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Abstract

This bachelor’s thesis deals with the probtdradjusting of a CVD (chemical vapor
deposition) reactor for operations in a given pldite problem is that precise machines such
as a CVD reactor have to be adjusted for functiotiné place, where they will be operated.
This can be done by using statistical tools sudh@®OE (design of experiment). There is a
range of inputs that can affect the results ofddygosition process. From these some will have
to be selected as constants and some will becormabies in the DOE. The target of this
project is to introduce the reader to the topi€¥D, then, from previous DOE done on such
machine in the COM1, design an experiment to adhestnachine in CZ4 WFAB for
production, evaluate the acquired data and obtendeal setting for the reactor.

The reader will be indirectly introduced atedMAIC process since the DMAIC was
used to evaluate the actual experiment in ON Semdigctor, Roznov pod Radhest, CZ4
WFAB.



1. Introduction

1.1. What is CVD?

Chemical vapor deposition (CVD) is a procesw/hich solid material is deposited from
chemical vapors. It is a material of high purithhelprocess is used also in semiconductor
industry. The substrate, typically a wafer, is esgubto one or more precursors which react or
decompose on the substrate surface to producerdathe deposit. By-products of this
reaction are afterward carried away by the gas.flow

1.2. Types of CVD

According to used pressure of the gasses:
* Atmospheric pressure CVD (APC\jRIone at atmospheric pressures.

* Low pressure CVD (LPCVDyhere better uniformity can be achieved for unwent
gas-phase reactions are reduced.

» Ultra high vacuum CVD (UHVCVD)processes are done at very low pressures.
By physical characteristics of the vapor:

* Aerosol assisted CVD (AACVD A CVD process in which the precursors are
transported by means of ultrasonically generateolsaé AACVD is suitable for
involatile precursors.

« Direct liquid injection CVD (DLICVD) - The precursors are in liquid form. It is also
possible to use solid dissolved precursors sobdalved. Liquid solutions then flow
to vaporization chambers and then to injectors.

Plasma processing:

* Microwave plasma-assisted CVD (MPCVD)

* Plasma-Enhanced CVD (PECVD)CVD processes that use plasma to enhance
chemical reaction rates of the precursors. PEC\2g®sing makes deposition at

lower temperatures possible.

* Remote plasma-enhanced CVD (RPECVD)he wafer substrate is not in the

plasma discharge region. Placing the wafer away tiee plasma region allows
processing temperatures down to room temperature.



1.3. Commonly deposited materials

* Polysilicon— polycrystalline silicon is deposited from silai$8H,). The silane used in
this process is either pure or in solution withragen or hydrogen. The polysilicon
can be doped during the process by dopants syahosphine (Pg) and arsine
(AsHzg) for N-type layers and boron trichloride (Bglfor P-type layers.

SH;— S+ 2H

» Silicon dioxide (SiQ) — also known simply as oxide in the semiconduictdustry.
Commonly deposited from dichlorosilane (Si€) and nitrous oxide (pD), or
tetraethylorthosilicate (TEOS; Si(Q8s)4). The choice of gas for the reaction depends
on the desired parameters of the deposited material
SCloHs + 2N,0 — SO, + 2N, + 2HCI
S(OC;Hs)s — SO, + byproducts

» Silicone nitride (S§N4) — usually used as insulator or chemical barriecokding to
desired parameters either LPCVD or PECVD procesdeaused.
In LPCVD process silane (SiHor dichlorosilane (SiGH,) and ammonia (Nkj act
as precursors.
3SH; + 4NH3 — S3Ns + 12H,
3SCloHs + 4NH3; — S3N4 + 6HCI + 6H5

In PECVD process the precursors are silane J)SaHd nitrogen (B) or ammonia
(NH3).

2SHs+ N, = 2SNH + 3H,
SHs+ NH3z — SNH + 3H,
* Borophosphosilicate glass (BPSGlsed for passivation. It is a silicate glass

containing boron and phosphorus. These materialergo viscous temperatures
around 850 °C. Stability in air can be difficultdachieve.

* Metals— metals such as copper or aluminium are seldguosta by CVD. However
molybdenum, tantalum, titanium, nickel, and tungsiéien are.



2. Chemistry
2.1. Main goal

CVD means converting volatile chemicals bytaierreactions of precursors into desired
solid film. It depends on the availability of suchemicals.
First, let us discuss what makes the vapors (Vityetinat is). Second, gas phase reactions and
reactions on the substrate surface have to besstudivery CVD process requires a reaction
path to convert vapor to solid. Designing and dtligsthe reactor also has to consider the
problem of where and when the reaction is to td&egp(on the substrate, not anywhere else.).
Undesired reactions can worsen the result sincpaheles can fall onto the surface of the
wafer. The process typically relies on four factéesnperature, time, pressure, and surface
specificity.

4.2. Volatility

In order to deposit a layer a volatile preouis needed. That means a gas or a liquid with
modest boiling point.

“Most CVD precursors evaporate in molecular foromira molecular liquid or solid. The
change in enthalpy upon evaporation is determiryeithés forces which hold the molecules
together.

* Van der Waals forcdor van der Waals interaction) - the attractiveepulsive force
between molecules (or between parts of the samecaulel) other than those due to
covalent bonds or to the electrostatic interactibions with one another or with
neutral molecules. Van der Waals forces are relBtweak compared to normal
chemical bonds.

« Hydrogen bond dipole-dipole force with a hydrogen atom bonteditrogen,
oxygen or fluorine. The energy of a hydrogen baggi¢ally 5 to 30 kJ/mole) is
comparable to that of weak covalent bonds (155 &l)/rand a typical covalent bond
is only 20 times stronger than an intermoleculatrbgen bond.

» Covalent bond a form of chemical bonding that is characteribgdhe sharing of
pairs of electrons between atoms, or between atmu®ther covalent bonds.

* lonic bond- a type of chemical bond that can often form leetwmetal and non-
metal ions (or polyatomic ions such as ammoniumugh electrostatic attraction. In
short, it is a bond formed by the attraction betwieo oppositely charged ion.”

To form a volatile precursor, a substance has tmied, which forms molecules with
minimal van der Waals forces (modest surface afdad, formation of hydrogen or covalent
bonds must be avoided.



2.3. Volatile precursors

» Silane (SiHy) — Silicon-hydrogen compound. In silicon manufaictgy it is the most
common precursor. It is a small molecule with sraalt der Waals attraction. It has a
small dipole moment, no hydrogen bonding, covabemids are saturated. Highly
volatile. Silane is a gas at room temperature eveter pressure. Boiling point -112 C.

» Disilane, SpHg, Another silicon-hydrogen compound. It is lessatité; its boiling
point is -14 C. Can be liquefied under pressureatn temperature.

» Dichlorosilane, SiH,Cl; sanother common precursor. Chlorine atoms cause this
molecule to be less volatile. Usually used for doan of silicon nitride. Its boiling
temperature is 8 C.

e Precursor molecules can be used, in which oxydemosibonds already exist. As an
example, TEOS (tetraethyl orthosilicate), SiBlg),, canbe mentioned. TEOS has a
large surface area. Vapor pressure of TEOS isapasind 5 Torr at 25 C. Its boiling
point is 160 C.

“It is not the mass of the molecule but the intesuolar forces that primarily determine
volatility”

2.4. Kinetics, reactions, mechanisms

Reaction has, in most cases, more than opeStene of them are slower, so these are
more dominant in determination of reaction ratee Tdte expression (i.e. how the reaction
depends on concentration of precursors and praodsctdue to this fact, often quite non-
obvious and complex.

Generally, the mechanism of a chemical reaatam be determined by following all paths
of all the atoms during the reaction. It seems, én@w, much simpler to see the reaction as
relatively independent on the path, but taking indrthe passage through the transition
stages.



