0.0011567) 
(-0.000440565,0.0069405) 

Input =etchlayers -1 2 

Input =etchlayers 1 1.00 

Input =etchlayers 0 6.00 

Input =etchaccur 4 

Input =etchprof (0,0) (1.5,0) (3.0,0) (3.0,1.00) (6.7,1.00) 
(6.7,0) 

Input = (8.9,0) (10.5,0) 

Input =etchwindow 10.5 

Input =etchplot 1 1 

Input =etchtime 120 600 5 

Input =etchrun 

- profile message 
turning point 1 (X/ z) ss 0. 0000 0. 0000 micrometers 
turning point 2 ( X ,  z) 

= 
1. 5000 0. 0000 micrometers 

turning point 3 ( X ,  z) 
= 3. 0000 0. 0000 micrometers 

turning point 4 ( X ,  z) 
= 3. 0000 1. 0000 micrometers 

turning point 5 ( X ,  z) = 6. 7000 1. 0000 micrometers 
turning point 6 (X , z) = 6. 7000 0. 0000 micrometers 
turning point 7 (X/ z) 

= 8. 9000 0. 0000 micrometers 



turning point 8 (x,z) = 

94 

10.5000 0.0000 micrometers 

~ plasma assisted etching ~ 

(10) version 5.1.83 

layer thicknesses : 
mask = 1.00000 micrometers 

substrate = 6.00000 micrometers 

etch rates at normal incidence 
directional isotropic component 

mask : 0.0012 -0.0001 micrometers/sec 
substrate : 0.0069 -0.0004 micrometers/sec 

— system message(etch routine) 

Profile coordinates are put in the plot-data file 

x left = 0.0000 micrometers 
x right = 10.5000 micrometers 
z top = 0.0000 micrometers 
z bottom = 7.0000 micrometers 
symbol time 

X initial profile 
a 2 mm 0.0 sec 
b 4 min 0.0 sec 
c 6 min 0.0 sec 
d 8 min 0.0 sec 
e 10 min 0.0 sec 
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*xxx xxxxx xxxxxx xxxxx XXX xxx xxx xxx XXXX XX 
*bbb bbbbb bbbbbb bbbba abb bbb bbb bbb bbbb bb 
*ccc ccccc cccccc ccccxb bcc ccc ccc ccc cccc cc 
*ddd ddddd dddddd ddddac cdd ddd ddd ddd dddd dd 
*eee eeeee eeeeee eeeeeb eee eee eee eee eeee ee 

xexx XXX XX XXX XX XXX xxx e 
e ec 
e eb 
e e 
eaa aaa aa aaa aa aaa aaae 
e e 
e d 
d e 
e e 
ebb bbb bb bbb bb bbb bbbe 
e e 
e e 
de d 
ec ccc cc ccc cc ccc ccce 
e e 
e i ee 
d 1 d 
e i e 
ed ddd dd ddd dd ddd dde 
e e 
e e 
e e 
ee eee ee eee ee eee ee 

i 

********** End of lab session ********** 

Exec tines: O.OOOu, 0.000s seconds 00:00:00 
FORTRAN STOP 
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A.5 Input of Plasma Etching Simulation (Fig. 3.8(b)) 

etchrates 10 (-0.0006982,0.0017815) (-0.0041895,0.0106895) 

etchlayers -1 2 

etchlayers 1 1.00 

etchlayers 0 6.00 

etchaccur 4 

etchprof (0,0) (1.5,0) (3.0,0) (3.0,1.00) (6.7,1.00) (6.7,0) 
(8.9,0) (10.5,0) 

etchwindow 10.5 

etchplot 1 1 

etchtime 120 600 5 

etchrun 
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A.6 Output of Plasma Etching Simulation (Fig. 3.8(b)) 

SAMPLE 
Simulation and Modelling of Profiles in 

Lithography and Etching 
(ERL, EECS, UCB) 

(Version 1.6a Feb 1, 1985) 
(VAX/UNIX version 0.0 Feb 1, 1985) 

Input =etchrates 10 (-0.0006982,0.0017815) 
(-0.0041895,0.0106895) 

Input =etchlayers -1 2 

Input =etchlayers 1 1.00 

Input =etchlayers 0 6.00 

Input =etchaccur 4 

Input =etchprof 
(6.7,1.00) (6.7,0) 

