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ABSTRACT

DEVELOPMENT OF
ELECTROCHEMICAL ETCH-STOP TECHNIQUES
FOR INTEGRATED MEMS SENSORS

Ya nok, Gozde Ceren
M.Sc., Department of Electrical and Electronics Engimegri
Supervisor: Prof. Dr. Tayfun Ak n

September 2006, 184 pages

This thesis presents the development of electrochemicaktpttechniques (ECES)
to achieve high precision 3-dimensional integrated MEMS sensoils wwt
anisotropic etching by applying proper voltages to various regioisdicon. The
anisotropic etchant is selected as tetra methyl ammonium hydroXidé&H,
considering its high silicon etch rate, selectivity toward®,Siand CMOS
compatibility, especially during front-side etching of the chip/waf& number of
parameters affecting the etching are investigated, inclutimegffect of temperature,
ilumination, and concentration of the etchant over the etehafsilicon, surface

roughness, and biasing voltages. The biasing voltages for passitvet n-well and



enhancing the etching reactions on p-substrate are determin8cb¥sand -1.6V,
respectively, after a series of current-voltage charatiteexperiments. The surface
roughness due to TMAH etching is prevented with the addition of anumoni
peroxodisulfate, AP. A proper etching process is achieved usingt#d GMAH at
85°C with 10gr/It. AP.

Different silicon etch samples are produced in METU-MET fided to understand
and optimize ECES parameters that can be used for CMOS microbetemdhe
etch samples are fabricated using various processes, inclimingal oxidation,
boron and phosphorus diffusions, aluminum and silicon nitride layer deposition
processes. Etching with the prepared samples shows the depeatidre depletion
layer between p-substrate and n-well, explaining the reason gfdkimus failures
during post-CMOS etching of CMOS microbolometers from the frade.s
Succesfully etched CMOS microbolometers are achieved with bdekesthing in
6M KOH at 90C, where -3.5V and 1.5V are applied to the p-substrate and n-well
In summary, this study provides an extensive understanding of the fG&Ss for

successful implementations of integrated MEMS sensors.

Key words: Electrochemical etch stop technique, anisotropieteking, TMAH.
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ENTEGRE MEMS DUYARGALARI C N
ELEKTROK MYASAL A INDIRMA-DURDURMA
TEKN KLER GEL T R LMES

Ya nok, Gozde Ceren
Yuksek Linsans, Elektrik ve Elektronik MihendisIBolimu
Tez Yoneticisi: Prof. Dr. Tayfun Ak n

Eylul 2006, 184 sayfa

Bu tez silikonun cetli bolgelerine uygun voltaj deerleri uygulayarak slak
anizotropik a nd rma ile 3 boyutlu yiuksek kesinlikli entegre MEMS duyargatéde
etmek icin elektrokimyasal and rma-durdurma teknikleri getirilmesini
sunmaktad r (EKAD). Anizotropik and rc olarak, ozellikle yonga/pul’'un dnden
a ndrmas sras nda, yuksek silikon red rma oran, SiQye kar segicili i, ve
CMOS’a uygunluu g6z 6nunde bulundurularak tetra metil amonyum hidroksit,
TMAH, secilmitir. A ndrmay etkileyen andrcnn scakl , konsantrasyonu,
ve ayd nlat Imas gibi parametrelerin, r&d r ¢ n n silikonu a nd rma oran, ylzey
plrdzluld G ve uygulanan voltajlar Gzerindeki etkileri aralm tr. Bir sra

ak m-voltaj karakterizasyon deneyi sonras n-tipi kuyu bdlgesinitleksn ve

Vi



p-tabakada and rma reaksiyonlar n geliren voltajlar, -0.5V ve -1.6V olarak
srasyla belirlenmiir. TMAH a ndrmas srasnda olan yuzey puruzlGlii

amonyum peroksodisulfat, AP katlarak engelleimi 85°C’de, 10gr/lt. AP
kat Im %10 TMAH solusyonu kullanlarak uygun &adrma streci

gercekletirilmi tir.

CMOS mikrobolometrelerde kullan Imak Gzere, EKAD parametneilemlamak ve
en iyi ekilde kullanmak icin METU-MET tesislerinde ¢# silikon a ndrma
ornekleri Oretilmitir. A ndrma 06rnekleri termal oksidasyon, boron ve fosfor
difuizyon, aliuminyum ve silikon nitrit serme gibi sirecler kullamaka tretilmi tir.

A ndrma oOrnekleri ile yaplan adrmalar daha ©Onceden yaplan CMOS
mikrobolometrelerin CMOS sonras 6ndenna rmalar s ras ndaki bar s z klar n
sebebinin p-tabaka ve n-tipi kuyu aras ndaki tikenbilgeye bal oldu unu
gostermitir. Baaryla a ndrim CMOS mikrobolometreleri 9€'de 6M KOH
kullan larak, p-tabakaya -3.5V ve n-tipi kuyuya 1.5V uygulayankadan yap lan

a nd rma sureci ile sdanm tr. Ozetle, bu calma entegre MEMS duyargalar igin

baar| EKAD slreci uygulamay genbir gcercevede anlatmaktad r.

Anahtar Kelimeler: Elektrokimyasal ad rma-durdurma tekni, anizotropik slak
a nd rma, TMAH.
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CHAPTER 1

INTRODUCTION

The micromachining and Micro Electro-Mechanical Systems (MENMechnology
serves humanity in all aspects by means of automotive, defeioseedical, and
scientific applications. Every development in MEMS advanttes efficiency,
availability, performance, and implementation of MEMS deviaas] therefore,
directly affects the quality of life of the mankind. Resbars gather the knowledge
and utilize them in fabrication of microstructures. Every nedeaxtends the limits
of design of microstructures for more performance and less etmstever, this also
brings enhancement to the fabrication techniques of the microstigjctuneh can

obviously change the point of view or the stipulated cost andrpeaihce.

The principal issue in fabrication is to have a reproducible ggsycwhich is
especially substantial for batch production. Every issue aboptadlcess parameters
should be considered before exposing the devices to the processeswiseihe
great loss of time can come across to the engineers, dsasvéluge financial
problems. Therefore, the optimization of the fabrication protess “must” on

microstructure fabrication.

One of the most important MEMS processes that needs a precisgzaptn is the
wet anisotropic etching process of the silicon. The wesoamipic etching process is
a key technology to fabricate various important MEMS sensorke i
microbolometers, pressure sensors, and gyroscopes. The procesaggressive

process towards its target, and determining the end point ofdhieg reactions by



etch stopping techniques is very critical for a reliable aspraducible device

fabrication.

This thesis presents the studies done for extensive understanding BCHfe
processes for successful implementations of integrated MEMSEs. A number of
parameters affecting the etching are investigated, inclutimgffect of temperature,
ilumination, and concentration of the etchant over the etehafsilicon, surface
roughness, and biasing voltages. Different silicon etch sangpkegproduced in
METU-MET facilities to understand and optimize ECES pararadtet can be used
for CMOS microbolometers. A stable wet anisotropic etching psoce developed

for proper application of the electrochemical etch-stop (ECE®ntque. This study
has allowed understanding and succesfull implementation of CMOS

microbolometers at Middle East Technical University.

This chapter is organized as follows: Section 1.1 explainsilibensas a substrate
and anisotropic properties of single crystal silicon with an expiam of the Miller
indices representation. It underlines the unique properties efatige silicon
which makes it useful for many microelectronic sensor strustur&ection 1.2
describes the wet anisotropic etching process including, etchimyibelon various
protection masks, etch stopping techniques, and anisotropic etchaatsion 1.3
reviews the enhanced microstructure examples fabricated bwgniketropic wet
etching process and the electrochemical etch-stop techniqueit andhmarizes
thermal detection mechanisms and microbolometer detectorstwittusal analysis
of the CMOS microbolometer previously developed at Middle Easthiical
University. Section 1.4 concludes this chapter with the relsedijectives and thesis

organization.



1.1. An Overview of Silicon

Silicon, with its magnificent properties, excites and welcoalethe creations in the
micromachining world. Its nature offers significant eleetki and mechanical
advantages [1]. Silicon is a suitable platform, on which eerts as well as
mechanical, thermal, optical and even fluid flow functions ¢&n integrated.
Mechanically, silicon is an elastic and robust material. theumore, it is a good
thermal conductor with conductivity approximately one hundred timeerldrgn
that of glass. This property of silicon is utilized a lotthe thermal detectors and
microbolometers. The low cost of these substances makesatim@ctive for the

fabrication of micromechanical components and systems

Silicon is a strong substance. MEMS devices become more ingblago shape
deformations during operation of the devices because of the high YdJndislus
of silicon. Its Young’'s modulus value can increase to 190 GPaljwhivery close
to of steel's), depending on the orientation of the crystalosilistructure [2-4].
Another feather of silicon that makes it unique among other mistei#’s highly

stress sensitive structure.

The properties of silicon vary according to its materialicitre. Silicon can be
grown in crystalline, polycrystalline, and amorphous forms. nrghous silicon,
atoms are randomly located. There is no order in the latfiddeoamorphous
silicon. However, it is used in wide electrical and industae¢as. It can be
deposited by Plasma Enhanced Chemical Vapor DepoSiB&CVD) systems.
Amorphous silicon is used in various areas like thin-film traosssimicrobolometer
sensors [5-7]. Polycrystalline silicon is formed with graimsch are individually in
crystalline from and has been used as the conducting gateahsteMlOSFET and
CMOS processing technologies. It can be deposited by Low ureeShemical
Vapor Deposition (LPCVD) systems [8]. Among polycrystallened amorphous

structures, crystalline silicon is in concern of the wetaropic etching process.



1.1.1. Crystalline Silicon Structure

Crystalline silicon has atoms in an arranged order. The ladtede can be defined
with the basic unit cell that is repeated periodically in3aflimensions. Generally,
examining the unit cell properties, placement and number of thasatiattice
constant, is enough to comment on the material. Figdrgives the unit cell of the
single silicon crystal. It is a cube, having a lattioastant of 5.43 [3, 4]. This
arrangement of atoms is also known as “Diamond Lattice Ueitabse of the same

characteristics that diamond crystal has.

Figure 1.1: The unit cell of crystal silicon with itdtlee constant [3].

The crystalline silicon can be grown from melted metallaiggrade silicon by
“Czochralski Growth” or “Flat Zone Growth” [2-4]. The meltedi®h is purified
and then, electronic grade silicon, which is used in micromaahiprocesses, is
formed in a long ingot shape. Another technique is the “Epita@aiwth
Technique[2-4]. The important point is that; the grown silicon takes #aEesame
characteristic of the below silicon layer during the “Exah Growth Process”.

Therefore, it can only be done over another crystalline siliyper]



1.1.2. Miller Indices

The unit cell of the single crystalline silicon can be examiaedording to its
crystallographic planes and directions by referring them seban&®, 4]. Miller

indices are used to represent these planes and directions. E@sgows some of
the crystal planes of the silicon unit cell. Following step®ashow to define the

Miller indices of a plane;

First, define the coordinates for the plane, y( z)
Then, take the reciprocal of each coordinatéx,l/y,1/z)

Finally, multiply the coordinates with the smallest common denatar of

the three reciprocals.y% , X%, x.yz )

[100]

(100)

Figure 1.2: Basic planes and their directions of theosilignit cell.

Since the silicon unit cell is a cubic structure, some plandstheir directions have
the same characteristic with each other. This makes defaridggrouping the

characteristic behaviors of the crystallographic planes henl directions easier.



Following notations are used to define these planes. A cdpisput on top of the

coordinate number to indicate the inverse coordinate.

(100): indicates the crystal planes.
{100}: indicates all the equivalent planes. The cube facethefunit cell

have the identical atom arrangements coming from the crygtainstry.

That is (L00), (010), (001), (iOO), (OiO), (OOi) are equivalent planes.
[100]: indicates crystal directions. The vector of the defineghelis
represented by the direction notation.

<100>:indicates all equivalent directions.

The angles between planes are important in designing the steuatio@rding to the
wet anisotropic etching process. Figure 1.3 explains the andiesdrethe defined
planes. Since the anisotropic etchants act selectively dsvaaientation, these angle

values define the slope of the outcome structure.

Lattice Constanta Lattice Constanta
D A—

\\
\\

L

The angle between (100) and The angle between (110) and
(111) plane is: = 54.7° (111) plane is: = 35.26°
() (b)

Figure 1.3: Notation of the angle between crystallographiseglaf (a) (100) and
(111) planes, and (b) (110) and (111) planes.



1.2. Wet Anisotropic Etching

The silicon bulk micromachining technology involves removing silicoomf
substrate in order to get 3-dimensional mechanical structured M, Different
etching techniques make it possible to etch the silicon substrate depth of
hundreds of micrometers and to obtain thin membranes, cantilenelsidges. The
primary tool used in achieving 3-dimensional devices with the bidkomachining
is the wet anisotropic etching process. Anisotropic etchahtsesectively towards
different orientations of single crystal silicon wafer, prodgci3-dimensional

structures with only a 2 dimensional protective masking layer.

The etch characteristic of certain etchants over the sorgkal silicon substrate
differs according to the crystallographic orientation of the satestsurface. The
etch rate of (111) plane is significantly low on the contrary of (&b@d)(100) planes
etch rates. Various explanations had been brought for this situatibnone is clear
enough. The common sense is due to the different atom density eurthee of
each plane. {111} has the highest atom density, and alsoh&édewest dangling
bond, which are defined as the non-complete covalent bonds [9, 10]. The
crystallographic planes expose different numbers of non-complete bontie t

surface. More non-complete bonds enables the etching and irsctieastch rate.

Figure 1.4 and Figure 1.5 give cross-sectional views of stioolaesults after the
wet anisotropic etching process of p-type <100> silicon samplesul&ions were
done in AniSe IntelliSuite 8.0 tool. Isotropic etchants attackplaities at the same
etch rate, on the other hand; anisotropic etchants make ancidgle® to the (100)
oriented substrate, which is the angle between (100) and (11&) pldhe same rule
goes for (110) oriented silicon samples. During the etching motks angle
between the (110) and (100) planes occurs as 45°. When (111) plaes&stice
angle between (110) and (111) can be measured as 35.26° [1-4].



The red line indicates
the borders of the mask

Figure 1.4: Cross section view of anisotropic etching prosesalation on (100)

oriented silicon wafer.

(b) )(c

Figure 1.5: Anisotropic etching process simulation on (110) orientiedrsiwafer:
(a) upper view of the (110) plane after etching. (b) Crossesedtview of (110)
oriented wafer during etching. (c) Cross-sectional viewla@D) oriented wafer at

the end of the etching.



Since the etching directions are dominated by crystallographiegldhe process
masks of the designed structures are needed to be arrangedractmttiese planes.
A dislocation of the mask may cause a deformation of the eegpetthed area. As
the etchant reaches to a more resistive plane, the etchgilicoh continues all the
way of this plane, unless etchant comes across to anothdiveepisine, which is

produced by the mask.

Figure 1.6 illustrates an example of a misaligned maskiyerland afterwards, the
outcome of the wet anisotropic etching process. The red sgsams the
boundaries of the masking layer. Side of the masking layer doesligoed
according to the (111) planes. Unfortunately, the dimensions and d¢ietatirof the
etched silicon are not compatible with the masking layers dimesisind direction.
The etching continued until the (111) plane resistance which wiaseedey the

corners of the square mask.

(@) (b)

Figure 1.6: Simulation of an anisotropic etching process withagkymmisaligned
according to (111) plane: (a) after short etching process andi€b)aiger etching

process.