In an association reaction, the moleculescodiide in the gas phase, A + B => AB*:

"Transition state": adctivated

state, in quasi-equilibrium
\\ with reactants
A fi/}i

O -~
Elimole;ular é:? ——'f/f( /)J

reaction
\\ Tr

1. Reactants collide

Picture 2.1.: Transition stage

By conserving momentum, much of the kinetiergy is converted into internal energy of
the transition state, therefore causing the dissioti of the reactants. This can be solved by a
third atom or molecule (denoted usually as M), \uhigll collide with the transition state and
extract some energy. This would result in occurnhgssociation: AB* + M => C.

2a; if left to itself,
redissociation will probably
occUr after a short time.

-
7 W
&
Tr \
=A<

2b: if athird atom or molscule
collides with the transition state it
can remaove energy and allow a
new produdt...

Picture 2.2.: Deactivation by third species

As a result, the association reactions usutdjyend on the de-activation by some third
atom or molecule, therefore growth rate dropswatpoessures. When the pressure in the
reactor grows, reactions become “pseudo-first-dra@t depending on total pressure any
more. The product may also fall down on the subssarface in a form of powder or dust,
thus negatively affecting the result of the CVDgass. It can be concluded that APCVD
process is, in general, “dustier” than LPCVD prackes example.



3. Reactor

3.1. Tube reactor

The concept of vertical and horizontal tubeéces is widely used in the industry because
it makes mass production possible (with batchagodb 100-200 wafers). This concept,
originally taken from annealing and oxidation furas, is simple and productive. The idea is
to stack wafer into one of many slots in a quadatb

The basic function of a tube CVD reactormsaisimplified form, shown below. The tube
of the reactor is usually made of quartz with arditer slightly higher than the wafer size so
there is a gap between the wafers and the tube Widike tube is heated in a resistively heated
box. There are typically two or more independegtrtial zones in the reactor to enable
control of axial temperature in the reactor. Tharegle is of a horizontal configuration, but
due to easier automated loading, smaller footauirak lower particle counts, recently, the
vertical configuration is more popular. The prinegpare the same in both horizontal and
vertical tube reactors since natural convectiogspte role in the LPCVD conditions and
temperature gradients are small.

—_______—___'__'_______—
e

wafers (loatroshown ) Convechch srous Wai=rs

= NN =

carriever [,
aroeap —
regisile
I__/_ heamre |
3.1.:Tube reactor - schematic

Usually, wafers are loaded into slots in thartg boat. The gap between wafers is small to
increase the maximal number of wafers in the Hodtorizontal configuration, the boat s
supported by a cantilever, thus in older reactioesuld also rest on the bottom surface of the
tube. The cantilever is simply a rod fixed at ond and it prevents scraping and formation of
particles in the tube. The basic principle is tas is supplied at on end of the tube and the
other end acts as the exhaust. Also, other mob®edte arrangements can be used, like using
a gas inlet and an extra injector at the otheraéride tube. The tube is sealed on both ends by
end-caps. These may be water-cooled. Also, dustatiol vacuum systems are used. More
independent thermal zones are used in the reactoaintain constant axial temperature and
therefore to create the so called flat zone.




The flat zone is the area in a reactor wheeentafers re located during the process. It is
essential that the temperature in the flat zone teisontrollable within better than one
degree C. The dimensions of the flat zone diregdfigct the number of wafers that can be
loaded in a single run, i.e. a batch.

T "flat zore" e

[AZSI100 11 T 1L Le

3.2.: Flat zone

This type of reactors is so called hot wadlater which means that everything is at the
same temperature. The film is deposited on eveppsed surface in the tube, i.e. on the walls,
on the boat, cantilever and, most important, wafers

The film from the tube, boat and cantileves kmbe removed periodically to prevent
particle formation (dust) and spalling. This cleanprocedure is usually done by etching the
quartzware in aggressive acid baths. The wet proedad costly, lengthy, quite dirty and
complex. Large quantities of toxic acids have taubed.

Thermal decomposition of NF3 also known asitn cleaning has been recenty reported as
an alternative procedure. However, this is justabssibility for polysilicon or silicon nitride
systems.

3.2. Along the Tube

In this part, the general findings on the ¢apii tube reactors will be summed up. These
observations are the basic building stones inngetlie machines.

- “The tube is radially isothermal. The thermal diffusion length is much larger
than the radius of the tube: thus heat can easigl by conduction from the walls of
the tube to the central region. If the tube walkslzeld at a constant temperature, the
radial temperature will be essentially constane @kial temperature may vary and is
somewhat influenced by convection (diffusion lengtmparable to the tube length),
explaining the desirability of multi-zone heating.

. Species concentrations are likely to be constant the annular region the
mass diffusion length is much larger than the distabetween the wafer edge and the
tube. Convection will have little influence on sjgscconcentration.

- Gas phase reactions have a few seconds to procaa allows one to choose
which precursors can be used in such a system. iCalsnthat will react in a few tens
of milliseconds at the operating temperature walldonsumed within a few cm of the
hot zone; reactions that take more than 10 secmnd4 contribute to depositiofiz

10



4. Design of Experiment

4.1. Our case

The SVG VTR-7000 deposition furnace is a waittube reactor with three thermal zones.
This machine is to be characterized for productioGZ4 WFAB and is to produce
phosphine doped polysilicon. Prior knowledge wasioled from experience with similar
machine in COML1.

The input values for this machine are tempeestin three thermal zones, gas flow of
nitrogen, silane and phosphine and pressure iretieor. The goal is to achieve target value
of resistivity and thickness and lowest possibléawto wafer, site to site and run to run
variability.

Since a deposition furnace ha to be adjustedcharacterized before production, it is
advisable to perform a series of experiments aand gtoduction after evaluation.

Also, please note that substance from thistmmward referred to as phosphine is actually
a mixture of phosphine with nitrogen. The concdrgraof phosphine is 1%.

4.2. What is DOE?

Design of experiment (DOE) is a statisticatimoel used to determine behavior of outputs
based on changes of variables. Measured datdyshalv differences both between
repeated measurements and between replicated atepnscesses.

Blocking is the arrangement of experimentatsuimto groups (blocks) that are similar to
one another (i.e. same inputs, same trend). Blgaldduces known but irrelevant sources of
variation. By this, greater precision in estimataam be maintained.

4.3. Prior knowledge

For the design we considered prior results similar experiment done in COM1 Phoenix,
Arizona to determine the variables and constamtstio design.

Experimental setup from COM1, Phoenix, Arizona
Screening Design:6 Factors, 26-3 Fractional Factorial

Factors

Top PH3 (level =5, 11, center point = 8)
Continuous

Bottom PH3 ( level=5,9, center point=7)
Continuous

Top N2 (level=500, 0, center point =250)
Continuous

Bottom N2 (level=200, 0, center point= 100)
Continuous

Top SiH4 (level=400, 200, center point=300)
Continuous

Bottom SiH4 (level=400, 200, center point=300
Continuous

Table 4.1.:Screening design - Factors

11



Response

Dep Rate
Maximize
Dep Rate
[Uniformity
Minimize

Rs

Match Target
Rs Uniformity
Minimize

Table 4.2.:Screening design - Responses

All flows in sccm

Pressure fixed at 500mTorr
Number of centre points: 2
Number of runs: 8+2

35—_; ;

] 3 5 43 531
2 ia

Dep Rate (Post Dep)

1 Bot | Ctr |Top |Bot [Ctr |Top |Bot |Ctr [Top [Bot | Ctr |Top [Bot [ Ctr |Top |Bot [Ctr [Top [Bot | Ctr |Top [Bot [ Ctr |Top |Bot [ Ctr (Top | Boat Pos
400 200 400 200 300 200 400 200 400 Bottom SiH4 Flow
400 200 200 400 300 400 200 200 400 Top SiH4 Flow
0 200 200 0 100 200 0 0 200 Bottom N2
0 500 0 500 250 0 500 0 500 Top N2 Flow
5 9 7 5 9 Bottom PH3 Flow
5 8 11 Top PH3 Flow

Table 4.2.: COM1 results - effects of variables

12



Response Mean Dep Rate (Post Deposition)