(0,0) (1.5,0) (3.0,0) (3.0,1.00) 

Input = (8.9,0) (10.5,0) 

Input =etchwindow 10.5 

Input =etchplot 1 1 

Input =etchtime 120 600 5 

Input =etchrun 

profile message 
turning 
turning 
turning 
turning 
turning 
turning 

point 
point 
point 
point 
point 
point 

1 
2 
3 
4 
5 
6 

JJ4UI.1 
(x,Z) = 
(X,Z) = 
(x,z) = 
(x,z) = 
(x,z) = 
(x,z) = 

0.0000 
1.5000 
3.0000 
3.0000 
6.7000 
6.7000 

0.0000 m 
0.0000 m 
0.0000 m 
1.0000 m 
1.0000 m 
0.0000 

icrometers 
icrometers 
icrometers 
icrometers 
icrometers 

micrometers 



turning point 7 (x,z) = 8.9000 0.0000 micrometers 
turning point 8 (x,z) = 10.5000 0.0000 micrometers 

~ plasma assisted etching ~ 

(10) version 5.1.83 

layer thicknesses : 
mask - 1.00000 micrometers 
substrate = 6.00000 micrometers 

etch rates at normal incidence 
directional isotropic component 
mask : 0.0018 -0.0007 micrometers/sec 
substrate : 0.0107 -0.0042 micrometers/sec 

system message(etch routine) 

Profile coordinates are put in the plot-data file 
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A.7 Input of Plasma Etching Simulation (Fig. 3.8(c)) 

etchrates 10 (-0.0004333,0.001517) (-0.0026,0.0091) 

etchlayers -1 2 

etchlayers 1 1.00 

etchlayers 0 6.00 

etchaccur 4 

etchprof (0,0) (1.5,0) (3.0,0) (3.0,1.00) (6.7,1.00) (6.7,0) 

(8.9,0) (10.5,0) 

etchwindow 10.5 

etchplot 1 1 

etchtime 120 600 5 

etchrun 
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A.8 Output of Plasma Etching Simulation (Fig. 3.8(c)) 

SAMPLE 
Simulation and Modelling of Profiles in 

Lithography and Etching 
(ERL, EECS, UCB) 

(Version 1.6a Feb 1, 1985) 
(VAX/UNIX version 0.0 Feb 1, 1985) 

Input =etchrates 10 (-0.0004333,0.001517) 
(-0.0026,0.0091) 

Input =etchlayers -1 2 

Input =etchlayers 1 1.00 

Input =etchlayers 0 6.00 

Input =etchaccur 4 

Input =etchprof (0,0) (1.5,0) (3.0,0) (3.0,1.00) (6.7,1.00) 
(6.7,0) 

Input = (8.9,0) (10.5,0) 

Input =etchwindow 10.5 

Input =etchplot l l 

Input -etchtime 120 600 5 

Input =etchrun 

profile message 
turning point 1 (x,z) = 0.0000 0.0000 micrometers 
turning point 2 (x,z) = 1.5000 0.0000 micrometers 
turning point 3 (x,z) = 3.0000 0.0000 micrometers 
turning point 4 (x,z) = 3.0000 1.0000 micrometers 
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turning point 
turning point 
turning point 
turning point 

5 (x,z) = 6.7000 1.0000 micrometers 
6 (x,z) = 6.7000 0.0000 micrometers 
7 (x,z) = 8.9000 0.0000 micrometers 
8 (x,z) = 10.5000 0.0000 micrometers 

~ plasma assisted etching 

(10) version 5.1.83 

layer thicknesses : 
mask = 1.00000 micrometers 

substrate = 6.00000 micrometers 

etch rates at normal incidence 
directional isotropic component 

mask : 0.0015 -0.0004 micrometers/sec 
substrate : 0.0091 -0.0026 micrometers/sec 

system message(etch routine) 

Profile coordinates are put in the plot-data file 
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A.9 Input of Plasma Etching Simulation (Fig. 3.8(d)) 

etchrates 10 (-0.0001555,0.0012388) (-0.000933385,0.0074333) 

etchlayers -1 2 

etchlayers 1 1.00 

etchlayers 0 6.00 

etchaccur 4 

etchprof (0,0) (1.5,0) (3.0,0) (3.0,1.00) (6.7,1.00) (6.7,0) 