Due to these effects, a round structure is impossible to obtdinthét anisotropic
etching process. An anisotropic etching process was carriednopttype (100)
oriented silicon sample with a round and a randomly shaped siligatenasks in
order to illustrate the outcome. Process is done in tetiayh@mmonium hydroxide
(TMAH) which is an anisotropic etchant. Figure 1.7 and Figure dlv@ the

outcomes of these experiments. Following structures were obtdieed dour of

etching process with 10wt.% TMAH solution. The thin silicorraté film is a
transparent material, providing to see the silicon surface thieiled he side walls of
these rectangles are (111) planes. It is also important taomehat the etching
reaction continues until the (111) planes intersect on a concage #dgny convex

edge occurs, then these edges are removed with high t&sh ra

The red circles indicate
the borders of the m

Figure 1.7: The outcome of the anisotropic etching process of a [jifypeoriented

silicon sample with a round silicon nitrade mask.
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Figure 1.8: The outcome of the anisotropic etching process of a ifyProriented

silicon sample with an irregular shaped silicon nitradekmas

The etch rate of convex edges is higher than any plane oniten slrface. The
high etch rate of the convex edges is an important feature fok whesign

parameters. Most 3-dimensional structures are designed aroodihis fast edge
removal feature. Cantilevers, bridges and thin membranebeaibtained easily.

Figure 1.9 demonstrates steps of the removal of the congese

11



Initial Shape After 1 hour

After £ hours After 7 hours

After 9 hours

Figure 1.9: Steps of the removal of the convex edges.

The removal of convex edges is illustrated with a silicohietcexperiment. The
experiment was done with a p-type (100) oriented silicon samplee etching
process took 30 minutes. Figure 1.10 shows the outcome of ther@pits@tching
process of p-type (100) oriented silicon sample showing the highragtebf convex
edges. The different etch rates of the crystallographiegsl of the silicon can also

be examined clearly.
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Figure 1.10: The outcome of the anisotropic etching process pftype (100)
oriented silicon sample showing the high etch rate of convexsedge

1.2.1. Anisotropic Etchants

Any solution, which has a larger pH value of 12, can be used as swotrapic

etchant. Main issues, concerned about an anisotropic etchartjgiretch rate of
silicon, high etch rate dependency of the crystallographic plameoth etched
surface, low etch rate of the masking material, compayibilith the CMOS process,

low toxicology and easy handling [11].

Anisotropic etchants are aqueous alkaline solutions which can toedinto two
groups, according to its main component: (1) inorganic aqueous soluliikas,
potassium hydroxide (KOH), Sodium hydroxide (NaOH), Cesium hydroxide
(CsOH), Ammonium hydroxide (N/DH), and hydrazine; (2) organic aqueous
solutions, like tetra methyl ammonium hydroxide (TMAH, #4NOH),

13



ethylenediamine (NK{CH;).NH;), and choline ((CksN(CH.CH,OH)OH) [2, 12].
Ethylenediamine is used in process with the addition of certain arnbwsater and
pyrocatechol. This compound is called EDP. Among these etcHatitaving
sections provides more information on KOH, TMAH, and EDP. Thedeaets are

mostly preferred in the wet anisotropic etching process aiglits.

1.2.1.1. KOH: Potassium Hydroxide

KOH has a high (100)/(111) etch rate ratio compared to TMAH and HDP
However, the etching selectivity of KOH against si©not high enough for making
SiO, as a masking layer for KOH etching processes. Instdmdnshitrate films are
preferred as a masking layer. Also, KOH is not compatilitle tthe CMOS process
since the mobile alkali ions contaminate the oxide layer. Towexeit is especially
preferred with backside anisotropic etching of silicon. If not ena@iggntion and
precautions are satisfied during the etching process, KOH cae bhundness [12].
However, KOH is easy to handle compared to EDP. Table 1€l ghe <100>
silicon etch rates in various concentration of KOH [9]. Thé e&tes of silicon are
highly dependent to temperature. Moreover, they also vary angotdi the

concentration of KOH solution.

Table 1.1: (100) oriented silicon etch rates of KOH solutions acuptdi different

concentrations and different temperature values [9].

Temperature
%KOH 60°C 70°C 80°C 90°C
10 0.425 um/min|  0.76 um/ min 1.36 um/min  2.33 um/min
15 0.4416 um/min 0.81 um/min 1.43 um/min| 2.45 um/mijn
20 0.445 um/min|  0.81 um/min 1.43 um/min  2.46 um/vrﬁin
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1.2.1.2. EDP: Ethylenediamine, Water & Pyrocatechol

EDP has a wide variety of masking materials like ;SiSsN4, Au, Cr, and Cu
[10, 13]. The process is far away from alkali ions contan@nati However,
pyrocatechol used in EDP is known as a very toxic and corrosiveiah§t@]. High
safety must be satisfied for the process engineer. Als@rtioess materials should
be kept separated from other materials and should not be mixed in amy othe
processes. The reason is that a vapor is developed as a side¢ guvohgcthe EDP
etching process. It leaves a dark brown residue on where itctont@leaning this
residue and sterilizing the process materials are somehovssibjg Furthermore,
it is very hazardous for health, if it is breathed. Therefbemdling EDP is very
hard, which makes EDP less popular among other etchants. INdgsst EDP
produces a smooth etched surface, which is a very important préiMesnrfaces
etched with anisotropic etchants [13, 14]. Also, EDP is @& bhoice for heavy

boron diffused etch stop techniques, as will be explained[lbd¢

1.2.1.3. TMAH: Tetra Methyl Ammonium Hydroxide

TMAH is the most popular etchant among others. The reason imgomostly,
from its compatibility with CMOS process [11, 15-17]. It daa easily utilized in
clean room processes. Furthermore, TMAH is not toxic, aisdessy to handle the
process [11, 16, 17]. The disadvantages that TMAH brought tprdoess are low
silicon etch rate, high aluminum etch rate, and rough silicon sudatcome [17].
These problems can be solved by adding the proper surfactant to the SoliAlen

at precise order. High aluminum etch rate can be lowered by ddpngMAH
solution with certain amount of silicon or silicic acid. Thefate roughness can be
prevented by adding surfactants like isopropyl alcohol or ammonium

peroxodisulfate. Si@can be a trustable masking layer towards TMAH etching.
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Furthermore, SN4 shows excellent resistance against TMAH, with an etah okt
nearly OA [12].

1.2.2. Etch-Stop Techniques

The main problem in the wet etching process is the precisehéss etch stopping
region. Critical structures always preferred to be etch#ddwy plasma etchants so
always etch-stop mechanisms can be controllable. In the nistr@pic etching
process, two etch-stop techniques presents this control to thesprengineers
[2, 4, 12]: (1) the heavily boron diffused etch-stop technique, andth@)

electrochemical etch-stop technique.

1.2.2.1. Heavy Boron Diffused Etch-Stop Technique

A heavily boron doped silicon layer is a barrier layer for anisotrefmbants. The
etch rates of crystallographic planes of boron doped silicon swbsisdrease
drastically starting at boron concentrations of approximatef§? t&° [10]. This
technique enables fabrication of 3-16um-thick thin membranes witn labffusion
in boron diffusion furnaces. It is also possible to obtain very trémbmanes of
200nm with the help of ion implantation process. A shallow, highlprb@oped
areas can be formed with precise ion implantation processes J18-&fure 1.11
shows a free-standing silicon processed microneedles produced Pyetebing
process with the control of heavy boron doped etch stop technique Hb®jever,
the heavily doped silicon degenerates and makes it impossible touctesectronic
devices on it. The electrochemical etch-stop technique extkisdproblem and

brings another point of view, as it is explained in nextigect
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(b)

Figure 1.11: Free-standing silicon processed microneedles produ&ddFbgtching
process with the control of heavy boron doped etch-stop technique &).9hear
“head-on” view of a free-standing microneedle, and (b) side \oéva whole

microneedle.

1.2.2.2.  Electrochemical Etch-Stop Technique (ECES)

The electrochemical etch-stop technique intends to control thingtprocess by
applying appropriate voltages to silicon surface; the etchindgioeaccan either be
stopped or be enhanced by biasing the silicon surface [9, 11, 1@yenfing the
etching reactions can be possible by oxidizing the silicon surfageplying the
precise voltage during the wet anisotropic etching process careexitk silicon
surface, which is called anodic oxidation. This technique catra the etching
reactions on phosphorus doped and boron doped regions of a silicon substrate,
separately. One can easily prevent etching reactions on-diffused area by
growing an oxide layer on its surface where it is exposed tettent, meanwhile;
enhancing the etching reactions on the p-diffused area by biasmgrteidually

at specific voltages. This technique is very common sinaod&s not have a
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drawback like the heavily boron doped etch stop technique. Howesehamism of
anisotropic etching and the applied voltage values should be detdrmiacisely,
and the variables of the etchant should be controlled welluré=it.12 and Figure
1.13 shows two microstructures formed by using electrochemical-s&iph

technique.

n- type diffused silicon layer

1868KLrm BO0E

Figure 1.12: 3D free space thermally actuated micromirrorihgramn four actuators
and four springs produced by etching process with the control of aelbemical

etch-stop technique [21].

Figure 1.13: Diode-based thermal RMS converter with on-chip tiycfabricated

using electrochemical etch-stop technique [22].
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The detailed investigation about the electrochemical etghisthnique is the main
theme of this thesis and covered in forthcoming chapters. & ohjective about
investigating variables of electrochemical etch-stop techngjieehave a successful,
controllable and a stable anisotropic wet etching process whichecased in the
production step of an integrated MEMS sensor. Therefore, an patiam of the
anisotropic etching process with the electrochemical etch-stbmigue application
is done with the proper anisotropic etchant. Then, the optimizeddumeces applied
to the microbolometers which were designed in METU MEMS-VLSlugras a

demonstration.

Figure 1.14 illustrates an SEM picture of previously achievedraiatometer
structure by using a wet anisotropic etching process together thigh
electrochemical etch-stop technique. Following section givesef summary of the

structure and working principle of the microbolometers as an intriotuct

1.3. Thermal Detection Mechanisms: Microbolometer Detetors

Detecting an object depends on sensing the radiation it el#spite the natural
illumination, human eye is not capable of sensing long andl sm@alelengths
emitted from the object like infrared radiation. It is knotlvat; every object above
absolute zero (0 Kelvin) releases infrared radiation. By mgakihese radiation
variations measurable, detection of any objects can be pmseil#n in dark or
smoke. These benefits of infrared image detection are witgkdyg in military,

civilian, and medical applications.
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Figure 1.14: Array of infrared microbolometer detector, aadely using a wet
anisotropic etching process together with the electrochemichiséip technique.
Here, the etching of the n-well under the absorber areaiemed by applying a

passivation voltage [23].

One of the most important mechanisms for infrared detecsiaghermal detection.
The main advantage of this mechanism is its low cost. Imm#dedetectors, the
effect of the temperature change over the sensitive nmigteogerties, caused by the
absorbed radiation, is measured. These variations due ttioadiee converted to

electrical signals with proper circuits.
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There are 4 types of thermal detection mechanism: (1) micwisbérs, (2)
pyroelectric detectors, (3) ferroelectric detectors, anth@)moelectric detectors. In
order to have very low-cost detectors with high performancededitype

microbolometers are designed and implemented in METU.

1.3.1. Diode Type Microbolometer Structure

Thermal detectors, designed as diode type microbolometers,ahagasitive area
with an n-well/ p-active diode structure [24]. An oxide layer, which covers the
sensitive area, absorbs the incident radiation causing a raomgeincrease on the
pixel. This increase directly affects the temperaturéhefburied diode structure.
The bolometer pixels measure the variations in either the diadent or the diode
voltage as a result of the variations in pixel temperatungerdéing on the biasing
methods. One measurement method is to bias the pixel diodes wnstlrtocurrent
and to measure the change in the diode’s forward-bias voltagdodineident
radiation, with respect to a reference voltage. The diodeigsafdrbias voltage
changes are related with the temperature coefficient of tisitise area of the pixel,
which is related with the diode structure. The increagbeardetector temperature,
which is sensed by this sensitive area, is due to radiation ofatijet object.
Therefore, the diode structure must be thermally isolated tlmmsubstrate for

measurements with high detectivity.
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Rbsorber layer

Interconnect layer

Figure 1.15: Diode-type microbolometer pixel structure [25].

Figure 1.15 shows a diode-type microbolometer pixel structure. didde structure
is occurred in the p-type substrate with an ion implantation proddss.suspended
sensitive part is carried with the supporting arms, which akve the electrical
connections from the diode structure. However, the design ofriieeraust be made
by carefully considering the amount of heat transferred to ubstrmte from the
suspended area through the arm connections. Thin arms, carryimjeticennect
layer, are rounded from the corner of the sensitive area apchth made as thin as
possible to reduce the thermal conductance between the suspegiedand the
substrate. For the same purpose, the interconnect layerdtedeie be polysilicon,
which has lower thermal conductance compared to metal layéysreF..16 gives
the cross-sectional views of each step of the post processiagniérobolometer
pixel [24]. Figure 1.16a shows the cross-sectional view opitteds after the CMOS
fabrication. The metallization layer and silicon surface @dquted by a thick oxide
layer. First, to reach the silicon substrate, the oxiglerlas etched with the dry
plasma etching process, having exact controllability of anisotoopgne direction
from the etch openings. Figure 1.16b illustrates the resufieofiity plasma etching
process. Then, silicon substrate is etched with the wet eypgoetching process.
Figure 1.16c demonstrates the cavity that satisfies a thégatation for the diode

structure. The electrochemical etch-stop technique is applit th-well region of
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the diode structure. With this technique, the etching reaofitime p-substrate from
the etch openings is enhanced by a proper bias applied to thalizalik substrate.
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Figure 1.16: Cross-section view of microbolometer pixel [24]. [&e
microbolometer pixel after the CMOS fabrication process. (8 microbolometer
pixel after dry plasma etching process. (c) The microbolonmiex after wet

anisotropic etching process with the control of electrocheratcalstop technique.



1.3.2. Selection of Anisotropic Etchant Utilized over CMOS
Microbolometers

The most important point in the selection of the etchant for theawmsbtropic
etching process of the CMOS microbolometers is whether tdtengt process is
done from the front side of the pixels or from the back side of #ferw The back
side etching can be done by using a single masking layer, whicaws @ccording

to the anisotropy between (100) and (111) plains. If the design of the
microbolometers is made for a front side anisotropic etching, thenetchant
selection is done according to the property of CMOS compatibilitthefetchant.
Moreover, a low etch rate for Si@ very critical. These necessities lead us to selec
the TMAH solution as the anisotropic etchant. Above all, TMgdtisfies most of
the vital requirements like ease of handling and low toxicilowever, there are
also some drawbacks, as previously mentioned. If a back s&tgrapic etching is
suitable for the fabrication process, then KOH can be thiedbeice for the process.

Previously, many anisotropic etching processes with TMAH solutignapplying
the electrochemical etch-stop technique were done [24-26]. Somiheof
succeeded, and suspended absorber areas with protected n-well negiens
obtained. But, on the other hand, applying the electrochemidaistop technique
becomes harder to implement when the design of the microbolonesteasices.
Determining the important variables that affect the falidoaof the devices is

essential for the reproducibility of the devices and the mfchiocesses.
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1.4. Research Objectives and Thesis Organization

The goal of this thesis is to investigate the electrocheratcalstop technique under
the determination of the characteristic of TMAH solutiofihe specific objectives
can be listed as follows:

Characterization of TMAH under the definition of the anodic passivat
theory. The effects of temperature and concentration of therdt¢o the
etch rate and surface smoothness are studied. An optimizatioea ®MAH

solution is done in order to apply it for future works.

Design and fabrication of etch samples, which are used in tastigation of
etching process and ECES implementation on microbolometer tivth
TMAH solution. The effect of the structural design is stddivith these etch

samples.

Study and comment on the results of the designed samples etithed
previously optimized TMAH solution. The effect of applied vo#tagver
the etch-stop layer thickness, the effect of the n-well diffusreas to each
other when a passivating voltage is applied to them are igaesti The
post-CMOS etching process of a microbolometer is done with the inptim

TMAH solution as a demonstration.

This thesis is organized as follows:

The study has begun with the investigation of the theory of the@tbemical etch-

stop technique and determining the etching reactions that takesquiahe surface
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of the silicon. Chapter 2 presents the basic theory of anodiatexi. Detailed
investigation about previously selected anisotropic etchant, TéAdiven. Effect
of etchant temperature, etchant concentration and illuminatiexpsined with
experimental results. This chapter gives an optimized TMAdttisn for

anisotropic etching processes.