Term [Estimate  [Std Error |t Ratio [Prob>|t|
Intercept Biased| 24.99602| 2.19794 11.3f 0.00}
Top PH3 Flow Biased| -0.15255% 0.1156]1 -1.3: B317
|Bottom PH3 Flow Biased| 0.082021p 0.173417 0.47 8786
Top N2 Flow Biased | -0.018748| 0.001387 -13.5]0.0054
|Bottom N2 Biased | -0.010011| 0.00346% -2.89]0.1020
Top SiH4 Flow Biased | 0.0142917 0.003468 4.12]0.0542
|Bottom SiH4 Flow Biased| 0.007433p 0.003448 2.14] 1683
(Top PH3 Flow-8)*(Bottom PH3 |Biased | 0.0585134 0.057806 1.01 0.418
|Flow-7)

Table 4.3.: Mean deposition rate

Response StDev Dep Rate (Post Deposition)

Intercept Biased 1.0240350.75341} 1.3 0.307]
Top PH3 Flow Biased| 0.0929479.039629 2.34 0.143]
|Bottom PH3 Flow Biased -0.12194%.059448 -2.0§ 0.176]
Top N2 Flow Biased| 0.0005645).000476 1.19 0.357]
|Bottom N2 Biased -0.0012p50.001189 -1.04 0.3989
Top SiH4 Flow Biased -0.00341370.001189 -2.89 0.101]
|Bottom SiH4 Flow Biased| 0.003247®.001189 2.7 0.109]
(Top PH3 Flow-8)*(Bottom PH3 | Biased -0.0578430.019814 -2.94 0.100(
|Flow-7)

Table 4.4.: Standard deviation of deposition rate

Response Mean Rs

Term Estimatq Std Error| t Ratio] Prob>|t|
Intercept Biased| 68.28812210.9453% 6.24 0.0247
Top PH3 Flow Biased -2.2547¢70.57571p -3.94 0.0594
IBottom PH3 Flow Biased -3.40831 0.863568 -3.99 0.058¢
Top N2 Flow Biased | 0.03218(060.006909 4.6 0.043]}
|Bottom N2 Biased| 0.00288010.01727]1 0.14 0.882%
Top SiH4 Flow Biased| 0.00504210.017271 0.2y 0.7978%
|Bottom SiH4 Flow Biased| 0.0038412.01727] 0.24 0.844¢
(Top PH3 Flow-8)*(Bottom PH3 |Biased | 0.52786270.287856 1.8 0.2081
|Flow-7)

Table 4.5.: Mean sheet resistivity

Response Std Dev Rs

Intercept Biasedl 6.964061p 4.23662f 1.64 0.2419
Top PH3 Flow Biased -0.411009 0.22284p -1.84 0.2064
|IBottom PH3 Flow Biasefl -0.220439 0.33426p -0.64 0.5774
Top N2 Flow Biased 0.006940p 0.0026744 2.64 0.1219
|Bottom N2 Biased -0.01226% 0.00668p -1.83 0.208(
Top SiH4 Flow Biasedl 0.006873p 0.00668p 1.0 0.412(
|Bottom SiH4 Flow Biase(l -0.00414% 0.00668p -0.64 0.5984
(Top PH3 Flow-8)*(Bottom PH3 | Biased -0.090811 0.11142) -0.84 0.5004
|Flow-7)

Table 4.6.: Sheet resistivity standard deviation
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Results for Second Order Model
1. The Top N2 Flow has the most significant impactthe Thickness after Deposition
and Deposition Rate.

2. All other parameters were insignificant in thedal. The second order model has
insufficient degrees of freedom to resolve higheleo effects.
3. A first order model would have to be analyzedétermine the significance and

relative importance for the model parameters.

[Output
Sheet resistance, Rs

Significant effect Not significant
Top PH3 Flow, most important Top SiH4 Flow
[Bottom PH3 Flow, most important [Bottom SiH4 Flow
Top N2 Flow Bottom N2 Flow
Top N2 Flow, most important Top SiH4 Flow
Top PH3 Flow, most important Bottom SiH4 Flow

Stdev Rs

[Bottom N2 Flow

Bottom PH3 Flow

Thickness, deposition ra

op N2 Flow, most important

Bottom N2 Flow
Top SiH4 Flow

Top PH3 Flow
Bottom PH3 Flow
Bottom SiH4 Flow

Stdev deposition rate

N/A

N/A

Table 4.7.: Effects - summary

Confirmation runs were completed and the finalisgtivas determined from the experiment.

Result — COM1 DOE

Top PH3 Flow: 12 sccm
Bottom PH3 Flow: 12 sccm
Top N2 Flow: 200 sccm
Bottom N2 Flow: 200 sccm
Top SiH4 Flow: 400 sccm
Bottom SiH4 Flow: 400 sccm
Pressure: 500 mTorr

14



5. Our experiment design

For the DOE:
* N2 top and bottom flows fixed at 200sccm
* SiH4 top and bottom flows fixed at 400sccm
e Z1 and Z3 temperatures change
e 72 temperature set to 555°C
e PHS3 top and bottom flows change

Since five-zone furnace was used in COM1 arid Gses a three-zone furnace, it is
necessary to experiment also with the temperatBab. phosphine flows have centre point
at the COML1 final setting of phosphine flow. DOFiable selection is also determined by
prior experience with the process and with elalogaeduch experiments.

JMP statistical software is used in this asialy

Process target
THK = % 10 nm
RES = = 8 ohm/sq

Plan

Output parameters

THK target 180nm

RES target 80ohm/sq
stdev27 i.e. in lot minimal

FURNACE (thk1 - thk3), (resl-res3) inlot=0
1 = TEMP | TEMP | PH3 | PH3

= UM top bt top hot
- 1 |DCEDS_1 555 555 14 14
u 2 |DOEns_2 ] ] 14 14
3 |DOEN3_3 549 561 16 12
4 |DOENS_4 249 249 16 16
5 |DOEN3_S 561 549 16 12
6 |DOEN3_6 549 561 12 12
7 |DOENS_F 249 249 12 16
& |DOEQ3_A S 549 12 12
3 (DOEDS_9 549 549 12 12
10 [DOEONS_10 249 SE1 16 16
11 |DOED3_11 5671 561 16 12

iy
Fa

DOENI_12 561 543 16 12
DOEN3_13 671 361 12 16
DOENS_14 a6 a6 16 16
DOEN3_13 561 561 12 12
DOEN3_16 671 249 12 16
DOEN3_17 549 a6 12 16
DOEN3 18 5449 549 16 12

s
[}

=y
=

-
n

-
m

=y
-

-
o

Picture 4.8.: DOE Variables — experimental run sethgs
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The DOE constants:

N2 top = 200sccm

N2 bottom = 200sccm
SiH4 top = 400sccm
SiH4 bottom = 400sccm
Z2 temp = 555°C
p=500mTorr

5.1. Loading pattern

These loading patters show how test wafdter fwvafers (dummy wafers) and process
wafers were loaded onto the boat during the téisteShere are three thermal zones in the
tube (it is possible to “tilt” temperature by segfitop and bottom temperatures) it is
convenient to use three measurement places (tsewafers) to determine the temperature
tilt in the reactor.

For some of the following calculations thefeliénce between two wafers from the same
run and practically same place will be necessahngrdfore four runs of the DOE use the
second loading pattern with two test wafers in gamdition. Position of wafer can also act as
another variable.

Loading is done by the operator.

3N12FT60PT60PT12F 3N12F2T59P2T58P2T12F
12 fillers 12 fillers
2 test wafers
1 test wafer
58 process
60 process wafers
wafers

1 test wafer
2 test wafers

60 process

wafers 59 process

wafers

2 test wafers

1 test wafer 12 fillers

12 fillers

Picture 5.1..: Loading patterns
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5.2. Process map

It is advisable to include a process map ih#&set of data for DOE evaluation. In case of
CVD furnace there is a possibility of damaging wWader by temperature. From the process
map the experimenter can for example clearly saettie set temperature is not the highest
temperature the wafer undergoes in the processhighest temperature in case of this
process is 600C during the post deposition anrggalin

WAFER N2 ON PUMP 2

LOAD > PUMP > TEMPERATURE LEAK TEST |—
RAMP UP

N2 ON SiH4 ON N2 ON

pr TEMP STABILIZE > PH3 ON » DEPOSITION » TEMP RAMP |—
STABILIZE UP TO 600
CLEAR MFC POST DEP RAMP DOWN TO 500C
Q PUMP 3 -5 Alglg(l)EéAL > BACK FLOW —»| WFR UNLOAD

Picture 5.2..: Process map of Poly-Si phosphine deg deposition

5.3. Measurement

The measurement of thickness and resistivity of
wafers is done on two machines separately.