(8.9,0) (10.5,0) 

etchwindow 10.5 

etchplot 1 1 

etchtime 120 600 5 

etchrun 
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A.10 Output of Plasma Etching Simulation (Fig. 3.8(d)) 

SAMPLE 
Simulation and Modelling of Profiles in 

Lithography and Etching 
(ERL, EECS, UCB) 

(Version 1.6a Feb 1, 1985) 
(VAX/UNIX version 0.0 Feb 1, 1985) 

Input =etchrates 10 (-0.0001555,0.0012388) 
(-0.000933385,0.0074333) 

Input =etchlayers -1 2 

Input =etchlayers 1 1.00 

Input =etchlayers 0 6.00 

Input =etchaccur 4 

Input =etchprof (0,0) (1.5,0) (3.0,0) (3.0,1.00) (6.7,1 
(6.7,0) 

Input = (8.9,0) (10.5,0) 

Input =etchwindow 10.5 

Input =etchplot 1 1 

Input =etchtime 120 600 5 

Input =etchrun 
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turning 
turning 
turning 
turning 
turning 
turning 
turning 
turning 

point 
point 
point 
point 
point 
point 
point 
point 

— — profile message 
1 (x,z) a s  0 . 0 0 0 0  0 .  0000 micrometers 
2 (x,z) = 1.5000 0 .  0000 micrometers 
3 (x,z) 

= 3.0000 0 .  0000 micrometers 
4 (x,z) 

= 3.0000 1 .  0000 micrometers 
5 (x,z) = 6.7000 1 .  0000 micrometers 
6 (x,z) = 6.7000 0 .  0000 micrometers 
7 (x,z) 

= 
8.9000 0 .  0000 micrometers 

8 (x,z) 
= 10.5000 0 .  0000 micrometers 

- plasma assisted etching ~ 

(10) version 5.1.83 

layer thicknesses : 
mask = 1.00000 micrometers 

substrate = 6.00000 micrometers 

etch rates at normal incidence 
directional isotropic component 

mask : 0.0012 -0.0002 micrometers/sec 
substrate : 0.0074 -0.0009 micrometers/sec 

system message(etch routine) 

Profile coordinates are put in the plot-data file 
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APPENDIX B 

ETCHING TYPES SUMMARY 

The following table lists the different etching 

processes which SAMPLE can simulate. 

ETCHRATES(TRIAL 781: Etching types summary 

JTYPE TYPE COMMENT 

1 isotropic etch 

2 isotropic deposition isotropic etch with 
negative rates 

3 descum for top layer isotropic descum 

4 special additive isotropic rates 

5 special As-implanted surface 

6 special As-implanted buried layer 

7 surface diffusion directional & isotropic 
along a surface 

8 surface diffusion directional & isotropic 
along an underside 

9 non-uniform 2d layer Obsolete: Use NONPLANAR 

10 plasma-assisted 
etching 

11 cosine deposition single source directional 
deposition (negative rate) 

12 plasma-assisted 
etching 

13 another R.I.E. 

14 another R.I.E. 
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15 planarization 

16 planarization 

17 planarization 

18 planarization 

19 planarization 

20 planarization 

21 ion milling 

22 ion milling 

23 ion milling 

24 other ion milling 

25 other ion milling 

isotropic deposition and 
sputtering specified by 
A,B, & C• 

isotropic deposition and 
sputtering specified by 
max & angle 

isotropic deposition and 
sputtering specified by 
table 

cosine deposition and 
sputtering specified 
by A,B, & C. 

cosine deposition and 
sputtering specified 
by max & angle. 

cosine deposition and 
sputtering specified 
by table. 

specified by sputtering 
analytics and A,B,C. 

specified by maximum 
sputtering angle and 
ratio to normal. 

specified by table of 
etch-rate 
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APPENDIX C 

PROCEDURES TO SIMULATE SLOPPED SIDEWALL 
SILICON TRENCH ETCHING 

The detailed step by step procedures for determining 

the etch parameters of slopped sidewall silicon trench 

etching are illustrated below. 