Chapter 3 tells the design and fabrication of etch samples im trdstudy the
consequences of etching process and ECES implementation on nuoneber

structures. Each fabrication step is explained in detail.

Chapter 4 includes the results of applying the electrochentedalséop technique to
the fabricated samples. Fabrication of the microbolometetts thie optimized
TMAH solution is given as the device fabrication with the etahemical etch-stop

technique.

Finally, Chapter 5 summarizes the achievements, presentsotfodusion of this

research, and gives suggestions for future studies.
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CHAPTER 2

THEORY OF ELECTROCHEMICAL ETCH-STOP
TECHNIQUE AND TMAH OPTIMIZATION STUDIES

This chapter explains the theory of the electrochemicatsttgh (ECES) technique
and the optimization of the TMAH solution for the wet anisotropic atglprocess.
Section 2.1 gives information about the anodic passivation of silidooh is the
base of the ECES technique. The section discusses the adritreletching process
by applying bias between the silicon and the TMAH solution. @e@&i2 explains
the 1-V curve experiments; setup and sample preparation. Thenmegcof these
experiments determine the passivation potentials and open circerittipts needed
for controlling the etch reactions on the silicon surface. i@e&3 discusses the
optimization of TMAH solution. The section investigates thealedr of the TMAH
solution under the effect of temperature and concentration. Mareaverder to
enhance the etching process with TMAH, the effect of theigtaybver the etching
profile, high aluminum etch rateof TMAH, and the prevention of seface
roughness are studied. Section 2.4 gives the details of ECEP sad
implementation information.  Finally, Section 2.5 concludes theptehaby
summarizing the theory of ECES technique and defining the outcorhe GMAH

solution optimization.
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2.1. Anodic Passivation of Silicon

The ECESechnique is based on the anodic passivation process of the.silitis
ability provides preventing the etching reactions by applying peletatithe silicon
surface with respect to the etchant. This section firstiggg\vshort information on
anodic passivation of silicon. Then it gives the results of rarpats for

characterization of anodic passivation of silicon within thenework of this study.

The removal of the silicon atom in an alkaline solution happer asitcome of a
reduction—oxidation (RED-OX) reaction. The main reactants oétitleant are water
molecules and the hydroxide ions. After the immersion of a siBeomple into the
etchant, no matter whether it is n-type or p-type doped, a megatcess charge
develops on the surface of the silicon due to the higher Fermidétieé RED-OX
couple HO/OH with respect to the Fermi level of the silicon sample 29].

Following reactions take place, respectively.

1. Hydroxide ions, which are in the strong base etchant, formlieorsi
hydroxide complex by affecting on silicon surface [27]. Equation 2olvs
the first step of the reaction. The Oidns continues the reaction on the
complex that results with the oxidation of the silicon compound on the
surface. Equation 2.2 gives the outcome of the reaction witho@$1 The
continuing OH attachment to the dangling bonds of the silicon causes the
silicon atom to be removed from the surface. Thus, the etcising

accomplished. Four electrons are generated due to the oxidaibioms.
Si+20H Si(OH)*" + 2e 2.1

Si(OHY*" + 20H  Si(OH), + 2e 2.2
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2. The generated electrons are directly used in the reduction ofvaker
molecules. This reaction takes place on the surfaceedilibon [27]. As an
outcome, OHions and H molecules are produced. Equation 2.3 and 2.4

shows the steps of reduction of the water molecules.

4 H0O +2e 4HO 2.3

4RO 4OH +2H, 2.4

Since the silicon surface is negatively charged due to theedifferbetween

the Fermi levels of silicon and the etchant, silicon serfaevents and drives
back the hydroxide ions coming from the etchant [9]. For this reason,
hydroxide ions used in the oxidation of silicon are not from thengtbase
etchant. Instead, these hydroxide ions are generated attlotioa step and
located within the surface of the silicon. Only the beginninthefoxidation
reaction is done by the hydroxide ions coming from the etchant [28}7,
Otherwise, the etch rate of the solution would be extremedgrd#ent to the
OH' concentration of the solution. But, the fact is that thb edte of EDP
solution, which has an Oldoncentration of 0.034mol/lt., is nearly as large as
KOH solutions with an OHconcentration of 5-10 mol/It.[9]. Continuous
OH ion generation develops a continuous silicon atom removal from the

surface.

Another product of the reactions is, Hholecules. The hydrogen bubbles
occur on the surface of the silicon, and if they are not didefgam the
surface, they cause the etch rate to fall. Many surfactaaly be used in

order to repel these bubbles from the silicon surface.
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These oxidation and reduction reactions happen without applying any voltage
to the sample. At this point, a potential which is callechapecuit potential,
(OCP), is observed between the silicon and the etchant which faomghe
difference of the Fermi levels of silicon and the etchant [28je DC current
passing through the etchant is zero, and the system is in statalgondition

at open circuit potential.

3. The reduction reaction produces the necessaryi@is for the oxidation of
the silicon. If the reduction reaction is prevented, therptbduction of the
OH ions will also be prevented, causing the silicate compound not to
separate from the surface, but also generating a polymenizat the surface
[9, 28]. Equation 2-5 gives the polymerization products on the silicon

surface.

Si(OH)  SiO + 2H,0 2-5

Eliminating the electrons, which are generated in the oxidatiep, £an
prevent the reduction reaction. Without any electrons, the ieduxft water
will be stopped, and the lack of Oldns will cause the silicate molecules not
to dissolve in the solution. This can be satisfied by applyingratic
voltage, the passivation potential, (PP), to silicon witpeet to the etchant.
At this voltage value, anodic passivation of the silicon surfeae be
achieved and etching process will be stopped due to the generaded ox

layer.

A current—voltage (I-V) curve is needed to be obtained in oaetetermine the
OCP and PP values of an etchant. This experiment consisisasiuring the current
through the silicon substrate during a voltage sweep applied on silibstrate with
respect to the etchant. Following section explains the debdilsV curve

experiments done in the framework of this study.
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2.2. I-V Curve Experiments

Figure 2.1 shows the setup which is prepared for the I-V curverimgmds to
determine the open circuit potential and passivation potenti@onfentional three-
electrode set-up was employed using a platinum wire as a caleténode, and a
silver/silver chloride (Ag/AgCl/sat KCI) electrode asreference electrode. The
voltage is applied to the silicon substrate under the control eofptitentiostat.
Working electrode of the potentiostat biases silicon sample \e#pect to the
reference electrode which monitors the etchant’s potential. appted voltage is
increased at a rate of 1mV/sec., starting from -2V to 1\rirfg this voltage sweep,
the current between silicon sample and the etchant is read bywttimeters directly
connected to the computer. The current and voltage information is reesndond -

V curve is obtained with the accessory of a PC.

The potentiostat (Elchema Model PS-205) applies a voltage ofc2i$ tworking
electrode with respect to reference electrode. Thiagelis swept by the connected
power supply (Agilent E3631A) which is controlled from a PC. Theagel
increment is arranged to be 1mV/sec. by the HP VEE progrdra.cirrent through

silicon sample was measured by a digital multimeter (AgddD1A).

The reference electrode, RE, is responsible for reading thatiabtef the etchant.
The working electrode biases the sample with respect to theiospllty the
reference electrode. On the other hand, no current must flow fedenence
electrode in order to avoid depletion of the etchant. Hence, art @omtact to the

solution is satisfied by the counter electrode, CE.
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Figure 2.1: I-V curve experiment setup prepared to deternkiseopen circuit

potential and passivation potential.

I-V curve experiments were performed with samples from 4 id€l®)( oriented
n-type and p-type silicon wafers. Resistivity for the rpetyafer is 1-10cm.,

where as resistivity of the p-type wafer is 5-tbn. A silicon nitride layer was
deposited on the wafers to serve as an etching mask. A photaiphggprocess
was applied in order to obtain 1.5mm X 1.5mm square openingscéssato the
silicon surface. The silicon nitride layer over these squareinge was etched with
the RIE process. The samples were diced and prepared forcthiegeprocess.

Figure 2.2 gives the steps of sample preparation for uVecexperiments.
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Figure 2.2: Sample preparation for |-V curve experiments: afa)electrical
connection is obtained from the gold-plated areas of the alumirstratgb by
soldering a wire, and (b) the sample is placed over the golddptatsa, and a
connection is done with silver epoxy. The sample is stabilizedhemalumina

substrate, and total gold-plated area is covered with white epoxy

Samples were placed on an alumina substrate, which had a oliteresl to
gold-plated area on it. A silver epoxy (Emerson & Cuming) wasl us make
contact with the substrate. Diced, square samples weredptat the gold-plated
areas with the silver epoxy. However, the silver epoxy doebarden enough and
would cause the etchant to be effected from the applied voltdgerefore, the
sample must be covered with the white epoxy (Dexter Compangl H%). The
white epoxy is an insulator, and it becomes very resistant tgpas of acidic and
basic solutions after a proper curing process. Gold coatingsoitetes] wire parts
were completely covered with white epoxy in order to prevent theaetco be
effected from the applied voltage to the substrate. Samgesready for chemical

processes after 1 hour of curing at 120°C on the hotplate.
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These samples were cleaned before the etching processhigputpose, firstly,
samples were dipped in Trichloroethylene (TCE) for 2 minute€E 15 used to
remove the organic contamination. It is very hazardous ancemeaycause death if
it is breathed at high levels. TCE dissolves veryelittl water; but it evaporates
quickly in water, merges with air, and becomes more dangerousdtih (i29]. It
may stick to particles and remains for a long time. RengpVICE from the surface
can be possible with an acetone bath. Therefore, sampleslippeal into acetone
for 2 minutes. Afterwards, samples were immediately dippidisopropyl alcohol
(IPA) for 2 minutes in order to avoid stains caused by the fampogation of
acetone. The native oxide layer over the exposed siliconveasaneeded to be
stripped before the etching process. Dipping the samples in Swtfofluoric acid
(HF) solution for 20 seconds, would be enough for this purpose. HiFaiggressive
silicon dioxide etchant and does not harm the silicon surface. ufediHF solution

is enough for stripping the native oxide layer.

The etching solutions were prepared to be 100ml at different ratioBMAH
solution and deionized water. The used TMAH is a product of MERQKe
etchant was heated on hotplate, while heating was controlldgebyotplate’s probe.
A stirrer was used to enhance the uniformity of both concentratidntemperature
of the solution. The top of the beaker was covered with alumifoil in order to

keep the concentration of the solution stable during the etchicggs.

Figure 2.3 shows the outcome of I-V curve experiments done2bith.% TMAH.
The experiment was carried out with a p-type silicon sample25wt.% TMAH
solution was heated to 85°C. The obtained I-V curve is sinal#nose obtained in
the literature [27, 30, 31]. Table 2.1 gives the open cirpoiential (OCP),
passivation potential (PP), and the flade potential (FP) vdhregp-type silicon

sample, according to the I-V curve on Figure 2.3.
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Figure 2.3: |-V curve of p-type (100) oriented silicon sampletaiobd in a
25wt.% TMAH solution.

Table 2.1: Open circuit potential (OCP) and passivation potefRR) values for
p-type silicon sample, etched in 25wt.% TMAH at 85°C.

25wt.% TMAH at 85°C p-type silicon
Open Circuit Potential -1.59V
Passivation Potential -1.06 V
Flade Potential -0.87V
Etch Rate 0.75 pm/min.
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Applying a negative voltage to the silicon with respect td?@@uses an increase on
the conduction band electrons of the silicon, which creates am@&mhant in the
etching process. As the applied potential becomes more anodidO®Bn the
electrons on the conduction band of the silicon start to be appeafedthe
passivation potential, all electrons are eliminated, and tledsiction of the water
reaction is prevented due to the lack of conduction band electronsgcthesetch to
be stopped. This can be observed with the sudden drop on the ctuféhfram
Figure 2.3. The etching process is stopped at voltages higimePEha The current
decreases to a minimum value, which is called as Flacdamtraut

After the PP value, the silicon surface is covered wittormplex form of SiQ@. If
passivation occurs on the silicon surface, the only way to conthmiestching
process is to dip the sample into hydrofluoric acid solution taidetf the oxide
layer on the silicon surface or to keep the sample in the etahthout applying any
voltage until the chemical breakdown of the anodic oxide [31].

The following section explains the investigated titles under dles fcoming from
[-V curve experiments and SEM pictures of the results for F\&alution.

2.3. Investigation on TMAH

The main issues that must be enlightened are the effdetytight, temperature and
the concentration of the TMAH solution. Determination of thésgtors and

outcomes of etching processes are investigated in detetp&sned below.

36



2.3.1. Effect of daylight during etching process

The |-V curve of the silicon sample is affected from theglight during the
experiments. The daylight increases the maximum current neelastom the
working electrode of the silicon sample. The measured etchai@esdearly indicate
that daylight improves the etch rate and the amountdfubbles. Figure 2.4 shows
the effect of daylight on p-type silicon sample during etching avigdswt.% TMAH.
A change in the OCP values can be an expected outcome dueettettied Fermi
levels of samples from the daylight [32]. Table 2.2 shows flemietch rate of
TMAH solution, which is affected from the daylight during theV/ lcurve

experiments.

Although daylight enhances the etching process, the variation opabsvation
potential and the open circuit potential endangers the ECES applicatf the
etching process is decided to be done under daylight, then theilkameation
amount must be satisfied during all etching processes. Howinermay be a
problem for etch setup and may threat the stability of the psocHsus, experiments

and device fabrication processes are decided to be madedamkieess.

Table 2.2: Silicon etch rates of TMAH solution, showing thatetiel rate is affected

from the daylight during the I-V curve experiments.

25wt% TMAH at 85°C | 25wt% TMAH at 85°C
under daylight without daylight

Etch Rate of ) _
0.97 um/min. 0.75 pum/min.

p-type silicon
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Figure 2.4: Variation of the I-V curve of p-type silicon sample25wt.% TMAH
according to the applied daylight.

2.3.2. Effect of Temperature of the Etchant

The temperature of the TMAH directly affects the etcle maft the silicon surface.

Figure 2.5 shows this effect for every concentration valuethdsemperature of the

etchant increases, the etch rate curve rises too [11].inTheased etch rate provides
large silicon atom removal at a short time which is esdeftia the device

fabrication. On the other hand, high temperature also incréesesch rate of SiO
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Figure 2.5: Temperature dependency of the etch rate of TMIAKLOO) oriented

wafers [11].

A series of experiments were carried out in the framewotkisfthesis in order to
see the difference of the etch rates according to tempersturation. The
concentration of the TMAH solution was kept constant at 25wt.% TMAFour

dummy silicon samples were prepared for experiments. P-t/@@) (oriented,
silicon nitride coated samples, which have 1.5mm X 1.5mmreqyaenings, were
placed on small lamella pieces with white epoxy. The white epeas cured at

120°C for 1 hour on the hotplate.

Then, these samples were cleaned inside the TCE, aceton#PAnsolutions,
respectively. Later, the native oxide over the etch openirg remnoved with a
5wt.% HF solution. The etching process was started after 15 mifnaien the

etchant reached to the necessary temperature in ordeavienpany variation on the
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temperature. The temperature of the solution was set to 55°C, B5°C and 85°C,
respectively. Each experiment took 20 minutes. Table 2.3 dieesesults, where
the increase in the etch rate is remarkable. According te tlesslts the following

optimization experiments were decided to be carried 4%.85°

Table 2.3: Etch rates of a 25wt.% TMAH solution of p-type (100¢nted silicon

sample according to different temperatures.

Temperature Etch rates
55°C 0.15 pm/min
65°C 0.37 pm/min.
75°C 0.62 pum/min.
85°C 0.75 pum/min.

The temperature of the etchant can be increased by usingsarpreentrolled set-up

so a higher silicon etch rate can be satisfied

2.3.3. Effect of concentration of the TMAH solution

The TMAH concentration and etch rate of the silicon are inlyepeportional until
a certain concentration. As the concentration of the solutiorases, the etch rate
of silicon decreases drastically due to the reduction of thernaaount [11, 30, 33].
Figure 2.5 shows that this reduction is consistent and does not cHaegé&o

temperature variations.