Picture 5.4.: VP-10 measurement pattern
Thickness
measurement is executed on Prometrix UV-1050
measurement equipment.

Based on proprietary advanced reflective optics,
the UV-1050 system's broadband UV technology
provides measurements on a wide range of
Picture 5.3..- UV-1050 measurement  applications including oxide on polysilicon, ultralet
pattern (UV) reflectivity, etch-to-clear, and simultaneous
oxide and TiN thickness for CMP applications.
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Resistivity measurement is executed on Praox€#-10. Prometrix VP-10 Versa Probe is
an automated four-point probe. Measures doped fingtal films, and other conductive
layers.

It is also advisable to include measuremetieps to see clearly that in our case the data
from UV-1050 do not copy data from VP-10 in numhbgrii.e. one machine measures in
different order than the other.

5.4. Output variables

It is clear that the main output variablesthrekness and resistivity. Also uniformity of
the film is an issue. Uniformity describes the tifleass” of the wafer surface.

Due to character of the process it is necggsantroduce also other output variables to
describe not only the target values but also te&idution of values in the furnace and
differences between runs.

5.5. Runto run

FURNACE thk avg and FURNACE rs avg are introgtlito compare results throughout
runs. FURNACE parameter shows the average differehthickness and resistivity on sites
of wafers from the top and bottom thermal zonés & parameter defined as average of
differences between sites in the top thermal zowkeb@ttom thermal zone. These parameters
make comparison concerning thermal tilt of the &oenpossible as well as impact of thermal
tilt on target values and overall performance efpnocess.

Stdev27 thk and stdev27 rs enable comparifaima regarding standard deviation. This
is done to determine the uniformity of the film.elparameter is defined as standard deviation
of all measured sites in the run, i.e. twenty-sanerase of three test wafers and fifty-four in
case of six test wafers in run.

1 batch - 3 test wafers

SO\Y

FURNACE thk avg = avg (thk wfrl — thk wfr3)
FURNACE rs avg=avg (rs wfrl - rs wifr3)

Picture 5.5.: Definition of FURNACE parameters

1 batch — 3 test wafers

(] (@]
o O o O
(©] (©] o|l©O o ]
stdev27 rs (thk) = stdev rs (thk) (3
resp. 6 wirs * 9sites) o o O o O
©] ©]

Picture 5.6..: Definition of StDev27 prameters
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5.6. Wafer to wafer

Four variables are introduced in the wafewéder part. These are standard deviation of
thickness and resistivity in nine sites on oneweder (StDev9 THK and StDev9 RS) and
average thickness and resistivity of nine sitesmmtest wafer (AVG THK and AVG RS).

These variables specify to greater depth umity characteristics and achieving the target
values. In run to run calculations the comparisbruos is done. In the wafer to wafer
calculations, the wafers of one run are compared.

StDev9 THK
(RS)

AVG THK
(RS)

Picture 5.7.: Definition of StDev9 and AVG parametes

4.7. Site to site

Site to site calculations give out the outmiéaominated THK s-t-s and RS s-t-s. These
two parameters further deepen findings of unifoyroitthe layer. Nine values are acquired
from each test wafer as difference between theageevalue of wafer and the specific value
in given site.

O
From evaluation of s-t-s
results it can be determined th: O
the process settings doordo | @) ®)
not affect the uniformity (i.e. o o)

the process is on this level
dependent on settings or the
process at this level is
determined by physical
characteristics of the reactor for
example).

THK (RS) s-t-s = AVG THK(RS) —
THK(RS) site

Picture 5.8.: Definition of s-t-s parameters
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6. Evaluation

6.1. Evaluation — run to run

1 = TEWMP | TEMP | PHS | PH3 |FURMWACE | FURMACE | stdev2? | stdew2?
o RUM top bt top bt thk avg rs avgy thk rs
1 [DOEDSE_1 555 555 14 14 5,339 220,727 313 9,299
2 (DOEDE_2 555 555 14 14 5 BEY -20512 3,065 9,460
3 [DOEDS_3 549 561 16 12 -28 622 9,284 12 452 4741
4 (DOEDS_4 549 549 16 16 -2 067 -12,108 4 854 5,856
5 [DOEDE_S 561 549 16 12 36,394 -45 693 15,167 | 19,508
B [DOEDS_6 549 SE1 12 12 -29 956 1917 12 601 5,230
7 (DOEDS_F 549 549 12 16 1 456 =551 4 850 5,034
& [DOEDS & 561 549 12 12 42 400 -48 921 176768 | 21,294
9 (DOEDS 9 549 549 12 12 -2133 -22.988 5,338 | 10,651
10 |DOEDS_10 549 SE1 16 16 -29 056 2 661 12223 2657
11 |DOEDS_11 561 SE1 16 12 9 306 -258,201 5,287 | 12942
12 |DOED3_12 561 549 16 12 39 967 -32,801 16,346 | 13,995
13 |DOED3_13 561 561 12 16 18 467 -12,441 11 288 9,376
14 |DOEDS_14 561 SE1 16 16 12,200 AT ST 9,239 5,979
15 |DOEDS_15 561 SE1 12 12 13,575 -29 428 9,547 | 14857
16 |DOEDS_16 561 549 12 16 45 211 -30,251 19,056 | 13,659
17 |DOED3_ 17T 549 561 12 16 -26,033 10,810 11 065 6,345
18 |DOEDS_18 549 549 16 12 -5,789 -24 442 5,395 | 10,654

Picture 6.1.: Run to run — data set
Output parameter = FURNACE thk avg

Hypothesis:

The THK profile along the furnace can be sdy@sing TEMP (top & bot), without
significant effect of PH3 (top, bot). This is besauhe deposition rate is dependent on
temperature and concentration of precursors, lanesflow is fixed and phosphine flow and
phosphorus deposition plays a minor role due ttixedly low volume of deposited
phosphorus.

FURNACE thk avg ¥ Effect Tests

Interactions are Source  Mparm  OF Sumof Sguares  FRatio Prob=F
not significant. TEMP top 11 72785044 4200276 = 000M*
: TEMP hot 11 29732493 1715801 =0001*
Accord_lng to the PHE tap 11 506182 292107 0,0001%
analysis of model PH bat 11 375444 218661 00005

without interactions ¥ Effect Details
temperatures TEMP ¥ Scaled Estimates
top and TEMP bot arelf » ~ pediction Profiler

significant factors 0] .
while in this case PH3l £ = = 2 2] EPCR
L — el s bt A T A [ A
top and bot are less Eergl o et e e et
. apr E = oo !3_20: a . .
significant. ] ; ;
-4D_III;IIIIII;IIIIIIIIIIIIIIIII
[ I V) B O O p O ¥ e ¥ O B O e Ot e T ¥ R
T | o E YR S = S
_ I A T
Picture 6.2.:FURNACE 555 555 14 14
thk avg without TEMP top TEMP bot PH3 top PH3 bot

interactions
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Conclusion:
FURNACE thk avg can be set only by TEMP andatsignificantly dependent on the
PH3 setting (the thk profile is not dependent anRiH3 top and PH3 bot setting).