C.1 Procedures to find out the etching parameters 

The first step to determine these four etching 

parameters is to find out the base anisotropic etching 

component (VAB) and then use this number as a starting point 

to determine the substrate anisotropic etch rate (VA1) at 

different temperatures. Once the first substrate anisotropic 

etch rate (VA1) is determined, the other VA1 at different 

temperatures can be reiterative and systematical calculated. 

The detailed procedures follow: 

Step 1: Compute the base substrate anisotropic etching 
rate (VAB) from the depth of the trench. 

In Fig. 3.1 profiles (b) to (e) all have trench depth 

approximately equal to 3.9 u. Therefore, the base 

anisotropic etch rate can be calculated by the following 

formula: 

trench depth 
VAB = "7 

time 

where VAB is the base substrate anisotropic etch with 
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substrate isotropic etch rate equal to zero. 

In our case: 

3.9 u 
VAB 0.0065 urn/sec. 

600 sec. 

This is the base anisotropic etch rate used in determining 

the anisotropic etch rate of the sidewall angle trench 

etching. The anisotropic etch rate for the mask (VA0) can be 

obtained by VA1/selectivity. In this case VA1 _VAB- From our 

experimental data the selectivity is found to be 6. VA0 is 

thus 0.001083 um/sec. 

The input data for SAMPLE is shown below: 

etchrates 10 (0.00,0.001083) (0.0,0.006500) 
******** ******** 

etchlayers -1 2 
etchlayers 1 1.00 
etchlayers 0 6.00 
etchaccur 4 
etchprof (0,0) (1.5,0) (3.0,0) (3.0,1.00) (6.7,1.00) (6.7,0) 

(8.9,0) (10.5,0) 
etchwindow 10.5 
etchplot 1 1 
etchtime 600 600 1 
etchrun 

Figure 3.13 shows the results of this simulation and we 

found that the trench depth = 3.9 um. 

Step 2: To determine the substrate anisotropic etch rate 
(VA1) and substrate isotropic deposition rate 
(VX1) of Fig. 3.10. 

By changing the ratio of base substrate anisotropic and 

isotropic etch rate (i.e. ratio=VAB/VI1), the substrate 
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isotropic deposition rate (VI0= VAB/ratio) can be obtained 

from the base anisotropic etch rate. In this case, see Fig. 

3.14, polymer thickness is very thin on the sidewall. 

Therefore we expect a low isotropic etching rate at this 

temperature (i.e. larger ratio number to begin with). After 

changing the ratio (VAB/Vn) several times by trial and 

error, the final profile matches the SEM profile. 

VAB 0.0065 
0.000440565 = VX1 

ratio 14.7 

Three parameters (i.e. trench depth=h, bottom etch window=b 

and the incident angle= ) were used to match the final 

profile after the simulation and are shown in Fig. 3.12. 

Since we increase the substrate isotropic deposition rate 

from 0 to 0.000440565 (um/sec), in order to maintain the 

same trench depth (i.e. hl=3.9 urn), we needed to compensate 

the anisotropic etch rate by adding isotropic deposition 

rate to base anisotropic etch rate. (i.e. VAB - VA1 + Vll, 

VA1 = 0.0065 + 0.000440565 = 0.0069405). The reason is that 

the deposition will retard the etching, if we do not 

compensate the anisotropic etching component, shallow trench 

depth will result. 

Step 3: To determine the anisotropic and isotropic etch 
rate of the mask. 

The mask's anisotropic etch rate is obtained by substrate 
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anisotropic etch rate/selectivity). 

VA1 0.0069405 
VAQ 0.0011567 

selectivity 6 

VAl/VIl = "15-75 

The mask's isotropice etch rate is thus: (see the assumption 

in Sec. 3.3.2) 

VAQ 0.0011567 
Vtq -0.0000734 

-15.75 -15.75 

The input data for SAMPLE is shown below: 

etchrates 10 (-0.0000734,0.0011567) (-0.000440565,0.0069405) 
—————— ********* ————— ********* 

etchlayers -1 2 
etchlayers 1 1.00 
etchlayers 0 6.00 
stchsccur 4 
etchprof (0,0) (1.5,0) (3.0,0) (3.0,1.00) (6.7,1.00) (6.7,0) 

(8.9,0) (10.5,0) 
etchwindow 10.5 
etchplot 1 1 
etchtime 120 600 5 
etchrun 

Note that Fig. 3.14 has the same trench depth (h2 = 3.9 um), 

sidewall angle (0 - 3s) and bottom etch window (b = 3.1 um) 

as Fig. 3.10. The other simulation trench profiles can be 

obtained by following the above procedures. Their simulation 

results are shown in Fig. 3.19 to 3.22. 