Figure 2.6 gives etch rates measured from the recent stutties.obvious that,
however, at smaller concentrations than 5wt.% TMAH, thk edte shows a drop,
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instead of a rise. This is the outcome of the pyramidaltstes; which are called
hillocks that occur on the etched surface during the etching pr{itlls Because of
these hillocks, the etched surface becomes extremely ratighsize of the hillocks,

even, may prevent obtaining the designed process parameters.

- "us% &( )
- HS% & )*
—& I+ 1+ &( )
K &)
& ()

Etching Rate (um/hr)

Figure 2.6: P-type silicon etch rates according to differé&&R concentrations in
various works [33]. The figure also shows the results obtained@hiong et. al,
Tabata et. al and Chyu et. al.
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2.3.3.1. Surface Roughness

As previously explained, His a product of the etching reaction. This product is
formed on the surface of the silicon. After formation of theséubbles, they must
be immediately removed from the surface. Unless theyeaneved by mechanical
agitation or by the help of a surfactant, they serve aask nvhere they are attached
to, as the etching reaction continues. Therefore, a pyrasfidpe occurs due to the
low etch rates of certain plains in the crystallographicctire. Figure 2.7 shows

the behavior of kibubbles during etching process.

Attached H, Detached H,

o O
O

° o
TMAH etching

v v2 vvorvorvvvRv Qey

Hillocks

Figure 2.7 : Behavior of the etching produgt,bubbles during etching process.

However, at high concentrations of TMAH, the hillocks formatien niearly

negligible, whereas at low concentrations hillocks height asze rapidly. The
measured height of hillocks, occurred during 25wt.% TMAH etching)@sith [34].

On the other hand the height of hillocks increases to 5punmgld@wt.% TMAH

etching process. Figure 2.8 shows the SEM picture of the e{@i®®d silicon

surface by 10wt.% TMAH at 85°C for 20 minutes obtained in tioidys
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Figure 2.8: SEM picture of (100) oriented silicon surface aftehning process with
10wt.% TMAH for 20 minutes, obtained in this study.

Hillock formation can be avoided by decreasing the amount of hillosks proper
surfactants or by ultrasonic agitation. The ultrasonic agitatechnique can be
applied to all types of anisotropic solutions. Applying ultrasoméves to the
solution enhances the detachment of both silicon atoms ahdi#les from surface.
Thus, the process increases the etch rate, and preveritldblks formation [35].
This can be a solution to surface roughness problem, but it can noseten many
device fabrications. For example, the vibrations caused by tizesanic agitation
may destroy thin membranes. Adding oxidizers, such as ammonium petdiaidi
((NH4)2S:0s), AP) to the TMAH solution during etching process is a betikition
for this problem [36]. It is claimed that, hillocks can bevpreged by increasing the
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(111)/(100) etch rate ratio [37]. Ammonium peroxodisulfate (AP)emses the
detachment of K from surface; hence, it acts a supporting role for the etching

reactions. Therefore, it increases the etch rate obilhaan.

Table 2.4 shows the etch rates of p-type silicon in 10wt.% TMaAldtion adding
different amounts of AP. However, it does not have an effe¢th@®©CP and PP
values. The drawback of this oxidizer is its low life timeanisotropic solutions.
The oxidizer should be renewed at least every hour during the anisattoping

[38, 39].

Table 2.4: 10wt.% TMAH etch rate of p-type (100) oriented siliaonording to

various AP amounts added to the solution.

AP amount Etch rate of 10wt% TMAH
5 gr/lt. AP 1.0 pm/min.
10 gr/lt. AP 1.2 pm/min.
1.5 gr/lt. AP 1.35 pm/min.

The experiments showed that 10 gr/lt. of AP enhanced the etchtag and
decreased the hillocks formation. Figure 2.9 illustratesethiigancement on the
surface roughness when 10 gr/lt. of AP was added to the 10wt.¥dHT8dAution.
When AP amount increased further, AP did not dissolve in the sofastncausing
a white cloudy residue in the solution that could damage the sampkiking on

them.
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Figure 2.9: SEM picture of p-type (100) oriented silicon sampler difte etching
process with 10wt.% TMAH, added 1gr of AP, for 20 minutes.

2.3.3.2.  Optimization of the TMAH concentration

A series of experiments were done with 5wt.%, 10wt.%, and 15wWiMAH

concentrations in order to determine the concentration of the Thttion which
has a high silicon etch rate and low surface roughness. Eachntratioa was
optimized with the necessary AP amount. The highest etchatatdich a stable

etching process can be done is preferred.

As the experiments for 25wt.% TMAH were done previously, tiea etch rate for
25wt.% TMAH was significantly low. On the other hand, thé&aii surface was
smooth. The experiments continued with decreasing the concentratien TVAH

solution to 15wt.%. The surface roughness increased in this conicemtsatthe AP
amount was first optimized for 15wt.% TMAH. A 5gr/lt. AP waestermined to be
used. Figure 2.10 shows the I-V curve of 15wt.% TMAH for botipe-and p-type
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silicon samples. Table 2.5 gives the necessary voltage Valudge n-type and p-
type silicon etched in a 15wt.% TMAH. It is obvious thag #tch rate of silicon of
15wt.% TMAH is higher than the etch rate obtained previously 26wmt.% TMAH

solution, as expected.
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Figure 2.10 : |-V curve of p-type and n-type silicon samples in $5WitMAH at
85°C. A 0.5gr AP was used for 100ml solution during the process.

Table 2.5: OCP and PP values for p-type and n-type silicon sarafesed in
15wt.% TMAH at 85°C.

15wt.% TMAH at 85°C n-type silicon p-type silicon
Open Circuit Potential -1.44V -1.53Vv
Passivation Potential -0.97V -0.86V
Flade Potential -0.8V -0.82Vv
Etch Rate 0.88pum/min. 0.85 pm/min.
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Figure 2.10 also shows the dependency of the I-V curve to the dopingftype
silicon, where it is seen that the OCP and PP values .différs difference can be
explained by different Fermi levels of the n-type silicon and p-sijeon. Since
OCP and PP depend on the difference of the Fermi levels ainsgighstrate and the
solution, the OCP and PP values of n-type silicon and p-typersithay not be the
same [28]. This effect is also seen on the different ettds rof n-type and p-type
silicon samples. Moreover, the OCP and PP values of thenétaha extremely
dependent to the doping concentration of the dopant. The OCP and P#fealae
one type of silicon are not constant. Therefore, the detetioninaf the OCP and PP
values for the ECES implementation of a device must be dorwdaug to the
doping concentration of the silicon used in that device. Otherwissivasion of the
silicon surface may fail. The optimization of the etchaosibe done according to
the same doping type and the same doping concentration of the detieetld be

fabricated.

The outcome of etching was successful with the 15wt.% TMB@IA.the other hand,
increasing the etch rate was still possible considering a fudberease on the
concentration of the solution, therefore, the experiments continuat wi
10wt.% TMAH and 5wt.% TMAH solutions. Figure 2.11 shows the I-Weunf
p-type and n-type silicon samples in 10wt.% TMAH at 85°C. 1grwas used for
100ml solution during the process. Table 2.6 gives the PP and @t2Bevvalues.
The AP amount was optimized to 10gr/lt. It is important to merttiat, the AP
amount differs for each TMAH concentration. AP must benaggd for every

concentration to obtain long term stability of the etching gsec

The etch rate of 10wt.% TMAH against silicon was remarkabfjhdr than the
previous TMAH concentrations. Also, the stability of the emtHahavior against
hillocks formation was satisfied by optimizing it with AP at amount of 10gr/It.
However, it might still be possible to reach a higher ettd wdth a smooth surface

profile. Therefore, experiments continued with a 5wt.% TM&dAcentration.
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Figure 2.11: I-V curve of p-type and n-type silicon samples in 10WiMAH at
85°C. 1gr AP was used for 100ml solution during the process.

Table 2.6: OCP and PP values for p-type and n-type silicon sarafilbed in a
10wt% TMAH at 85°C.

10wt% TMAH at 85°C n-type silicon p-type silicon

Open Circuit Potential --1.27V -1.26V

Passivation Potential -0.95Vv -0.78V

Flade Potential -0.89Vv -0.72V

Etch Rate 1.23 pm/min. 1.2 pm/min.
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Figure 2.12 and Table 2.7 give details about etching with 5wt.%AH Molution.
The etch rate is very high comparing with other concentrations gAH:MOn the
other hand, the added AP amount increased too. But, unfortunatelyetkssary
stability of the process could not be achieved. The AP amountnotaalways
satisfying the expected results. Furthermore, the et@htbnobtain smooth surfaces

at once time AP addition, varied, even, it could not pass2eninutes.

0,3mA - — (100) p-type Si
—— (100) n-type Si
X177 SRS SRR SN J0Z 4t BN IS S
g‘ 0,0mA ; i ' i ety .
— -1 9w -1 ‘DV -O,BV 'O!GV
E oamAd A i Voltage(V) i
: :
o | s | |
K 5 7Y U N | O || SR ORp N, (RSP SSUY .| SO
S0,3MA oo
-0,4mA -

Figure 2.12: 1-V curve of p-type and n-type silicon samples in 5W¥AH at 85°C.
1.3gr AP was used for 100ml solution during the process.
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Table 2.7: OCP and PP values for p-type and n-type silicon sastple=d in 5wt%
TMAH at 85°C.

5wt% TMAH at 85°C n-type silicon p-type silicon
Open Circuit Potential -1.34V -1.34V
Passivation Potential -0.95Vv -0.87V
Flade Potential -0.82 -0.8v
Etch Rate 1.43 pm/min. 1.37 pm/min.
# 5% & '(

)&

#os% & '(

Figure 2.13 : Si@etch rate versus TMAH concentration [33].

Another important point is the Sj@tch rate of the TMAH solution, especially when
TMAH is used for front etching of CMOS processes wafers and diégure 2.13
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shows the Si@etch rate of varying TMAH concentrations [33]. It is impottéo
mention that, the highest etch rate of Si©obtained in etching with 5wt.% TMAH.
As the concentration decreases, the etch rate curve also éscskgistly, and comes
at a saturated point after 20wt.% TMAH [27]. Under theseumstances, using
10wt.% TMAH with 10g/lt. AP was decided to be used on devibeidations at
METU.

2.3.4. Protection of the Aluminum layer from TMAH

TMAH attacks aluminum layers with a high etch rate duetgohigh pH value.
However, the high pH value of TMAH can be lowered by dissolgifigon in the
TMAH solution. According to previous studies, 3.2wt.% Si is needdzktused in
10wt.% TMAH [30, 37, 40].

Obtaining a silicon doped TMAH solution is a long and demanding procedure.
Silicon pieces are kept in TMAH solution until they are dissdleompletely. Both
silicon wafer pieces and silicon powder can be used. Howi\@licon powder is
dissolved in the solution, the solution may foam and even maylowedf the
beaker due to the high expose rate of silicon powder and TMAH solukiwerefore,
a carefull handling is necessary considering that the proceas iexothermic

process.

The aluminum passivation was satisfied with the additior8.8t.% Si but this
procedure is not a solution for a long term anisotropic etching protessder not
to endanger the sample, all aluminum layers were sealdd hisol 1C, white

epoxy, before the etching process.
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2.4. Electrochemical Etch-Stop Technique

The electrochemical etch-stop technique can be used propeemythad optimization
of the TMAH solution and the determination of the passivation poterdiad the
open circuit potentials for both n-type and p-type silicon. This sshdyved that an
optimized TMAH solution could be achieved with 10wt.%.TMAH for the
anisotropic wet etching processes. The etchant was heatedXo 88§r/It. AP was
added to the TMAH solution in order to prevent hillocks formatidiso, stirrer was
working during the etching process to help thebHbbles detaching from the silicon
surface. There was no daylight. The n-well area can be @dtécm etching
reactions, and the substrate can be etched without a problénmamviappropriate

setup. For this purpose, both 3-electrode and 4-electrode ECESisysin be used.

The 3-electrode ECES system ensures to keep the n-welldayeconstant, well
defined potential by applying this potential directly to the nhamrda by an electrical
contact. Figure 2.14 shows the 3-electrode ECES system conbfigurdiowever,
the substrate potential is left floating at around OCP in théisnl The substrate
will definitely be etched at OCP, nevertheless, leakageents from p/n junction
diode may produce voltage fluctuations in the p-substrate. Theklage

fluctuations may even cause the substrate to passivate [41].

Another electrical connection to the substrate is added to owertese problems.
Figure 2.15 shows the 4-electrode ECES system configuratione stibstrate
potential can also be controlled by applying an anodic bias which enswes t
substrate will stay at more cathodic voltage of passivgtaiantial. This enables a
control on the p-substrate and guaranties the etching reaction centirnitthis
method, a working electrode is directly connected to the p-substasing the n-
well area is done by applying a forward-bias voltage betweenntivell and

p-substrate.
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Figure 2.14: 3-electrode electrochemical etch-stop systefigaration.
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Figure 2.15: 4-electrode electrochemical etch-stop systefigaration.
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The 4-electrode ECES system configuration is chosen for providgigdaintrol on

the biasing voltages and preventing leakage currents in this stiyn-well area of
the device will be protected by biasing it with a sufficiertdisger potential than the
passivation potential of the n-type silicon in a 10wt.% TMAH sotuti That is, the
n-well area voltage is -0.5V, and the p-substrate is bigsdded/ .

2.5. Conclusion

This chapter explained the theory of anodic oxidation, which is $igrpoint of the
electrochemical etch-stop technique. The chemical meecthat took place on the
surface of the silicon during the etching process were the treduaf the water
molecules and then, the oxidation of the surface. The most impdaietor that
keeps the etching process continuing was defined as th@ These ions are not
from the high pH valued solution, rather they are from thecatéstureaction of the
water molecules. Preventing this reduction reaction stoppetbwval of silicon
atoms from surface, causing to form i@n the silicon surface. This prevention

could be done by applying the passivation potential to the silicon.

Numerous experiments were performed in order to characteriZEMA&! solution
and to determine the passivation potential and open circuit poteitiaderiments
showed that the OCP and PP values depend on the differenceFarihielevels of
silicon substrate and the solution. That is the doping concentatbthe dopant
type changes the OCP and PP value. The effects of the cotioentfathe etchant
are studied with the results obtained from the |-V curve exgerisn The generation
of hillocks at low concentration values was prevented with addmghanium
persulfate, AP, to the etchant. A high silicon etch rate setisfied with a high
TMAH temperature and a low TMAH concentration. Figure 2.16 a#rates the
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variation on the silicon etching rate of the TMAH solution widspect to the

varying the concentration.
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Figure 2.16: P-type silicon etch rates according to differ&éh@H concentrations
obtained in this study. The experiments are repeated three tioreshe

concentrations of interest.

A procedure for preventing the aluminum etching of TMAH was sugdiéste since
the procedure is not stable for all aluminum lines on the silicontratds the
aluminum passivation was done by covering the lines with whitxyep This
chapter concluded with the explanation of the ECES system oaatigns. The best
configuration was choosen as the 4-electrode ECES system catifigurTable 2.8

gives the optimized procedure used with the 4-electrode E@E® sonfiguration.
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The next chapter will present the design and fabricationchf gamples that can be

used for optimization of post-etching of CMOS microbolometers.omedpplying

to the microbolometer chips, the effects of ECES implementaind consequences

of the anisotropic etching will be investigated with thessl samples.

Table 2.8: Optimization results of the TMAH solution.

Property Value
Concentration 10wt.% TMAH
Etching Temperature 85°C
[llumination No
AP amount 10gr/It.
Silicon doping No

p-substrate etch voltage

-1.6V with respect to the etc

hant

n-well etch-stop voltage

-0.5V with respect to the ettt

na

Stirrer Rotation

200 rpm
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CHAPTER 3

DESIGN AND FABRICATION OF ETCH SAMPLES

This chapter presents the design and fabrication of etch satingtesan be used for
the optimization of post-CMOS etching of CMOS microbolomete&ising

electrochemical etch-stop (ECES) technique. Besides fteetse of anisotropic
etchant parameters, the structural design may also dfiecetching reactions.