Output parameter = FURNACE rs avg

Hypothesis: ¥| Effect Tests
Interactions are not Source  Mparm  DF  Sumof Sguares  F Ratio Prob= F
i St it TEMF tap 11 22954662 71,9886  <,0001*
Slgmflcant' Resistivity I_S TEMP bt 1 13B2561 43421 =0001%
determined by phosphine PH3 bot 1 4369105 137020 00024+
flow and temperature. ¥ Effect Details

Temperatures determine ¥ scaled Estimates

deposition rate. Phosphine |~ prediction Profiler
flow affects concentration 20
of phosphorus in the film. i

]
|

FURNACE
rs avyg
17,3372

2 675327

'

=

[}
|

Conclusion:

According to the .
analysis of model without
interactions temperatures
TEMP top and TEMP bot 555 558 14

. i . TEMP top TEMP hat PH3 bat

are significant factors while
in this case PH3 bot is lessPicture 6.3.:FURNACE rs avg - Temp top, Temp bot ad PH3bot
significant.

PHS3 also affects growth rate and mainly phospé concentration in the deposited layer.
The reason why only bottom phosphine flow is affegthe parameter is probably the

physical characteristic of the tube and the gatsnone inlet is through injector and one by
the flange).

| L
[T BT R =]
'EE%BJ‘—‘—‘—‘—‘—‘—‘—
[}

347 5
iy
22,0
o7 [ /R
557 5
aE0
;e
S50
332,95

Output parameter = STDEV27 THK

Hypothesis:

Standard deviation of THK in batch is not aefézl by values of set parameters (constant
and smallest possible).

According to the STDEV27 thk model, interan8SGEMP bot* PH3 top, TEMP bot* PH3
bot a PH3 bot* PH3top and factorEMP bot a PH3 bot are not significarurther, from the
STDEV27 thk analysis, it can be seen, that theereauint (marked red) is different from the
predicted values and widens the confidence intefivak points to non-linearity of the model.
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*| Actual by Predicted Plot

20
=
.
154 J
5 2 .
i3 -
= oy g
& Em— P
5 m
T I. T T
5 10 15 20

Stolev27 thk Predicted
P=0,1988 RSq=0,73 RMSE=4 0452

Summary of Fit
Analysis of Variance
Lack Of Fit
Parameter Estimates
Effect Tests

Source Mppatm
TEMP top

TEMP kot

PH3 top

PH3 bot

TEMP top*TEMP hat
TEMP top*PH3 top
TEMP top*PH3 bat
TEMP hot*PH3 top
TEMP bot*PH3 bat
PH3 top*PH3 bot

¥ Effect Details

¥ Scaled Estimates

1 v v v w

DF  Sumof Sguares

1

1
1
1
1
1
1
1
1
1

83,89960
0,30290
287024
0,03825

189,11933
508367
1,20728
0,26323
022122
031415

F Ratio
5,1248
00189
0,1753
0,0023

11,5518
03105
0,0737
0,0161
00135
00192

Prob = F
0,0580
0,3944
0,6580
0,3628
0,0115¢
0,5947
0,793
0,9027
09107
0,3937

*| = Prediction Profiler
20 ;

-]
15|

stoev2?
thk
1013016

595

TEMP top

Picture 6.4.: StDev27 thk with interactions and ceter point

+ ¥ Effect Tests
Source MNparm  DF Sum of Sguares F Ratio Prob=F
TEMP tap 1 1 3397083 2264957  =,0001*
TEMP hat 1 1 071677 1,6247 02347
PH3 top 1 1 197241 50213 00751
PH3 bat 1 1 027017 06575 04447
TEMP top*TEMP bot 1 1 19921338 507 1501 =,0001*
TEMP tap*PH3 tap 1 1 354458 90237 00300
TEWP top*PH3 bot 1 1 3260358 §,3511 0,0342*
TEMP hot*PHS top 1 1 0,02020 00514 05296
TEMP hot*PHS bot 1 1 0,06034 01536 07113
PH3 top*PHS bat 1 1 0,02424 00817 08137
+ M Effect Details
+ ¥ Scaled Estimates
+ ¥ ™ Prediction Profiler
20 :
[} '
SO R P I S
85 = Qnd T oawE T
=] H H
59 H H
PP PP T LRy AR
BrEYEYEETHYEYE
D 555 14 14
TEMP top TEMP ot PHZ top PH3 bot

Test model without interactions and
non-significant factors. Exclude center
point.

After exclusion of non-significant
factors and interactions and center point it
is obvious, that the value of stdev27 THK
is most dependent on value of TEMP top.
Values of TEMP bot and PH3 bot are set as
constants in the profiler.

Conclusion:

a) Model is non-linear

b) TEMP top has a significant effect
on the THK variability in batch (lowest
setting of TEMP top preferred)

Picture 6.5.: StDev27 thk without center point — nercower confidence intervls
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7= Response stdevy re Output parameter = STDEV27 rs

¥| Actual by Predicted Plot

2 Hypothesis:
e Standard deviation of RS in batch is not
ST 2SN affected by values of set parameters (constant
Ry and smallest possible).
Y R Interactions are not significant. Also the
- PH3 factor seemed not significant. Full
¥ Analysis of Variance model with center point is easy to evaluate.

¥ Lack Of Fit

¥ Parameter Estimates

Conclusion:

¥| Effect Tests .
Source Mparm  DF  Sum of Sguates F Ratio  Prob=F ACCOfdlng tO the reduced mOdel, the
oo 4 o nems omen remaining factors are approximately equally
o {1 s tesee opee significant. TEMP top has a significant effect
St S o ol ot on the Rs variability in batch (lowest possible
Ebbemete 1 1 orsie opse opeer TEMP top preferred).
TEMP bot*PH3 bot 1 1 957747 24112 0,1644
PH3 top*PHS kot 1 1 0,02594 0,0063 09355

¥ Effect Details
P Scaled Estimates

¥ = Prediction Profiler

20
15
10

stdev2? re
954213
1181815

wn
1

Picture 6.6.: StDev27 rs with interactions

¥| Effect Tests
SOUrceE Mparm DF  Sum of Squares F Ratio  Prob=F
TEMP top 1 1 21891409 554941 =0001*
TEMP bt 1 1 5173305 156504 00014*
PH3 bat 1 1 5550756 14,0710  00021*

¥ Effect Details
¥ Scaled Estimates
¥ = Prediction Profiler

20

stdev2? rs
1004213
+1,01134

(=7 IR L

R T TR T e T s st A I
S T L T A
BT HPEYERYEYEYE
555 555 14
TEMP top TEMP bot PH3 bot

Picture 6.7.: StDev27 rs — Temp top, temp bot andH®B bot factors only
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6.2. Evaluation — wafer to wafer

a4 =]

) RUH wf thop thot phitop | ph3bot tkh avg rs avg stdevi thk stdevid rs
1 [DOEQS_A 1 555 555 14 14 | 157 544444 | 85 6522222 | 0,76992063 | 1,37176691
2 |DOEDS_ 2 255 255 14 14 | 188 277775 | 85 4044444 | 0 71024253 | 1 32619562
3 |[DOEDS_ ] 555 555 14 14 | 153044444 | 100,5354444 | 1 49925905 | 35,325817955
4 |DOEDS_ 4 255 255 14 14 | 182977775 | 100,315559 | 1,54901402 | 3310735655
5 [DEQS_ a3 955 955 14 14 | 151 ,555559 | 106 424444 | 2 05473266 | 4,350742124
B |DOEQS_A =] 555 555 14 14 | 181 855556 | 106116667 | 2 05128686 | 3 93622629
¥ | DOEQS_2 1 255 255 14 14 | 183511111 84 72333535 | 0,75405307 | 1 70554244
g |DOEDS_2 2 955 955 14 14 | 153166667 99 51 1,562549965 | 3 65255242
9 |DOoEQS_2 3 255 255 14 14 | 182,544444 | 105 2355565 | 217492015 | 4,53747151