Ill 

REFERENCE 

1. SAMPLE, Version 1.6a, Electronic Research Laboratory, 
Department of Electrical Engineering and Computer 
Sciences, University of California, Berkeley, Ca, Feb. 
1985. 

2. M. Smadi, "Trench Etching in Silicon With a 
Controllable Sidewall Angle," Master's Thesis, Dept. of 
Electrical and Computer Engineering, U. of Arizona, 
1986. 

3. V. Liang, " A Study on the Optimization of Si Trench 
Etch Parameters, Master's Thesis, Dept. of Electrical 
and Computer Engineering, University of Arizona, 1988. 

4. J. L. Reynolds, A. R. Neureuther, W. G. Oldham, J. Vac. 
Sci. Tech., vol. 16, p. 1774 (1979). 

5. G. C. Schwartz, L. B. Rothman, T. J. Schopen, J. 
electrochem. Soc., vol. 126, p. 464 (1979) 

6. T. Sakai et al., Electrochem. Soc. 
Semiconductor/Silicon Conference, Philadelphia, 996 
(1977). 

7. T. Sakai et al., IEEE Trans. Electron Dev. ED-26, 379 
(1979). 

8. F. H. Dill, W. P. Hornberger, P. S. Hauge, and J. M. 
Shaw, "Characterization of positive photoresist," IEEE 
J. Solid-State Circuits, vol. SC-12, pp. 349-355, Aug. 
1977. 

9. S. N. Nandgaonkar, "Design of a simulator program 
(SAMPLE) for IC fabrication," M.S. thesis, Electron. 
Res. Lab., Univ. California, Berkeley, 1978. 

10 R. E. Jewett, P. I. Hagouel, A. R. Neureuther, and T. 
Van Duzer, "Line-profile resist development simulation 
techniques," Polymer Eng. Sci., vol. 17, pp. 381-384, 
June 1977. 

11. O. A. Paulusinski, R. N. Carlile, S. J. Wright, D. 
Dewey, and M. Smadi, "Identification of Etch-Rates in 
Plasma Etching Via Computer Simulation," submitted to 
Chemtronics. 



112 

12. Chin Yang Sun, ECE 656X Semsester Project, "Modify the 
definition of measure of the difference between the 
"target" and simulated profiles in "FINDV" program. 
Perform suitable numerical experiments to establish the 
advantages and disadvantages of different measures.", 
Unpublished. 

13. J. A. Valles-Abarca and A. Gras-Marti, "Comments on : 
Simulation of ion-beam-etched pattern profiles". J. 
Vac. Sci. Technol 21(3). Sept/Oct. 1982. pp. 891. 

14. R. Smith, S. S. Makh and J. M. Walls "Surface 
morphology druing ion etching, The influence of 
redeposition". Philosophical Magazine A, 1983, Vol., 
47. NO.4, 453-481. 

15. Ole Krogh, R. N. Carlile, "Tegal Corporation Inter
office Memo", Unpublished. 

16. Robert N. Carlile, Victor C. Liang, Olgierd A. 
Palusinski, and Mithkal M. Smadi. " Trench Etches in 
Silicon with Controllable Sidewall Angles", paper to be 
published in the august, 1988 issue of the Journal of 
the Electrochemical Society. 

17. Farrington Daniels, Robert A. Alberty, "Chap. 10 
Chemical Kientcs" Physical Chemistry fourth edition, 
1975, John wiley & Sons, Inc. 

18. P. W. Atkins "Chap. 27 The rates of chemical reactions" 
Physical Chemistry, second edition, W. H. Freeman and 
Company, New York, San Francisco. 

19. P. W. atkins "The nature of matter: orientation and 
background" Physical Chemistry, second edition, pp. 
19. W. H. Freeman and Company, New York, San Francisco. 

20. John L. Reynolds, Andrew R. Neureuther, and William G. 
Oldham "Simulation of dry etched line edge profiles" J. 
Vac. Sci. Technol., 16(6), Nov/Dec. 1979. pp. 1772. 