Therefore, various etch samples are designed for the stuldg BQGES technique.

The etch samples are designed and fabricated in wafer-l&heb whotolithography
masks. The fabrication processes for these etch samplesnapéetely done in the
METU-MET facilities. This chapter briefly describes tthesign and fabrication of
these etch samples. The chapter is organized as followsrS28dt gives the design
considerations of these etch samples. Section 3.2 explainsneésurement
technique of diffusion parameters used in the optimization presedgsphosphorus
diffusion and boron diffusion and each fabrication step of these etoblesa

Finally, Section 3.3 presented a conclusion for the fabricatitimeoétch samples.
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3.1. Design Considerations

Since the structures are used for obrimizing the etching prémresscrobolometers
which were designed in AMS 0.8um standard CMOS process, thenddsig
structures were also designed considering the AMS 0.8um staGd#DE process
in CADENCE. 5 photolithography masks were drawn for the faliwicadf 4 inch

silicon wafers. Table 3.1 gives the descriptions of mabkse etch samples.

Table 3.1: Mask set for the etch samples.

MASK NO: MASK DESCRIPTION

1 N-well diffused areas, dark-field mask

P diffused areas, dark-field mask

Contact openings, dark-field mask

Metallization lines, clear-field mask

gl b~ WO N

Passivation layer, clear-field mask

A depletion region occurs at the metallurjical junctions of p/n dareds after
biasing the n-well and the p-substrate regions with the propegesitaThe n-well
mask is drawn like comb and bridge structure on one of the dies toigateghe

effect of this depletion region on the etching reactions. Figura and Figure 3.1b
show both comb like and bridge structures on this die designed fatigateng the

effect of depletion region formed between p/n junction to theirgcreactions.

While n-well area on comb and bridge like structures aneghbaiased with the etch-
stop voltage, the behaviour of p-substrate against the etchrabecaxamined. The
distance between each bridge and comb varied between 2um to 20idpimeach

other.
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Figure 3.1: Etch sample for investigating the effect gfieléon region between p/n
junction to the etching reactions. N-well diffusion is done I{&@:a bridge structure

and (b) a comb structure.

The bolometer pixel structures, which were previously designedBMUWMMEMS
VLSI group, were also included in this layout with many other padedigns [24].
Since these processes were carried out in METU-MET tiasilithese pixel
structures were designed with only 1 metallization layer. fHason is in this
facility 2 metallization layer processes could not be achievethrs That is why
there is only n-well deposition on the absorber area and only 1 suppodfdhe
absorber layer carries a metallization layer. By elitiigathe g* diffusion and
metallization layers on the absorber area, 6 different pix@pds, with single and

their array structures were added to study the influence of eésrahemical etch-
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stop technique on array structures. Figure 3.2 illustratesobrirese designed
pixels, which is used as a reference pixel in order to seedhsequences of
anisotropic etching process. Reference pixels are used tenprie effect of self-
heating of the circuit and the effect of the temperatdréh® environment to the
measurement of the infrared light.

Blue dashed area Blue squared area:
p++ doped region n-well doped region
\

TT ~A

Green area: -

Metallization layer

Red area

Contact openings

Silicon surface «+

Dashed area

Passivation layer

Figure 3.2: A reference pixel structure fabricated in ordee¢otlse consequences of
anisotropic etching process.

As the previous chapter explains, the diffusion concentration affieetopen circuit
potential (OCP) and the passivation potential (PP) valuSsice the optimized
TMAH will be applied to the post-CMOS process of the microbeitars, the

phosphorus and boron diffusion parameters of the etch samples that uskddor
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the optimization of post-CMOS process of microbolometers shouldltrcéted
according to the AMS 0.8 pum standard CMOS process parametérs B42this

way, the consequences of the etching process and the ECES énfaléan on the
microbolometers can be seen clearly, and the design of the patlbe arranged
according to these results of experiments with the etch samflable 3.2 gives the
AMS 0.8 pum standard CMOS process parameters for phosphorus and boron
diffusion process.

Table 3.2: AMS 0.8 um standard CMOS process parameter [42

Minimum value | Typical value | Maximum value
n-well Junction Depth - 3.5 um -
p* Junction Depth - 0.4 um -
n-well Resistance 1.0k OHMD 1.2k OHMD 1.4k OHMD
p’ Resistance 25 OHMO 40 OHMD 60 OHMO

Three structures were included for measuring the resistyitthe Van der Pauw
technique to control the diffusion parameters of phosphorus and boron el@#3¢nts
A rectangular structure, a cloverleaf like structure andoasclike structure were
used in these measurements. Figure 3.3 illustrates theseeYd&tadw resistivity

measurement structures.
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Figure 3.3: The Van der Pauw resistivity measuremeunttsires.

3.2. Fabrication of the Etch Samples

As previously explained, five photolithograghy masks are neeatetthd fabrication
of the etch samples. These masks are used during lithogragisy aftehermal
oxidation, boron diffusion, phosphorus diffusion, aluminum, and silicon nitride
layers. Section 3.2.1 explains measurement techniques dfffingon parameters.
Section 3.2.2 describes the process flow of the etch samplesn, Section 3.3.2

presents the fabrication process in detail.
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3.2.1. Measurement Techniques of Diffusion Parameters

The main parameters in a diffusion process are the resistivibe diffused surface
and the junction depth of the diffused layer. The Van der Pauwtivigis
measurement structures can give the resistivity value anthef the fabrication by
biasing the structures from the metal pads, but the lack of phosptiffusion
process optimization at needed resistivity value leads usies safr phosphorus
diffusion test processes. Section 3.2.2 and Section 3.2.3 exppdaimeasurement
techniques of these parameters.

3.2.2. Four-Point Probe Technique

In four-point probe technique, 4 probes are landed on the sample as@hé&vgure
3.4. A constant DC current, | (mA), is passed through the pudées and voltage,
V (mV), is measured between the inner probes.

L, V. V |

in out

PROBE

SUBSTRATE

Figure 3.4: Structural view of the four-point probe technique usedhén t
measurement of the phosphorus and boron doped wafers for the optimizatien of t

diffusion processes.
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The reliability of the measurements depends on the probe pretbsuceyrent levels
passing through the probes, and the shape of the measured sampld.[4%hd&5
probe pressure must be appropriate, not to deform the surface and ¢keee
junction depth but, only convenient to take connection from the surfadbeof

deposited film. The sheet resistancejdygiven as:

R, =CF (V/I) 3.1

where, CF is the correction factor, | is the applied curasat V is the measured
voltage. The current levels should be arranged according exfeeted resistivity.
The shape of the surface affects the correction factor, @ighwhe instrument
automaticaly multiplies the calculated resistance value corfimg the applied
current and the measured voltage. If the sample has aacishdpe, the correction
factor depends on ratio of the diameter of the sardpl® the probe spacing,. If
the sample is a rectangular sample, both parallel sidéetgptobe lined, and
perpendicular side to the probe ling, effects the correction factor. The
dependency of the correction factor to the sample size and tti@mpa$ the probe
on the sample are needed to be decreased to a minimumosize reliable

measurement. Therefore, a hidts value is needed to make the effect of this factor

insignificant. Table 3.3 gives the correction factor liBhis table is valid when only
front side of the sample was deposited or the deposited backssis@miehow
removed or isolated from the front side. Otherwise, the doredactors will

change.
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Table 3.3: Correction factors used in sheet resistance messuis with the

point probe technique [44]

Circle Square Rectangle
d's gd=1 gd=2 gd=3 gd>=4
1 - - - 0.9988 0.9994
1.25 - - - 1.2467 1.2248
1.5 - - 1.4788 1.4893 1.4893
1.75 - - 1.7196 1.7238 1.7238
2 - - 1.9475 1.9475 1.9475
2.5 - - 2.3532 2.3541 2.3541
3 2.2662 2.4575 2.7 2.7005 2.7005
4 2.9289 3.1127 3.2246 3.224¢8 3.2248
5 3.3625 3.5098 3.5749 3.575 3.575
7.5 3.9273 4.0095 4.0361 4.0364 4.0362
10 41716 4.2209 4.2357 4.2357% 4.2357
15 4.3646 4.3882 4.3947 4.3947% 4.3947
20 4.4364 4.4516 4.4553 4.4553 4.4553
40 4.5076 4.512 4.5129 4.512¢ 4.5129
Infinite 4.5324 4.5324 4.5325 4.5324 4.5325

3.2.3. Chemical Staining and Grooving

four-

The junction depth of a diffusion layer can be measured from a gnoade by a
mechanical grinding process, which is proceeded in METU-Mi€Tlities with the
PHILTEC 2015 sectioner. The PHILTEC 2015 sectioner opens grostiese

depth can be controlled [44, 46]. From this groove a copper solutionad far
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staining the phosphorus doped area. The copper particles in the sdhutionta the
phosphorus diffused areas by highly illuminating it for 1 minute whalses the
doped area to become darker. So, the junction depth‘s color chan@pesdygtpper
particles. Another approach is to use HF to stain the boron etiffaseas. Figure

3.5 shows the cross-section of a groove which is used in junction depth
measurements. To have a groove like this, the PHILTEC 2@iforser uses a tool
having a radius of 19.050 um, R. In addition to this, the PHILTEC 2et&oner
defines a constant for the calculation of depth of the stainedvemeh is 9.924,

defined in the following equation [47].

)2 - W, (nm)

2 2
X, :\/(19.050nm)2 - V@ 9924 - \/(19,050/7m - 9924 3.2

where, W and W are defined as in Figure 3.5.

Figure 3.5: The cross-section of a groove whichuged in junction depth

measurements [47].
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3.2.4. Process Flow of the Etch Samples

Figure 3.6 illustrates the process flow of the ifzdtion of the etch sample. The
process is done with the p-type (100) orienteccaili wafers. First, the SyCs
grown with the thermal oxidation process (Figuréb3. Then, the oxide layer is
etched according to the n-well diffusion mask (F&g3.6¢c). Later, the phosphorus
diffusion is done for generating the n-well areagyre 3.6d). The Sigayer grown
by the phosphorus process is etched for the borftusidn process (Figure 3.6e).
Next, boron diffusion is done to the silicon waf@fggure 3.6f). The boron diffusion
process also forms an oxide layer. The oxide l&yened during boron diffusion
step is etched according to the mask of the comtaehings where aluminum lines
get contact to the silicon substrate (Figure 3.6d)e metallization of the etch
samples are done by depositing aluminum (Figur&)3.6The aluminum layer is
etched according to the metallization mask (FiggiG). After that, SN, layer is
deposited to the wafers in order to be used apdhsivation layer against the TMAH
(Figure 3.6j). Finally, reactive ion etching (RIfocess is done to reach the silicon
layer for the anisotropic etching process. Both,%ind SiN,4 layers are etched with

RIE for obtaining the etch openings (Figure 3.6Kk).

67



+ - +

4 '7: 5:34'5'7 5''8;

+ 1T Lttt

1 23# 456'763'7'7 8 593:'35 7+838:533 5

+1-'l
"7 5:34'5 &6 8; 3='"838'734 5 5:34
'58"' 3>'35 8 ;

+ 1T

/71575 3 35 5 Rl
? 23 :5335 5

;23% @23#ABC 5
5:34'5 3D'35 8 ;

Figure 3.6: The process flow of the etch samples
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APPENDIX A shows the whole process steps for tiei¢ation of the etch samples.
The fabrication process starts with the cleaninghef process wafers. The wafers
were 4 inch, p-type, (100) oriented wafers havingesistivity interval of 5-10.

Before involving them to the clean-room processesiers were cleaned with the

piranha solution, as described below.

The piranha solution is used for removing orgaeisidues from the wafer surface
[48]. A standard piranha recipe was used in METBIMclean-room which is 1:1
mixture of 49wt.% concentrated sulfuric acid,8@,) and hydrogen peroxide
(H20,). As the hydrogen peroxide is added, the readtiarts immediately. It is an
extremely exothermic reaction that rises the temipee of the mixture to 120°C.
Wafers were put in the piranha solution for 5 m@sut Then, the wafers were
prepared for the first process of this study, whecthe thermal oxidation process, by

the RCA cleaning procedure.

3.2.5. RCA Cleaning

High temperature processes need extra attention pradedures for cleaning.

Preventing the contamination of process equipnespecially the high temperature
oxidation, diffusion, and deposition tubes is agpamant as the removal of the
contaminants on the surface of silicon wafers ideorto obtain highly reliable

semiconductor devices. For this purpose, befogethiermal oxidation process, the
RCA cleaning is done to the wafers. The RCA clegms a standard procedure for
removing contaminants from wafers [49]. Werner iKeleveloped this recipe in
1965 while working for RCA (Radio Corporation of Anica).

The RCA cleaning has 3 steps:
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1. RCA-1 cleaning is used to remove organic residves fsilicon wafers. In
the process, it oxidizes the silicon and leavelim dxide on the surface of
the wafer that must be removed. There is the pilion layer under this

thin oxide. Following recipe is proceeded.

H>O,: NH,OH : DI-H,O=1.5:1:6 at 70°C; for 7 minutes.

2. RCA-2 cleaning is used to remove ionic and heavytametomic

contaminants. Following recipe is proceeded.

H,>0O,: HCL: DI-H,O = 1.5: 1: 6 at 70°C; for 7 minutes.

3. RCA-3 cleaning is used to remove the thin siliceoxidie layer which is a
result of RCA-1. Metallic contaminants are cleansith this removal

process. Following recipe is proceeded.

HF: DI-H,O = 1: 10; for 20 seconds.

3.2.6. Thermal Processes

The fabrication of the etch samples continues \aitberies of thermal processes.
These processes determine the field oxide layerdivell diffused andp diffused

areas, and the dielectric layer between metalindines and the silicon area. Since
each thermal process after one affects the preyiosess parameters, each thermal
process should be arranged carefully consideriageémperatures which are above
500°C. An oxidation process after a diffusion s changes parameters like the
junction depth and resistivity, because the apgiieat at a significant time increases

the potential energy of the ions diffused in siticand causes them to penetrate
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deeper in silicon substrate, as a consequencegaises the junction depth and
resistivity of the diffused area. Therefore, théole thermal processes were
simulated in a process simulator program, SUPREM,the effects of each thermal

process were observed, before the actual procassdst

SUPREM is a process simulator which is developedddmicron silicon structures.
It gives information about structures after ion lamgation, diffusion, oxidation, and
annealing processes on its cross sectional viemthi$ program many variables that
play important role in thermal processes may banged according to the desired
results. Depending to the outcomes of each spnizations of the resistivity and
junction depth values can be analyzed more prgcisélPPENDIX B gives the
SUPREM script which is the outcome of the simulateefmal processes done for

this study.

3.2.6.1. Thermal Oxidation: Field Oxide Growth

The fabrication of the etch samples involves 5 higérmal processes that are at
temperatures above 500°C. The oxidation procasthégrowth of the field-oxide
is the first step of this study. Cyclic oxidatioras done at 1125°C in three stage
furnaces. The desired oxide thickness was 7000-80Q0 This thickness can be
obtained by wet oxidation process which has highdexgrowth rate. The beginning
of the thermal oxidation was done with the dry @tidn process in order to increase
the quality of the Si-Si@interface property. Ten p-type, (100) orientederswere
placed on the quartz elephant. Each wafer's magder flats were looking to the
top, so the gas flow through the wafers would retrterrupted, and the uniformity
of the oxide over the wafers would not be affectéigure 3.7 shows the placement
of the wafers in the quartz elephant. Oxygen vead & the oven for 30 minutes.
After the dry oxidation step, a thick oxide growtlas done with a wet oxidation

technique, which is also called Pyrogenic wet otxaa It was performed by
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burning Q and H at the input to the tube and given inside fromgbaerce. A 120
minutes of pyrogenic oxidation resulted in a 700thick oxide layer. This result is
consistent with Figure 3.8, which shows the oxitickiness variation due to

temperature and diffusion time [50].