10 (DOEQS_S 1 S48 SE1 16 12 | 166 422222 | 97 953353335 | 0,7/3756479 | 360679913
11 [DOEQS_3 2 549 561 16 12| 181 122222 | 951377775 | 1,0521427 | 275424571
12 |DOEQS_3 3 249 S61 16 12 | 196,244444 | 55 6655559 | 2, 055726335 1., 20408914
13 [DOEOS_4 1 S49 S49 16 16 167 | 57 0166667 | 0O,76645549 | 1 262606435
14 [DOEOS_4 2 549 549 16 16 | 177 522222 | 89 4277775 | 1,52543254 | 253102142
15 |DOEQS_4 3 249 249 16 16 | 169 066667 | 99 1255556 | 1, 93132079 | 332161147
16 [DOEQS_S 1 SE1 549 16 12| 205444444 | 72 3066667 | 063027772 | 1,18301522
17 |DOEQS_S 2 S61 249 16 12 | 205911111 T2,5255559 | 0,70953363 | 1, 3445765655
15 [DOEQS_S 3 S61 S48 16 12| 153 444444 | 595,1555559 | 1,300106535 277706435
19 [DOEQS_S 4 561 549 16 12 | 183 466667 | 95 44220200 | 1, 29903511 309345995
20 |DOEQS_S = S61 249 16 12 | 169277775 | 119144444 | 1 G00607S2 | 4 09301573
21 [DOEQS_S G S61 549 16 12| 1692585559 | 119077775 | 1,5775335324 | 4 5435321455
22 |DOEQS_6 1 249 S61 12 12 1724 | 106, 77777S | O,74330344 | 2 32044057
23 [DOEQS_B 2 S48 SE1 12 12| 183, 566667 | 113544444 | 1,39910656 | 4,91 353007
24 [DOEOS_E 3 549 561 12 12| 202355556 | 105 694444 2513519 | 541516646
25 |DOEQS_T 1 249 249 12 16 | 174166667 | 106 866667 | 0,69252032 | 1 76776695
26 [DOEOS_F 2 S49 S49 12 16 | 152922222 | 105,530353355 | 1,64603902 | 4 55259267
27 [DOEOS_T 3 549 549 12 16 | 172711111 112377775 | 21502583558 | 5 ,23683535
28 |DOEQS_S 1 S61 249 12 12 | 214 566667 | 55 2422222 | 076974022 | 1 90099525
29 [DOEOS_S 2 SE1 549 12 12| 250333535 | 8§5,3522222 | 0,70173344 | 1 ,92514141
30 |DOEQS_S 3 S61 249 12 12 155,77 | 119122222 | 1,56204994 | 4 S5026069
31 [DOEQS_S 4 S61 S48 12 12| 1853811111 NS, 7F7vevS | 1,65260737 | 522571546
32 [DOEOS_S =1 561 549 12 12 1722 | 138 866667 | 1,71973835 | B 54951203
33 |DOEQS_S 5 S61 249 12 12 1726 137 6 | 1,81865335 | 696130127
34 [DOEDS_S 1 549 549 12 12| 174 766667 | 106911111 0,712390354 | 204966122
— DiOEQS_9 2 249 249 12 12 | 186411111 115 377775 | 1,51694137 4 .4515461
6 |[DOEQS_9 3 S48 S48 12 12 176,9 128949 | 1,52071415 | 6,34231519
37 [DOED3_0 1 549 561 16 16 | 165422222 | 90,055853589 | 0,69241927 | 1 01526406
38 |DOEQS_10 2 249 S61 16 16 | AFSATFFFS | 91,18333533535 | 1,38273079 | 227054509
39 ([DOEDS_10 3 S49 S61 16 16 | 194 47777S | 67, 3977775 | 244273299 | 257194959
40 (DOEQS_11 1 S61 S61 16 12| 202411111 73,53644444 | 0,71492035 | 1,10763029
41 |DOEDS_11 2 S61 S61 16 12 | 202455559 | 73113333353 | 0,75240356 | 1 43571411
42 [DOEDS_11 ] SE1 SE1 16 12 1825 | 96, 9055559 | 1,18953773 | 253547552
43 |DOEDS_11 4 S61 S61 16 12 | 182,522222 | 94 4455556 | 1,33208275 | 2926410359
44 (DOEDS_11 a3 S61 S61 16 12| 1892 466667 | 102713335 | 2,12602916 | 4 07615954
45 [DOEQS_11 =] 561 561 16 12| 193522222 | 102 166667 21075921 4 44662794
46 |DOEQS_12 1 S61 249 16 12 | 205055559 | 721177775 | 05335065334 | 1 09676545
47 (DOEDS_12 2 S61 549 16 12| 180,4335353535 | 92,15335335 | 1,77904469 | 2 78505175
45 |DOEQS_12 3 S61 249 16 12 | 165122222 | 104915559 | 1,57001155 35671713
49 (DOEQS_13 1 SE1 SE1 12 16 | 212444444 | 55 3566667 | 0,71255525 | 1,94253942
50 (DOEDS_13 2 561 561 12 16 | 186511111 107 926667 | 2 05033057 | S 56573445
51 |DOEQS_135 3 S61 S61 12 16 | 193977775 | 100,527775 | 2,90550244 9,5951757S
52 (DOEDS_14 1 S61 S61 16 16 | 203211111 ¥3,343333353 | 0,72705647 | 0,855606659
53 ([DOEOS_14 2 S61 S61 16 16 | 151 444444 | 91 9011111 1,60036752 | 275960343
S4 |DOEQS_14 3 S61 S61 16 16 | 191 011111 a0 72 25550453 | 3283922965
55 [DOEQS_15 1 SE1 SE1 12 12| 21 577775 | 55,9944444 0,7412452 | 1 86557741
S6 |DOEQS_15 2 S61 S61 12 12 | 1858,355556 | 115,6585559 | 1, 46308643 | 509539299
57 [DOEQS_15 3 S61 S61 12 12 195 | 115422222 | 2 453596055 | 5945932502
55 ([DOEQ3_1E 1 561 549 12 16 | 213 566667 8816 | 0,766458549 | 1 59967966
59 |DOEQS_16 2 S61 249 12 16 | 185511111 105 543355 | 2,276735451 5, 358452576
60 [DOEDS_16 3 S61 549 12 16 | 165,355556 | 115411111 21532409 | 607092542
61 |DOEQS_17 1 249 S61 12 16 | 171 ,9555565 107 ,5 | 0,74349027 | 1 93067346
g2 [DOEQS_17 2 S48 SE1 12 16 | 152 ,544444 | 106 652222 | 1,54466197 | 4 94457725
63 [DOED3_17 3 549 561 12 16 | 197 ,9588559 9699 | 287725757 | 4 81011694
64 |DOEQS_15 1 249 249 16 12 | 168, 377775 | 854577775 | 0,74962954 | 1 00441249
55 [DOEDS_15 2 S49 S49 16 12 | 150,955559 95 49 | 1, 327065862 | 2 405562635
66 [DOEQS_A15 3 549 549 16 12| 174166667 1129 | 161400124 | 3593339672

Picture 6.8.: Wafer to wafer evaluation data set
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Output parameter = thk avg v/ = Least Squares Fi

¥ = Response tkh avg
¥ Actual by Predicted Plot

HypotheSIS_ 4 Summary of Fit

¥ Analysis of Variance

Interactions are not significant. Temperature ¥ Lack Of Fit

¥ Parameter Estimates

affects the deposition rate the most. N ——
Most significant factors are TEMP top and

TEMP bot. PH3 top is less significant. P Efect Details

¥ Scaled Estimates
¥~ Response rs avy

COﬂC' USIOI’\ ¥ Actual by Predicted Plot

4 Summary of Fit

THK is mostly affected by temperature. The PH  » sy rvariance
top flow affects growth rate less than temperature| ;o
PH3 top flow affects the thk avg due to physical *(Effoct Teats

Source Mparm DF Sumof Squares  FRatio  Prob=F

characteristics of the tube. fp 1t tswse osme o

1 3312420 21345 0,492
ghtop 11 41657230 26,8431 <D00*
ph3bot 11 6510543 41953 00448

¥ Effect Details

Output parameter = rs avg ¥ Scalod Fstimates

¥| = Prediction Profiler

210+

Hypothesis:
Interactions are not significant.
PHS3 top and bot are most significant.

1809

1851278
+2 878055

thh avg

a70d 7

130+
1o
¢ 904

70+

rsavg
99 56037
317432

PHS3 top is the most significant factor. PH3 iso
less significant.