Heating Resistors

Quartz Tube

Source: / ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ * Exhaust:

|
Gas Inlet \

& i
Elephant | ‘ Wafers

Figure 3.7: Thermal oxidation furnaces used forwgng silicon oxide layer

thermally.

To complete the cyclic oxidation, few tens of angsts of the oxide layer were
grown with the dry oxidation that gives a betterlkify oxide layer. The measured
total SiQ thickness of the wafers was approximately 7100 The measurements
were done with the NANOTEK measurement device. |&&@4 shows the oxide
thickness measurement results at the five pointa afer, which were taken from
the source end and the exhaust engatl Q were burned in front of source and the
vapor was sent from source end to the tube. Therwat the source end may
obviously have a greater thickness of oxide thamemst Given measurements
confirm this suggestion. The oxide thickness mary\approximately 300 among
source and exhaust placed wafers, but the thickim@gsrmity on one wafer is very

good.
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Table 3.4: The oxide thickness measurement reaitilthe five point on a wafer,

which were taken from the source end and the exleaas

Source wafel [ Exhaust wafel
1. 7395 1. 6899
2. 7063 2. 6901
3. 7050 3. 6931
4. 7086 4. 6901
5. 7105 5. 6878
p type - <100> wafer

10 T T T T T TTITT] T TT717T

T"TTTTT

Onide thickness (um)
P

ot

0.01 Ll Lot NN
0.1 1.0 10 100
Oxidation time (hr)

Figure 3.8: Wet and dry silicon dioxide growth cesvwith respect to time and

temperature for (100) oriented silicon [50].
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This grown oxide layer was used as the field oxidd also as a masking layer for
the phosphorus diffusion process. Photolithography done to the wafers with the
n-well mask in order to etch the oxide layer toanbtn-well diffusion openings.
Also, the backside oxide layer of the wafer wadented with the S1813 photoresist.
After hard-bake process of the photoresist, theratepted oxide layer was etched
with a wet oxide etchant, i.e., the buffered HF BHolution. The recipe for BHF
can be givenas NjH : HF =7 : 1.

3.2.6.2. Phosphorus Diffusion Process: Pre-deposition and Drive-in

The first diffusion process in our process is thegphorus diffusion process to form
the n-well layer. The n-well layer should have esistivity of 1.2k /E and a
junction depth of 3.5um. The optimization to aekig¢hese values will be done
considering the forthcoming thermal processes, hameavell pre-deposition and
drive-in processes. The phosphorus diffusion reedwith a gas source, POCLThe
gas is given to the quartz tubes from the soume and absorbed from the exhaust
side. During optimization of the resistivity anchgtion depth of the dopant, the gas
flow in the tube was kept constant, whereas thigltn time, the drive-in process
time, and the temperatures were optimized. At fttwee inch wafers were used in
the diffusion pocesses. After the pre-depositidntie three inch wafers, the
measurements of the four-point probe technique sbaivat the size of the wafers
did matter for the diffusion process, as it affetis flow of the gas through the five
inch tubes causing non-uniformity on the wafer acef Optimization studies
continued with four inch wafers, which gave mor&anm and precise results for my

process.
The sheet resistance was arranged approximatel) 1B0Q as this value would

increase in further thermal oxidation steps, apghmoa to the target value of

1200 /E. Three optimization processes were done to gdtis$ value. According
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to the SUPREM simulations and the four-point profbeasurements, the final pre-
deposition was done at 805°C for 10 minutes. /A hemperature drive-in process
was needed to activate the diffused ions. Thisgss brings an activated region of
diffused n-wells, and also arranged the junctioptidle A high junction depth

requires a long and high temperature process. dfive-in process was done at
1130°C by exposing the wafer surface to pyrogeret oxidation for 60 minutes.

This causes a new, doped oxide layer over thegitflareas and a field oxide, which
will be used as the diffusion mask of boron difeusiprocess. Table 3.5 gives the
measured resistivity and junction depths aftereadiiv process. The measurement
results show that the sheet resistance is #B80and the junction depth is 2.4 um,

which are very close to the target values.

Figure 3.9 shows the groove opened for junctionsuesaments. The copper solution
was used for staining, and the stained area appedier 1 minute of illumination.
Measurements were done with the VEECO surface lprofind PHILTEC 2015
Sectioner. Both results confirmed each other. eAfthosphorus diffusion, wafers
were prepared for boron diffusion. The oxide layes opened according to thé p
diffusion mask in photolithography step.

Table 3.5: Resistivity and junction depth measuref phosphorus diffused area

Sheet Resistance Junction Depth
Phosphorus Diffused Area 980 /E 2.4um

75



n-well Oxide layer p-substrate

A A 4

|
|
b |

L

Figure 3.9: Chemical staining of phosphorus diftusample for diffusion process

optimizations.

3.2.6.3. Boron Diffusion Process: Pre-deposition and Drive-in

The boron diffusion was done with a liquid soursng BBE. According to the
simulations and previously settled processes in NMHMET facilities, the
pre-deposition was done for 15 minutes at 1000B€&fore the drive-in process, the
boron silicate layer, which occurs after every Ibodeposition process, had to be
removed from the surface. Otherwise, the silitayer shows high resistivity to HF
and could not be etched. For this purpose, a émperature oxidation (LTO) was
done to the wafers at 700°C for 30 minutes. Them,silicate layer was removed
with the BHF solution.

For a low junction depth, the drive-in process setdbe short. Also, boron doped
areas needs an oxide layer for metal isolationrbefte metallization process. This
oxide layer should be no less than 1500 Therefore, without making an extra

oxidation step, only the drive-in process was dfmreboth activating the diffused
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ions and for oxide growth. The drive-in processwane at 1000°C by exposing the
wafer surface to pyrogenic wet oxidation for 25 nteés. Table 3.6 gives the final
results of the thermal processes, whereas Figdi@ shows stained boron diffused
area. After this step, any of the processes woatdchange the diffusion variables

values.
The oxide thickness was measured as 2300Contact openings for metallization

layer were exposed to photolithography with thedthhask. The oxide layer was

opened with Buffered HF solution.

Table 3.6: Sheet resistance and resistivity measemts of diffused areas.

Sheet Resistance Junction Depth
Phosphorus Diffused Area 1050 /E 3.1um
Boron Diffused Area 75 IE 0.7 um
n-well Oxide layer p-diffused area

N A 4

Figure 3.10: Chemical staining of boron diffusednpke for diffusion process

optimizations.
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3.2.7. Metallization Process:

The metallization process of the etch samples athan challenging process. The
hardest part is to obtain 1um wide metallizatiored. Those lines are necessary for
implementing the etch stop voltage to the n-wadioas in the absorber area of the
bolometer pixels. Figure 3.11 shows one of theelter pixels. The black lines
indicate the metal layer. The metal layer on tingpsrting arms, which is protected
by the nitride layer indicated with blue mask, gl Every pixel structure has the

same supporting arm thickness and metal layerniegsk

2um
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Figure 3.11: Passivation layer and metallizatiyetaof the test bolometer pixel.
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These lines had to survive from the metal wet eglprocess, which most of the
metal etchant is highly isotropic etchant. Thetlidf the lines was critical in the
pixel design, since these lines were protected fedamant by SNg4, nitride layer
which was designed as 2um, limiting the size ofrtiegal width. Also, the width of
the metal layer could not be decreased too muaisidering the current which will
pass over them, and considering the high undeateitaf the metal layer. Therefore,

the mask of the metal layer was drawn as 1um.

The most important requirements in contact metitim are stability of the metal
throughout processing, reliability of the metaldayluring utilization of the device,
obtaining good ohmic contact, low resistivity, eask process, and excellent
adherence of the metal to the silicon. Considetirgse requirements, aluminum
was chosen. But this choice leads us to a prolemoccurs from the outcome of
wet aluminum etching process, which is the highewodt rate of the aluminum

etchant.

The metallization process, from the polarizationtleé metallization mask to the
thickness of the aluminum layer, was needed topbenzed according to obtaining

1um lines. Under these circumstances the maskeoitetallization process was
designed as clear field. A positive photoresidi8138, was chosen among S1828,
SPR220-3, MAN-1420, PI, and BCB. The reasonsHisr¢hoice were the capability
of achieving 1um lines of S1813, the effective limédth control during the

processes over highly reflective substrates, deetkaotching effect, perfect coating
uniformity at 1.3um thickness, and ease in strigpihe resist with acetone and
isopropyl alcohol. Hard-bake does not perturb thsist and shows excellent
resistance to acidic solutions. Photolithographpcpsses with S1813 were

previously optimized.

A mistake was done in the mask order of the etampges. The metallization mask

came as dark field. The change in the polaritthef mask, forced us to change the
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photoresist tone. Negative tone photoresist, MAIRA was used. Initially, an
optimization process was needed to be done with MARO in order to obtain
necessary feature size on aluminum coated wafdrsavhigh yield. A number of
optimization work are done including the thicknes® soft-bake time, the expose
time, and the development time of the MAN-1420 Hralthickness of the aluminum
layer and aluminum wet etchant temperature, whrehexplained in the following

subsections.

3.2.7.1. Optimization with Negative Photoresist, MAN-1420

This section will present the optimization work dofor Negative Photoresist,
MAN-1420, including its coating process, soft-bdkee, expose time, development

time, and hard-bake times.

Coating process of MAN-1420

Figure 3.12 gives the spinning curve of MAN-14201][5 provided by the

manufacturer. Spinning the resist at 3000 rpm3@rseconds gave us a uniform
resist thickness of 2.1 um. On further procesgesas understood that the resist
thickness had to be thinned in order to get 1 jume, Width and to have 2um, wide
gaps between structures. The reason was that M#9Q-1did not have a

perpendicular cross section view. There was ahtslgjope, whose size was
extremely dependent to the expose time under théidh/ of the mask aligner. The
2um thick MAN-1420 also expanded and made obtainimg and sharp features
impossible. In order to be more precise with tipose time and to have neat
structures, the spinning speed was increased t0 7ffid. The acceleration time
from the initial spin speed of 650 rpm to the cogtspin speed of 7000 rpm was
increased. This increase eased the propagatitreaksist through the wafer. The

thickness of MAN-1420 decreased to 1.6um uniformly.
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Figure 3.12: The spinning curve of MAN-1420 [51].

Soft-bake process of MAN-1420

Soft-bake is done for vaporizing some of the sdiveihthe resist, so the resist
hardens enough for UV-light exposure and for kegpire uniformity of the resist
stable on the wafer surface. The soft-bake timgetamperature were optimized in
both oven and on hotplate surface. Curing on ht#pdurface caused a non-uniform
heating on the wafer surface, which was the redsompreferring the oven. The
temperature and time was determined whether thst retick to the mask surface
during the vacuum contact, while exposing UV-ligltt mask aligner, or not.
Determined soft-bake time was 60 minutes in 1158&téd oven. This soft-bake
time can be decreased to 5 minutes on the hotpliatel5°C for wafers, where

5-10 mm of lost from the outer diameter of theava$ tolerable.
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Exposing of MAN-1420 with UV-light

Since the tone of the photoresist was negativeetpesed part of the resist staid on
wafer, whereas other parts were removed by thelolgse If the expose time was
too much, MAN-1420 became over-exposed and thestréspology started to
expand laterally, which was illustrated on Figur#33 At a thickness of 1.6um, the
expose time was optimized to 15 seconds. At thi, rlines were slightly
over-exposed, and 1um lines were measured as 1.3j®a.intensity power of the

EVG mask aligner was 18 mW/érduring these exposure times.

P-Si

Figure 3.13: The lateral expansion of negative tgqi®toresist, MAN-1420.

Expansion laterally increases as the expose tioreases.

Developing the MAN-1420:

MAD-532S was used as the developer solution of MO photoresist. The
developer solution is a TMAH based solution. Hah value of 13.89 is not enough
to prevent aluminum etch rate of the developertemiu As long as the developer
was used, its pH value remained same, but solgbreloudy, as it is affected from
aluminum particles. Developer of MAN-1420 was w©ompatible with processes
done with the aluminum coated wafer. Thereforey tleveloper was renewed
frequently. The process continued consideringallieninum layer will be slightly

thinned in the developer.
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Hard-bake process of the MAN-1420:

Before exposing the resist to aluminum etchanteveadvere put in oven at 120°C for
1 hour. The hard-bake process was done for rergawvia solvents, completely.
After the hard-bake process, the photoresist lo$setightened structure and melted
down, so most structures were lost. MAN-1420 kesptesistivity against aluminum

etchant without the hard-bake process. Therefanel-bake process was dismissed.

3.2.7.2.  Aluminum Deposition and Wet Etching Optimizations

This section will present the work on Aluminum dspion and wet etching

optimizations.

Aluminum Wet Etching Optimizatian

These optimization processes were done on alumispaitered p-type silicon
wafers. The aluminum etching process time needditdecreased to obtain 1um,
wide aluminum line, because the Aluminum etchadtrdit have a good selectivity
against lateral walls. Table 3.7 gives the etdesraf aluminum layers having
different thicknesses. It etched isotropically evhicauses an undercut amount at

high rates.

The Aluminum etching process was done at 25°C. higher temperatures
Aluminum etchant became more aggressive to the Mum layer, etching rate
increased, thus undercut value of the etchant ase@ too. The etch rate falled
drastically at lower temperatures. As the etcle decreased, the effect of low
selectivity of the etchant on the lateral walls egmed more obviously. Figure 3.14

shows the etch rates obtained in Aluminum etchamperature optimization.
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Among all, the most important issue, which affettte undercut rate and makes
obtaining thin lines possible, was agitation. kighthe wafers with high agitation
decreased the undercut amount. Eventually, thenflum etching was done with
high agitation at 25°C.

Table 3.7: Aluminum etch rates according to Alunnmthicknesses.

Aluminum Thickness Etching Time Aluminum Etch Rate
2800 Al layer 3 min 15 sec. 14,35 /sec.
3400 Al layer 3 min 46sec. 15.04 /sec.
5800 Al layer 6 min 21 sec. 15,22 /sec.
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Figure 3.14: Aluminum etch rate versus Temperature.
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Aluminum Deposition Process:

The aluminum layer is needed to be deposited asathipossible to prevent the thin
lines from an aggressive and high etch rate antbioplete the etching process as
soon as possible before the undercut increasese deposited aluminum layer
thickness was determined as 3000 In METU-MET facilities, Aluminum can be

deposited in two ways: (1) by resistive heatingpevation and (2) by sputtering.

The resistive heating evaporation is a method likats the source material over its
melting point, causing the material to evaporafée method for heating the source
is electrically, by applying large amounts of catrever filaments. In the sputtering
process, the atoms of the source material are rethby accelerated ions of Argon
gas. By this way, the variety of the source matdricreases with respect to the
resistive heating evaporation technique [52]. @e tontrary, the evaporation
system is a low cost system considering all itsimggant and changes in source
material. But, sputtering systems are preferreg @vaporation systems, due to its
advantages such as higher adhesion, better stepag®y and wider range of source
materials [12].

The primary reason of preferring the sputteringesysin METU-MET facilities is
the behavior of the deposited aluminum layer agahsninum etchant during the
aluminum wet etching process optimization. Thehetate of the layer and the
undercut rate of the etchant increased dreadfullyaluminum coated wafers by
evaporation process. The reason is the preseritdeohir bubbles and low density.
These holes accelerate the etching process, causauntrolled high undercut rate.
In sputtering technique, the density of the alumirazan be arranged according to the
vacuum pressure. The etch time is high but undenate is more controllable.

Increased etching time was compensated with dezuleAkiminum layer thickness
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and high agitation during etching process. Theltesvere perfect. 1um thickness

of Aluminum lines was obtained on dummy wafers.

Unfortunately the optimized information about MAM20 did not work on the
process wafers. The reason for that is the topotigthe process wafers. Boron
doping damaged the silicon surface. The roughoéske p*-doped surface was
noticed, when the aluminum layer, which was spettesver the wafer, was etched
with Aluminum etchant. The aluminum diffused thenthged surface and made it

harder to be etched.