Picture 6.9.:Thk and rs avg-no interactions
Conclusion:
PH3 top flow affects Rs the most. Again, likghk avg, this is due to characteristics of
reactor tube (top phosphine inlet — injector, bottoy flange).

= Response thK s-t-s

6.3. Evaluation — site to site

Hypothesis:
Interactions are not significant. :
None of the factors is significant. I SR

thi s-4-5 Predicted
P=0 9982 RS=0,00 RMSE=1 5255

All factors have approximately same low ) Summany of i

significance.  Anolyl o Yariancs
¥ Parameter Estimates

Conclusion: T e

Profile across the wafer is not affected tdes. I N
It is affected by the character of reactor. Sirnee t o i 0 G oo e
profile of values across the wafer is not affedigdhe ~ wwet  + 1 some o o
input variables (as seen in Prediction profilery it s 1 1 ok orers oosss
possible to determine the approximate charactérepf | ffecteut
wafer surface. F{EPeitoe Ples

As seen on the picture below a table was edeat 7 . i i i i
binding together the location of site on wafer iy ¥ihassggg coieeEe i
axis) and mean of site to site measurement. - i

Picture 6.10.: Thk s-t-s — all interactions
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B8 thics-t-s avg pro contour. plot

¥ = Contour Plot for Mean of sts {all data) withk s-ts avgproc || 4 ¥ Mean of stz
T Legend ¥ Contaur Plat o SITE (all data) Xo|w
E 1[4 2,31 0| B3
a0 Mean of s-t-s (all data) 22 088 | 65 0
be ] PR 3(3 019 1] 0
B .- 4 500 ¥ Columns () 4[4 094| 65| 0
> o4 ==-1,000 k. SITE 5|5 1,54 0| 65
== 0,500 Al Mean of st-= (all ¢ E|6 09| 23| 23
o <o i I TEEE
50 W <= 0,500 als 00| 2] 2
B == 1 000 :
75 : : . : : B - 1 500
75 80 .28 0 25 50 75| HEM-q 500
¥

Picture 6.11.: Distribution of thickness across thevafe-r surface

The gas flows from the injector towards theetwall where it splits into two flows
circling the tube therefore the amount of phospliiniae area of the tube is distributed
unevenly more to one side of the tube. From theéazorplot above we see, that the
hypothesis is correct. This hypothesis is just spiate o knowledge to further understand
the process and all possible details that cantestexh processes.

6.4. Overview

Plan

Output parameters

THK target 180nm

RES target 80ohm/sq

stdev27 THK, RS i.e. in lot minimal
FURNACE (thk1 - thk3), (resl-res3) inlot =0

The first output parameter to be evaluated is tiesk. Robust target can be set for thickness
as seen below. Thickness is determined mainly fopésatures. Also silane flow has a strong
effect on thickness but this value is fixed. Uslihg desirability function of the prediction
profiler the ideal setting for target value canfiaend. See below the demonstration of
desirability function of prediction profiler.
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5’[ Parameter Estimates

Term
ttop

thot

(ttop-555 BET*thot-554 775

phiatop

(ttop-555 BET 1 phidtop-14 4444)
(thot-554 778 phistop-14 4444)

(top-555 BET *thot-554 7781 (ph3top-14 4444
phisbot

(ttop-555 BET 1 phidhot-13 62967
(thot-554 778 ph3hot-13,6296)

(ttop-555 BET*(that-554 77E1*(ph3bot-13 6296)
[ph3top-14 44447 ph3bot-13 296
(top-555 BET 1 phidtop-14 44447 (ph3bot-13 6296)
(thot-254 778 ph3top-14 44447 (ph3bot-13 6296)
(top-555 BET *(that-554 7YE*(ph3top-14 44447 ph3bot-1 3 6296

¥ Effoct Tests

’[ Sonted Parameter Estimates

P Effect Details

Estimate
1 0522629

05817509
-0,005039
-1 304275
-0,005315
-0,021559
-0,002521
-0,330075
00500317
-0,010052
-0,004353
01145252
0,01 BE3EF
-0,009926
-0,0024 76

Std Error t Ratio

0121008

041916
0,015902

0,20551
0,0544539
0,053809
0,008811
0,393851
0061804
0067135
0,010515
0173053
0,027432
0,029435
0,004656

8,70
4,35
027
535
0,10
0,41
0,33
054
0,31
0,15
042
0,56
0,51
0,34
0,53

Prob: |t
=, 0001*

=,0001*
0,739
=,0001*
03222
0,5542
0,7433
0,4023
041580
0,3510
06769
10,5084
0,5432
0,7361
0,5951

5’[@ Prediction Profiler

200

thk
185 6777
+0,995447

—
o
=]

—
o
()]

1
1

D esirakility
0563783

thiot

Picture 6.12.: Desirability function demonstration

From what has already been shown above tidest that setting the thickness to the
target value is not a problem. But once resistivdjues are more closely inspected a problem

arises.
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Picture 6.13.: Robust target of rs can not be set
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Robust target of Rs can not be obtained ftosdxperiment. From this graph it is obvious,
that too little wafers are under target in Rs. Bhase, as can be seen from next graph, only
wafers from the bottom position. This makes DOEabasion with only these values
impossible, therefore there are to be executed ettgeriments described below.

It can be seen from this graph, that the ogitgetting of PH3top should have been set
higher.

*| Fit Y by X Group

¥| '~ Bivariate Fit of rs By ph3top
160

150
140

1304
1204
110
© 100 -]

= —Linear Fit

¥ Linear Fit
rs = 158,79152 - 4,1608269 ph3top
¥ Summary of Fit
P Lack Of Fit

4 Analysis of Variance

P Parameter Estimates
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phahct
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¥ Linear Fit
rs = 115,40204 - 1,1459325 ph3bot
¥ Summary of Fit

¥ Lack Of Fit
4 Analysis of Variance

¥ Parameter Estimates

Picture 6.14.: Dependency of rs on PH3bot

6.5. Evaluation —conclusion

The PH3top values are selected too low toateist target value of resistivity.
Nevertheless information about the process have gathered and now it is much easier to
determine the range of values for PH3top. Sincether variables are well chosen and the
robust target can be accomplished by only chaniied®H3top setting, the easiest possibility
to continue the experiment in order to acquire lidetings and on the other hand not waste
time and material with a new DOE is to execute &ADtest (one factor at time).

6.6. One factor at time

To acquire a robust target in resistivitysinecessary to choose higher values for PH3top
factor. Five additional tests are planned to exetue OFAT analysis. The PH3top flow is set
at 12,14,16,18 and 20 sccm. Also the output tefcgerte5|st|V|ty is changed Technology

engineer lets the DOE team know that new, lesg===--

strict target is to be accomplished. The new targ|£K1 wes|  =es| 12] 1B
is between 70 and 100 ohm/sq. Even so it is IK2 255 255 14| 1B
necessary to execute the OFAT since the K3 555 555 16| 16
resistivity has to meet the target in the whole | zka 555 555 18| 1B
batch. During the prior DOE the RS values TKS 555 55| 20| 18
sometimes touched the 150 ohm/sq border.
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TEMP | TEMP | PH3 | PH3

Plan
RUH top | bot |top | bot | iout parameters
DOEDS_1 555| 555| 14 14| ThK target 180nm
DOED3_2 335 555 | 141 14| RES between 70 and 100 ohm/sq
DOED3_3 244 261 16| 12| stdev27 THK, RS i.e. in lot minimal

DOEDS_4 549 5459 | 16| 16, FURNACE (thk1 - thk3), (resl-res3)inlot=0
DOED3_S 561 49| 16| 12

DOEQ3_G 549 561 12 12 o
DOEDS 7 c4q| 543! 12| 18 The new data set for evaluation is addedeo th
DOED3._8 - =ag| 12| 12| ©0ld DOE data set. New values are shown in picture.
DOEQ3_9 544 s4a | 12| 12 : . .
DOEDS_*IIII c1a =y PP Next thing to do is to test the possibility of

= setting robust target for resistivity.
DOED3_11 561 561 16| 12

DOED3_13 361 =81 12| 18| the distribution of v s
DOEDS_14 561 561 16| 16| RS values can be
DOED3_15 61 561 12| 12| inspected. The fact 1504

DOED3_16 561 s49| 12| 1g| mustbe keptin 140 -
DOED3_17 z4a| 61| 12| 41g| mMind thatthe old .