Figure 3.15 shows one of the 2 X 1 array structdinearious pixel types. The pixels
on the figure are same. On the left pixel, theohatoped layers are surrounded with
red lines. The structure had 1pum wide aluminuredinThe aluminum etching time
had to be arranged very precisely to be able taiolifjum wide line. When the thin
lines were obtained, the overall etching of theewdfad to be ended. If etching
continued, somehow, large undercut amounts occuaed 1pm wide aluminum
lines disappeared. Figure 3.15 was taken aftéirejdhe aluminum layer. Precise
timing was satisfied, but this etching time was rabugh for etching aluminum

layer on the p-doped areas.

The negative resist MAN-1420 was over-exposed tainkthicker lines in order to
survive from long aluminum etching, as a solutionthis problem. But this time,
over exposed MAN-1420 kept the 1.8um wide spacdwemn aluminum lines,
which was indicated with a yellow circle in Figugel5, closed and undeveloped.
Stripping the MAN-1420 was done with the oxygenspta at 300W, 700mTorr.
Each wafer was exposed to plasma for 45 minutesweler, exposing oxygen

plasma for a long time deformed the aluminum serfand darkened its color.

A lot of problems had been encountered while prsiogs with  MAN-1420.

Obtaining a reproducible aluminum etching processs wery hard with this
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photoresist. The insufficient minimum feature stfehe MAN-1420 and the high
undercut rate of aluminum etchant decreased theesamf metallization process of
this study. Therefore, the mask of the metallaratprocess’s polarity changed to
clear-field and ordered again. The metallizatiolmcpsses restarted from the
beginning.

Boron Diffused Areas

Figure 3.15: A 2 X 1 microbolometer array structfaiericated in this study, after the
aluminum etching process. The photolithography wlase with the negative
photoresist, MAN-1420.

The native oxide layer on contact openings wasnelédy exposing the wafer into
Buffered HF (BHF) solution for 10 seconds. Thensilwm layer was deposited
with the BESTEC Sputter device. Two pressure kwetre used in the process.
Arranging the argon amount, which was sent to trertber, the sputtering process
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was done in 1.1xI8Torr for 200 seconds and 4.9x1Torr for 400 seconds, giving

an aluminum layer thickness of 3000

Since the mask of the metallization layer was ardield mask, positive resist could
be used this time. The positive resist which Hasl hest resolution on minimum
feature size of 1 um was, S1813. So, S1813 wateddar the metallization

photolithography. It was easy to obtain over-exglsthicker S1813 lines with
opened gaps at necessary places. Figure 3.18ales aluminum lines, which have
survived from the aluminum etching process. Alwmmlines on Figure 3.16(a) had
varying thicknesses, from 1um to 10 um. On theeottand, Figure 3.16(b) shows
the aluminum lines which had varying gaps betwdsmt from 1pm to 10um.

According to these pictures, the 1um thick aluminlimes were successfully

achieved. Also, it was possible to open a 1um waje

After the development of the resist, wafers werposed to oxygen plasma before
exposing the wafer to Al etchant. Here, the oxygéasma was used to remove
organic residues and contaminants that existedoomesareas which might cause
difficulty for the etchant to reach the surfacehu$, the plasma did some of the
developer solution’s job. Then, wafers were pubwen at 120°C for 30 minutes to
increase the resistivity of the photoresist towdh#gsAluminum etchant. Eventually,
the Aluminum etching process was done with highagigin at 25°C for 3.5 minutes.
The outcome is given on Figure 3.17, Figure 3.1®8| Bigure 3.19. These figures
show that the etching optimizations are succesafid the pixel structures in this

study can be successfully obtained.
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Figure 3.16: Aluminum lines, obtained after S18h8tplithography process and wet

aluminum etching process.
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Figure 3.17: A pixel structure after Aluminum etalpi process. The
photolithography was done with the positive phadie S1813.
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Figure 3.18: Another pixel structure after Aluminugtching process. The

photolithography was done with the positive phadie S1813.
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Figure 3.19: A 2 X 2 array structure fabricatedthis study, after the Aluminum
etching process. The photolithography was dondn \lie positive photoresist,
S1813.

Before this metallization process, many aluminumttgping and aluminum etching
processes were done over the same process wamsn, Au-Cr was deposited
instead of aluminum, in order to escape from higldascut rate of aluminum.

Before every metal deposition process, wafers yweatdn BHF solution in order to

remove the thin native oxide; otherwise an ohmictact to the layers could not be
achieved. These etching processes caused thecesutégpology to chance.

Especially the thickness of oxide around contaenapys decreased.

The thickness of the oxide layer on the wafer slibwariations according to its
location on the wafer. The oxide thicknesses anrtkwell deposited region, the
p**-deposited region, and the field oxide region wapproximately 7000A, 20004,
and 90004, accordingly. The Si®hanged its color according to its thickness. As
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the native oxide etching occurred on the wafer,esaxide layers especially corner
and step oxide structures are etched too, causifgyesht colors on the surface
especially around the contact openings. The streds explained on Figure 3.20
and Figure 3.21. Figure 3.22 shows the SEM pistafethe deformed oxide area.
The topology occured a stair like structure of exldyers. Etchant slowly etched
these layers and caused the area to differ in @midrin thickness.

P++

n-well P-substrate n-well

Figure 3.20: Consequences of oxide etching in Bbtfh&tive oxide removal.

METU

(b)
Figure 3.21: Oxide deformation around the contg&nings: (a) the change of the

colors due to the oxide layer deformation. (b) 8&M picture of the substrate

contract of the pixels.
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Orxide deformation around Aluminum:
the contact openings

Contact openings Approximatelly 3000A

METLU
Boron diffused area with Phosphorus diffused area
oxide from boron drive-in with oxide from n-well
Process: drive-in process:
Approximatelly 20004 Approximatelly 4500A

Figure 3.22: SEM pictures of the oxide deformatoound the contact openings.
After the metallization process, annealing was damefurnaces. Aluminum
annealing is necessary for decreasing the ressstamadue on contacts. The
preciseness of the measured resistivity by theaotmidepends on a good annealing.
The process was done at 450 °C for 30 minutesen.ov
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3.2.8. Passivation Layer Deposition Process

A silicon nitride film was preferred as the pastima layer considering its low etch
rate on TMAH. However, this layer had to be ovestatiization layer. Therefore,
the temperature of the process must be low. Fdrrdason, deposition was made by
the pressure enhanced chemical vapor depositiofC\(BE system of Surface
Technology Systems (STS), Inc. Main advantageshef PECVD among CVD
processes are the lower substrate temperature, gdbdsion, and good step
coverage. These properties make PECVD suitabledpositing low temperature
insulator regions over metals. The temperaturehef substrate rises at most to
300-400°C.

Before deposition, the etch rate of TMAH over difflet deposited nitrides were
observed. Mixed frequency, low frequency, and Miglguency deposited nitride
dies were put in TMAH at 85°C. Table 3.8 explaims results. The etch rates were
unexpectedly high as compared to the ones on ttlire. The lowest etch rate

belongs to high frequency deposited silicon nitride

Besides the low TMAH etch rate, the thin silicotride film must have low stress.
Preventing the stress can be made by using thednigguency deposition. So, the
mixed frequency type was used in this process.0804 thick silicon nitride was

deposited over the wafers. Table 3.9 gives thaildetbout process variables.
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Table 3.8: SN, thickness before and after TMAH etching.

Etching Times Low Freq.u.ency Mixed Fre.q.uency High Freqtljency
Deposition Deposition Deposition

Before etching 1061 1373 1056

10 minutes 1021 1269 919

20 minutes 943 1185 852

30 minutes 932 1117 691

40 minutes 901 1047 603

Etch rates 5 /min. 8 /min. 12 /min.

Table 3.9: The process parameters using during RE€VD silicon nitride

deposition.

Parameter Value
SiH,4 flow rate 40 sccm
NHs flow rate 40 sccm

N flow rate 1960 sccm

Mixed RF Power

20 W, 2 seconds low frequenc

20 W, 6 seconds high frequency

<

Pressure 900 mT
Shower Temperature 250°C
Platen Temperature 300°C
Deposition Rate 350/min.
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3.2.9. SiO, and SgN4 RIE Process

The passivation layer was supposed to be etchédtwétReactive lon Etching (RIE)
process in STS devices. Wet etching of silicoridgtand silicon dioxide areas were
extremely dangerous for this situation, since 2jaroktoxide and nitride deposited
supporting arms had to survive without any underditerefore, dry plasma etching

was preferred in the first place.

Precise etching with high anisotropy is needednglyoin micromachining world.
RIE responds to this need, allowing achieving éitoles with high depth and vertical
straight walls. The gas which is in plasma formtlie chamber is ionized and
accelerated by an electric field toward the surfaicne substrate. These ions move
the molecules of the substrate by striking on tleera after another. Directing the

ions straight to the surface provides high anigtia trench etching.

The total layer thickness in the etch sample prodaocwafers, which would be
etched, was at most 11000ncluding both Si@ and SiN4,. The coated photoresist
needed to be resistive enough until the ReactineElching ends. Therefore, a thick
resist with high resolution must be coated. S18&8 used in this photolithography.
In order to thicken the resist, it was coated @d®€m. The approximate S1813
thickness was 1.7um. After hard-bake process,wafere exposed to RIE. Silicon
nitride RIE took 1 minute 21 seconds. Table 3.8 &@able 3.11 give the details
about process variables. The outcome of the RbEg®s, which was the last step of
the fabrication was illustrated with etch samplesFogure 3.23, Figure 3.24, and
Figure 3.25.

Then the oxide layer under etched nitride was rexdoafter 65 minutes of oxide
RIE. Expose of the ions over the wafer in RIE pases, hardens the stripping of the
photoresist. Long acetone and SVC-175 baths mayeleeed. Even it might be

necessary to put the wafers into an oxygen plasma.
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Table 3.10: The process parameters used duringijNe RIE process.

Parameters Value
CF4 flow rate 60 sccm
CHR;flow rate 22 sccm
O, flow rate 10 sccm
RF Power 250 W
Pressure 70mT
Etch Rate 3400 A/min.

Table 3.11: The process parameters used duringi@eRIE process

Parameters Value
CF4 flow rate 12 sccm
CHF; flow rate 38 sccm

RF Power 300 W
Pressure 100 mT
Etch Rate 1400 A/min.

97



Etch Openings

Figure 3.24: Another etch sample fabricated for B@ES implementations in this

study.
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Figure 3.25: Bridge like structures fabricated tioe ECES implementations in this
study.

3.3. Conclusion

This chapter presented the fabrication processiefetch samples prepared for the
ECES implementations. The fabrication processesives thermal oxide growth,
phosphorus diffusion, boron diffusion, metallizatiilicon nitrade deposition and
reactive ion etching processes. The thermal psesewere carried according to the
optimized parameters extracted from the SUPREMmaragesults. Thus, the effect
of thermal processes to each other was decreastdnonimum. The optimization
of the phophorus and boron diffusion processes wleree according to the four-
point probe and chemical staining measurements. that end of the thermal
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processes the measurements told that the n-wellp&ngdrocess parameters were

very close to those 0.8um AMS standart CMOS propassmeters have.

The metallization process of the etch samples werepletely changed due to the
wrong polarization of the metallization mask. Topgtimization of the negative
photoresist MAN-1420 was done in order to obtaimltick aluminum lines. Also,
the aluminum wet etching was optimized to prevdmd high undercut rate of
aluminum. Since the topology of the wafer did keitthe metallization process
achieve, the project was continued with the origmatallization mask. Obtaining
1um lines was successfully obtained with the pasifphotoresist, S1813. Silicon
nitride layer was deposited to the wafers as thesigation layer of the samples.
Deposition process was done with PECVD. Finalhis tchapter concludes the
fabrication of the etch samples with the reactme étching process. This process
was done for removing the nitride and oxide laytetha etch openings. The ECES

experiments done with these etch samples will idaied in the next chapter.
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CHAPTER 4

RESULTS AND DISCUSSIONS

This chapter gives the results of the experimgmatesses, done with the fabricated
etch samples during this study. Also, the postg@ss of the microbolometer chips
are done with etching the device in the optimiz&tAH solution, under the effect of

the ECES implementation.

Section 4.1 explains the results of the etchingcgsees with the fabricated etch
samples. The resistivity values of the doped acdaslicon are re-controlled by
measuring the resistivity with the Van der Pauwstesty measurement samples.
Section 4.2 presents the implementation of ECE®nigoe on microbolometer
chips. Section 4.3 concludes this chapter by sumaimg the outcomes of ECES

implementation.

4.1. Etching Processes with the Fabricated Etch Samples

Firstly, the etch samples are examined after thedation process. The samples are
needed to be tested weather an ohmic contactis$isatwith the aluminum layer or
not. This can be done by the Van der Pauw registiveasurement structures. The

resistivities of the doped areas are measured ftloen contact pads of these
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structures. The measured resistivity values amepesed with the four-point probe

measurements, which was done during diffusion E®o@timizations.

4.1.1. Resistivity Measurements

The resistivity of the phosphorous and boron dopezhs of the fabricated etch
samples were important. The diffusion processea® wetimized according to the
AMS 0.8 pm standard CMOS process parameters. Thet gesistances of the
phosphorus diffusion and boron diffusion were caolfgéd with the four-point probe
measurements during those processes. Also, VaRalex resistivity measurement
structures were added to the one of the etch sampleorder to measure the
resistivity after the fabrication of the devicdsigure 4.1 shows these structures.

Figure 4.1: Van der Pauw resistivity measurementaires prodused in this study.
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The sheet resistance of an arbitrary shaped saraplée calculated by the Van der
Pauw technique [43]. Four contact pads along grgbpery of the sample would be
enough for these measurements. Figure 4.2 ilkestran arbitrary shaped sample
with 4 contacts to the thin layer. The thicknekshe sample needs to be very thin
with respect to the width and length of the sampleorder to prevent errors in

calculations [43]. The Van der Pauw resistivityasigrements consist of forcing a
current flow through two adjacent contacts and meag, the voltage across the
other pair of contacts with a high impedance voten¢43, 44]. Considering the

zero current flow through the voltage contactspatact resistance problem has no
effect on the results [43]. A resistance can hadbfrom these voltage and current

values (Equation 4.1).

Figure 4.2: Measuring the resistivity of a sampithe Van der Pauw technique.

V.
Rz = -

I, 4.1
where, |1, is the current forced through contact 1 and corasts, is the voltage
measured from contact 3 and contact 4. Horizcemal vertical resistances can be
calculated as the Equation 4.2 and Equation 4.8/ sHbthe sample is symmetrical
in shape, then there is no need for two calculafi@s the horizontal and vertical

resistance values would be equal to each other.
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V.
Rhorizontal = R12,34 = |_34 42
12

V2 3

|41

I%/ertical = R23,41 = 43

The sheet resistance of the sample is calculatdbebyse of horizontal and vertical

resistance values (Equation 4.4 ).

e' pRverticaI/RS + e' pRhorizontaI/RS - 1 4.4

where, Rs is the sheet resistance of the sampke.Figure 4.1 demonstrates, the
measurements were done on three different strigctuiéhe calculated values are
given on Table 4.2. The use of a cloverleaf stmgcfor resistivity measurements is
advised on the Van der Pauw technique. Accordintfpese results, the resistivity is

successfully satisfied with a well-done aluminunpaigtion process, thus; ohmic

contact is achieved.

Table 4.1: Resistivity values of phosphorus andbatoped areas compared with

the AMS 0.8 standard CMOS process parameters.

Sheet Resistance
4-Point Probe CMOS process
Meaurements parameters
Phosphorus Diffused Area 1050 /E 1.2k OHMDO
Boron Diffused Area 75 [E 40 OHMD
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Table 4.2: The Van der Pauw resistivity measuremesiilts according to different

measument samples.