. . 13|:|_
DOEQ3_18 z4a| 43| 18| 12| dat@aisstill present ]
in the data set. This 120

1
-
T

K1 555 sss | 12| 18 . :
v e sl 14l 18 shifts the median 110
of distribution to ]
il G 255 255 16 16 hlgher values. 100
K4 555 sss| 18| 1B a
7KS 555 55| 20| 16 .
80
Picture 6.16.: DOE + OFAT data set 04

After one way analysis is done it can be said tivget can | Quantiles
be set. This is just an approximation. More detziisie out 100.0% maximum 144,30

of the prediction profiler. 95.5% 144,34
97 5% 134,63
90.0% 117,90
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6.7. Setting the optimal values

To finally acquire some results from this effibis necessary to have some output. In this
case the output is the final setting of a mach# san be qualified and start production. At
this point all the work is practically done. Lard@ata sets are measured, collected and sorted.

The process is described to a point whergtédiction profiler is precise enough to
determine very well the input parameters in ordenaintain good output from the process.
Here the desirability function is put to work. Qe tpicture below the usage of desirability
function is shown. Target value of 80 ohm/sq wascsed from prior target.

1

";’[ Sorted Parameter Estimates ]
Term Estimate Std Error 1 Ratio Prob=jt|
phdtop  -3822856 020289 -15:54 =,0001*
phsbot -1 740944 0283744 614 | =,0001*
thot 0421949 0089541 4.7 \T_ =,0001*
ttop 0285415 O0NMTEF -3 0,001 3¢

¥ Effect Details

‘9[@ Prediction Profiler

150 :

1303
1103

L a0

703

—

(=
80,2571
+2 08529

I\]—.‘_ —_
o
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0999176

= —
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e L T IR TTLTTT L AL A A A S A A N
= W o = L o - = = = O = = = = [ T T
Ly b L L LY R T} L o) o}
555 BET 554 778 19,2 13 B296
ttop thiot ph3tap ph3kbot Desirability

Picture 6.19.: Determining the PH3 flows to deternmie ideal settings for rs target

Other such desirability estimations were exaddor optimal setting of thickness and
uniformity. From this profiler recommended valwesre acquired and then used for
verification runs. Three settings were tested is thase and one came out as ideal for the

process.

The final setting is:

Top zone temperature 555,6 C
Bottom zone temperature 554,8 C
Top phosphine flow 19,5 sccm
Bottom phosphine flow 13,6 sccm
N2 top and bottom flows 200sccm
SiH4 top and bottom flows 400 sccm
Middle zone temperature 555 C
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Table 6.20.: Verification runs

OV_RUN1

OV_RUN2

OV_RUNS3

OV_RUN3B

THK |RS THK |RS THK |RS

T50- T50- T50-

12 |179,9|74,75|11 176,7| 86,8|10 175,3| 96,23] ttop 555,7
181,7 | 74,49 176,6 | 87,27 177] 94,02 thot 555,9
181,7 (74,24 178,6| 88,33 178,7| 94,05 | ph3top 19,55
180,7 | 74,83 179.6| 87,9 180,6 | 96,41 | ph3bot 14,9
181,8 | 74,91 180,4| 81,74 181,7| 96,27
181,2] 72,26 177,1| 84,64 176,8| 87,3

1817256 178,3| 85,36 178,1] 91,37
182,1 73,77 178,6| 85,88 179] 92,91
181,5]73,12 1795| 82,8 180,3| 90,62

T50- T50- T50-

15 |170,2|76,89 |14 174,1| 86,1313 184,4| 88,25 |ttop 553,4
171,9 76,89 174| 84,87 186,5| 86,35 tbot560
171,876,52 175,8| 85,39 188,1| 86,51 |ph3 top 19,5
170,8 | 76,99 176,5| 85,86 189,9| 88,2| ph3bot 14,75
171,8| 77,03 177,3| 8543 191,5| 87,67
171,4]74,77 174,5] 8151 186,1] 80,7
171,2]74,78 175,5| 82,76 187,3| 83,82
172,2]76,29 175,8] 82,76 188,6 | 84,41
171,7| 75,46 176,6 | 80,73 189,8| 82,43

T50- T50- T50-

19 174 72,96 | 20 175,8| 87,2921 178| 98,74/ ttop 555,6
175,8 72,77 175,8| 86,04 179,8| 96,7 tbot 554.8
177,2]72,52 177,4] 86,53 179,7| 96,9| ph3top 19,5
178,6 | 72,95 178,1| 86,84 178,7| 98,45 ph3bot 13,6
179,7 72,99 178,9| 86,34 179,8| 90,09
175,6 | 70,94 176,2| 82,54 179,3| 98,18
176,5 | 71,49 177,1] 83,77 179] 95,07
177,5|72,16 177,4| 83,36 180,1| 94,33
178,5] 71,58 178,2| 81,63 179,5] 91,97

T80-9 | 177|72,75|T80-8| 174,9| 86,15|T80-7 | 174,3| 96,57 | ttop 555,6
179,1[72,76 175,4| 85,23 176,7| 96,62 | tbot 554.,8
178,9]72,54 176,8| 858 177,9| 64,62 ph3top 19,5
177,8]72,91 177,3| 857 179,1| 94,86 | ph3bot 13,6
178,8| 73,01 178| 85,36 180,3| 96,39
178,5]71,12 175,7] 82,15 176,3| 96,19
178,1]71,59 176,4| 83,26 177] 88,71
179,3[72,64 176,9| 82,83 178,3| 92,09
178,7|71,78 177,5| 80,87 179,2| 92,98

Verification on 1800nm Poly-Si film, RG40406 production lot
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The reason why the target value is 180 nm andrtbedugtion wafers are deposited with
1800nm layer is purely economical. Behavior of dgjpan of 180nm thick film is similar to
that of 1800nm film.
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7. Conclusion

The first part of this project informs the dea about the CVD fundamentals in general.
The basic classification of CVD processes is maetibas well as basic physics and
chemistry essential for understanding of the pre.c&so the most common precursors in the
CVD process are introduced to the reader as vibk $asics of tube reactors or furnaces.

In the second part there is introduction ®dlesign of experiments, a complex tool for
statistical analysis. By means of DOE the procassing in COML1 is analyzed. From the
analysis the DOE for CZ4 WFAB is designed.

Our DOE plan:

N2 top and bottom flows fixed at 200sccm
SiH4 top and bottom flows fixed at 400sccm
Z2 temperature set to 555°C

Z1 and Z3 temperatures change

PHS3 top and bottom flows change

Process target

0 nm

e THK= %1
+ 8 ohm/sq

 RES=
Output parameters

 THK target 180nm
* RES target 80ohm/sq
e stdev27 i.e. in lot minimal
*  FURNACE (thkl - thk3), (resl-res3) inlot=0

In the chapter named “Our experiment desige’reader can find information on actually
designing own experiment. Wide range of informai®mcluded in this chapter including
loading and measurement patterns etc. Other vagalke introduced to assist us in deeper
understanding of the process.

Evaluation part of the thesis deals with theadyained from the prior experiment. Also the
reader is introduced to the concept of “one faatdime” analysis. At the end of this part the
ideal setting for the SVG VTR-7000 in case of prctcn of polycrystalline phosphine-doped
silicon.

The final setting is:
¢ Top zone temperature 555,6 C

* Bottom zone temperature 554,8 C
e Top phosphine flow 19,5 sccm
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Bottom phosphine flow 13,6 sccm
N2 top and bottom flows 200sccm
SiH4 top and bottom flows 400 sccm
Middle zone temperature 555 C

In this thesis we have undergone the prodegdias a new machine in the fabrication line
in the beginning and a qualified producing maclahthe end of the process. Since, as stated
above, precise machines such as a deposition fiala@ys have to be tuned and tweaked on
the site where these are to produce later on.
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