Sheet Resistances
n-well p++

Rectangular sample 1230 /E -
Cloverleaf like sample 1065 /E 70 /E
Cross like sample 1085 /E 78 [E

4.1.2. Preparation of the Etch Sample for Etching Process

Each sample was prepared individually for the arogic wet etching process.
Figure 4.3 gives the preparation steps of one efsimples. Firstly, the photoresist
layer, which was coated before dicing process depoto protect the samples from
contamination and damages, was stripped from tiniacgu with long acetone and
IPA baths. Later, the sample was placed on an inluraubstrate, which was
fabricated by Aselsan. The gold-plated areas efallamina substrate were used as
an interface to the sample pads. Thus, wires seldered before the placement of
the sample. Afterwards, samples were fixed onalbenina substrate with the help
of the white epoxy. All white epoxy curing processvere done on the hotplate at
120°C for 1 hour.

Wire bonding of the sample was done to achievetrgdat contact to the chip from
the alumina substrate. Pads were connected togale layer on the alumina
substrate. The white epoxy shows good resistagginst all kinds of high acidic
and high basic solution; however, it applies a hghess to what it covers.
Therefore, the bonded wires could not be covergld white epoxy, as the stress of

the white epoxy breaks the wires bonds. A lowsstifdling material was needed to
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cover the wire bonds. Instead of the white epdxyerson & Cuming, Amicon

50500-1, black epoxy was used. The black epoxyahesry low viscosity, causing
the epoxy to move until it is stopped by a wallor fhis reason a cavity was built
with white epoxy walls around the wires. Then, ltheck epoxy was applied to this
cavity. The curing process of the black epoxy wase in oven. Another issue is
that, this epoxy provides low stress but could stobw resistance to the TMAH
solution. Therefore, the black epoxy should beeces with white epoxy before any
anisotropic etching process attempt.

A number of cleaning steps were done on the sanmgfese the aniotropic etching.
First, the samples were dipped in TCE, Acetone, I&#l solutions, respectively;
sample stayed in each solution for 2 minutes. Tkamples were dipped into the

5wt.% HF solution for 15 seconds in order to getafi the native oxide layer.
Figure 4.4 shows the 4-electrode electrochemiadi-stop system setup, prepared

for the etching process. The power supply appiies Ve voltage, which was
illusturated on Figure 2.15.
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(@) (b)

(€) (d)

Figure 4.3: Preparation of the fabricated etch dan{p) the sample is fixed on the
alumina substrate with white epoxy. (b) A cavisydone with the white epoxy in

order to surround and protect the wire bondingslinéc) Bonded wires are protected
with black epoxy, filling the cavity. (d) Black epy and all conductive layers on the

alumina substrate are covered with white epoxy.
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(b)

Figure 4.4: Anisotropic etching process, appliethtofabricated etch samples. Two

multimeters are used for n-well,"pand p-substrate current measurements.

108



The potentiaostat applied -1.6 V to working eled&ravhich was directly connected
to the p-substrate and’pdoped areas contacts. A -0.5 V volateg was agtieche

n-well doped regions. The multimeters measurectthieent passing through the p-
substrate, § connections, and n-well connection. Figure 4ifsitates the current
values taken for 1 hour. The p-substrate aficcpnnection was applying a voltage
that enhanced the etching process. That is tlr@temovement was towards the
p-substrate and*pdoped areas resulting a negative current valude i-well

doped regions were biased to appeal the electrons the surface. The electron
movement was backwards the n-well, causing a pesitoltage value. These

current signs ensured that the ECES technique dmufttoperly applied.

—— * ' 34'7547 &6 5 '35

* ' 347547 & 1" <<
5 '35

Figure 4.5: Currents flowing through biasing cortitess of p-substrate,"p and

n-well areas.
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4.1.3. The Effect of Depletion Layer

The experiments show that the etching does notagrtthie metallurjical junction
between n-well and p-substrate. The etching peodssterminated before the
metallurgical junction. The reason is the depletiegion between n-well and p-
substrate. The depletion region directly affebts ¢tch reactions. Figure 4.6 gives
the outcome of applying -1.6V to p-substrate andd vi-well doped area. After 30
minutes of etching, there are still un-etched negibecause of the depletion region
formed between n-well and p-substrate. The thiskrd the combs is increased, and

the n-well areas doped like combs can not be sdggeafter the etching process.

This effect can be large enough to prevent theirgjcbf p-substrate between two
n-well diffused areas. Figure 4.7 gives the SEltupe of all combs given in

Figure 4.6. 1t is clearly seen that as the n-welnbs get narrower, the etching
reactions are prevented on the p-substrate. Tlaesnhseparation between n-well
combs at which p-substrate continues to etch ierawbted as 80um. The
experiments were repeated with applying differenvall passivation potentials.

Table 4.3 gives the minimum n-well separation tteat be etched according to 1V,
0V and -0.5V n-well biases, where the minimum nivwsgparations that can be

etched are determined as 80um, 70 um, and 50 |specatvely.

110



———» - ——
—_——r - ——

~

Figure 4.6: SEM picture of the etch sample, afiédiy the depletion region, i.e., the
deposition regions are not etched in the TMAH sotut

Table 4.3: Minimum n-well separation that can b#hetl according to varying n-well

bias.

n-well bias | Minimum n-well separation that can be etched
Y 80pm
oV 70pm
-0.5V 50pm
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Figure 4.7: The effect of the depletion regionhe &tching reactions.

It is also important to mention that the corner¢hefetched areas are not sharp. This
can be explained as the high current density thrdhg silicon which passivates the
n-well area [53, 54]. The increase of the electiedd on the corners and edges

causes the current density to be higher at thasgitms.

The etching processes with the etch samples hawiogobolometer pixel structures
were done under the fact of depletion region eff&creasing the n-well bias could
be possible, but there must be no doubt about whéetie applied potential is anodic
enough to passivate the n-well area. Therefor nthvell was biased with -0.5V,
whereas the p-substrate was biased with -1.6V. eltleing took one hour. Figure
4.8 gives the SEM pictures of pixels having sidésvalonnected to the n-well
potential. It was seen that the pixels having rtlstilewalls biased with n-well
potential did not etch. Even after one hour ofheig process, only small

deformations were seen on the etch surface.
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Figure 4.8: Outcome of the etching process whelevglls were biased with n-well

potential. It is seen that the pixels are notedcbroperly.
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On the other hand, the pixels having their sidesaihsed with p-substrate potential
were etched at a high undercut rate. Figure 4uStihtes the SEM picture pixel
having sidewalls connected to the p-substrate patenThe etching started properly

from the etch openings.

There were also pixels without biasing their sidésvaThe outcome of the process
on these pixels was as expected. The (111) walllermeath the sensitive area
formed a pyramidial shape. A suspended structare obtained. Figure 4.10 and

Figure 4.11 shows the suspended structures

Figure 4.9: Outcome of the etching process whedevwalls were biased with
p-substrate potential, where the top of the pigdiroken to see the cavity region. It

is clear from this picture that the etching of slubstrate is achieved successfully.
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Figure 4.10: Outcome of the etching process whel@slls were not biased. It is

seen that the etching is successfully achieved.

Figure 4.11: SEM picture of a 2 X 2 array of micotimeter pixels after the etching

process. All of the four pixels etched properly.

115



4.1.4. Step Coverage of 3N,

The suspended structures were obtained but thellnavee underneath the silicon
nitride layer could not be protected from the etthaA sticky tape was used to
remove the silicon nitride to look under the stmet Figure 4.12 illustrates the
SEM pictures of the pixel and the sensitive parthef pixel. The pyramidial shape
formed because of the (111) planes were obviousowitany hillocks on it. But, on
the other hand, the bottom of sensitive part ofpitel did not have the n-well doped
area. The reason of this problem is the low stper@age of the silicon nitride

deposition process.

Silicon nitrade was a resistive film against TMARhus, a 4000A thick, S\, layer
was deposited as the masking layer for anisotragiiching process. But,
unfortunately, the deposited nitrate layer coultl stand against to TMAH solution
for that much long. After one hour of the 10wt.%IAH etching process, it is
observed that the aluminum lines are exposed tlei@o and eventually etched by
the TMAH solution at various parts. Figure 4.18strates aluminum etched areas
where the silicon nitrate coating was thinned aacha@iged. This situation causes the
TMAH solution to expose to the applied potenti®hen the TMAH solution sees a
potential, it is impossible to prevent etching ba h-well diffused area.
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Figure 4.12: SEM picture of (a) underneath of tiiean nitride layer, and (b)

bottom of the silicon nitride layer, which was rerad by a sticky tape.

Figure 4.13: SEM pictures of aluminum lines, atetky the TMAH solution.
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4.1.5. High Thin Film Stress

The oxide layer, which acted as the masking laye¢he silicon surface, was grown

with a cyclic oxidation process. This process @meducing the stress of the oxide
layer, and also enhancing the growth rate of thalation process. After the

oxidation process, an additionaki$j layer was deposited as the TMAH masking
layer. The silicon nitride deposition process &B® carried out in mixed frequency
in order to obtain a stress-frees;ly layer. However, the SEM pictures of the
suspended pixels, which were taken after the TMAthiag process, showed the

high tensile stress on the supporting arms. Figuré shows these SEM pictures.

(a) (b)
Figure 4.14: The tensile stress of theNai (a) the supporting arms of the pixels are

affected from the tensile stress. (b) A very highsile stress causing the supporting

arms to break.
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The bulk silicon under the pixels was etched whiga TMAH solution. As the silicon
layer was removed under the supporting arms, tleetedf the tensile stress on the
SiO, and SiN4 was seen more obviously, such that some arms cmildtand the
tensile force and were broken. It is seen thatsthess of the thin films deposited
one on another should be considered together réther optimizing their stresses

individually. By this way, the stress of the filmman be eliminated.

4.2. Post-Processing of Microbolometer Chip

The information about the ECES technique and TMAkEhieg processes were
applied to microbolometer designs in the post-CMi@&ess of the devices. Section
4.2.1 will first explain the ECES setup for therft@ide microbolometer chip etching
process. Then, Section 4.2.2 results of the pastgss of the mirobolometer chip

4.2.1. ECES implementation of Microbolometer Chip for front side

etching

The preparations of the mirobolometer chip for eighprocess was different from
the preparation of the fabricated etch samplegqurEi 4.15 gives the preparation
steps of the microbolometer chip. The chip waseidainto a standard 84 pin
package (JLCC 84 with 0.3 inch x 0.3 inch squargtgg(Figure 4.15(a)). The
cavity under the bondings was coated with the blygéxy, Emerson & Cuming,
Amicon 50500-1 (Figure 4.15(b)). The pad connewtiovere obtained by bonding
each pad to this package (Figure 4.15(c)). The pad bondings have to be covered
with the black epoxy in order to keep them stress.f For this purpose, a very thin

white epoxy is applied on the chip, next to thepadorder to prevent flow of the
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black epoxy on to the pixels (Figure 4.15(d)). fhée pads and bondings are
covered with the black epoxy (Figure 4.15(e)). afin the white epoxy was

carefully used to cover the black epoxy, pads efghckage, and the surface of the
chip except the array of pixels (Figure 4.15(f)Jhe epoxy was applied at high

temperature in order to prevent it to leak.

(@) (b) (©)

(d) (e) ()
Figure 4.15: Preparation steps of the microbolomeltép for the etching process

[24].

This package was placed into a socket which wategted with a steel etch setup
and o-rings. Figure 4.16 and Figure 4.17 illussahe etch setup and its structural
design. The pins of the socket inside the etchpsetere soldered with wires, that
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pass through the long steel pipe and reach oues&ires are used to apply the
biasing necessary for the ECES implementation. d-hegs prevented the TMAH
leakage inside the etch setup. The prepared packag dipped into TCE, Acetone,
and IPA, respectively. Then, the native oxide taga the silicon surface was
removed by dipping the package into the 5wt.% TMAblution for 13seconds.
Finally, the package was placed inside the socKéte o-rings were fixed on the

surface with the screws. The etch setup was riEadiie etching process.
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Figure 4.16: Structural and cross-sectional viewhefetch setup [24].
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Figure 4.17: The etch setup of the microbolomekép evhich applies ECES to the
pixels [24].

A 300ml 10wt.% TMAH solution was prepared at 85%here 10gr/lt. AP was
added to the solution just before the processestarThe p-substrate was biased with
-1.6V, on the other hand, sensitive areas havingethun-wells were biased with -
0.5V. Unfortunatelly, the sidewalls of the pixelere biased with n-well potential
because of the design of the pixels. The top ef libaker was covered with a
specially designed Teflon cap. Previously, theeseary probe inlets were opened
on this cap. Figure 4.18 and Figure 4.19 demoatesthee anisotropic etching process
with the 4-electrode ECES system configuration iggpio the microbolometer chip.
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Figure 4.18: Anisotropic etching process applieth®omicrobolometer chip.

Figure 4.19: Anisotropic etching process appliedhi® microbolometer chip, where

the computer setup is also seen.
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4.2.2. Results of the front side etch of the microbolomete

Figure 4.20 and Figure 4.21 show the microbolomatet reference pixels after 1.5
hour of etching process.The depletion layer effexd seen on the pixels as expected.
The silicon substrate did not etch because of #ssipation voltage applied to the
sidewalls. Increasing the etching process timeoisa solution for situations like
this. If the etching time is kept long from itsuas process time, the masking layers,
silicon nitride and silicon dioxide will be etcheslowly, and they will drain
resistivity against the etchant. Eventually, thehant may reach the aluminum layer

of the micobolometer chip.

Figure 4.20: The microbolometer pixel after 1.5 hofietching process. The metal

layer on the sensitive area was damaged by thartch
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Figure 4.21: The reference pixel after 1.5 houetohing process. The metal layer

on the supporting arms of the pixel was damagetthéytchant.

4.2.3. ECES implementation of Microbolometer Chip for back side
etching

These experiments show that applying passivatiadenpial to the side walls indeed
prevents the etching of the substrate. After thegegeriments, it is realized the
reason for not being able to etch CMOS microbolemset Infact, these findings
were also confirmed with some other experimentsfopmed on CMOS

microbolometers with back side etchings.
The microbolometer prepared for back side etchindeasigned by Erkan Alpman

and afak Demirci. The back side etching process of itierobolometers is

designed as a wafer level process. The silicoa aneler the pixels is exposed to the
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etchant with a proper mask. Figure 4.22 illusséatee cross-section of the desired

result after the back side etching of the microbwter chip.

@%@%@%@%@%@% =7

1 n_wel —/ 1 (] [ ] 2

Figure 4.22: Cross-section of the desired resuitraback side etching of the

microbolometer chip.

The back side anisotropic etching process with B@ES implementation was
applied to this microbolometer by the ETH, Switaed. Figure 4.23 gives the SEM
picture of the etched back side of the microbol@nef he results showed that, there
were still p-type silicon on the absorber area, #mel supporting arms are still
connected to the pixel itself. The problem is sdlby applying an RIE process from
the front-side of the pixels in order to open tineas next to the supporting arms.
Figure 4.24 demostrates the suspended pixels ebtagfter the RIE process.
However, the supporting arms still carry the urhett p-type silicon under it. This

causes problem for the detection mechanism.
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One of the pixel

Figure 4.23: SEM picture of the etched back sid¢hefpixels. It is seen that the
bulk silicon was etched but the supporting armsewaill connected to the pixel

itself.

The back side anisotropic etching process of th@seobolometers is repeated with
disconnecting the n-well passivating voltage on #ide walls of the pixels on
another wafer. The etching process is done withiKOH solution at 90°C in a
KOH tank. Figure 4.25 shows the KOH tank, where ttafer-level back side

etching of the microbolometers was done.

The wafer is designed with two big pads which aseded for obtaining electrical
contact with the electrode which has the n-wellspaging voltage and p-substrate
etch voltages contacts. Figure 4.26 illustratesviiafer and the preparation for the

back side etching process in the electrode.
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Figure 4.24: SEM picture of the front side of thécmobolometers after the RIE

process.

Figure 4.25: The KOH tank where the wafer-levetlbaside etching of the

microbolometers were done.
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Figure 4.26: The preparation of the wafer for bside etching process: (a) the wafer
has two big pads, one is for n-well passivatingage and the other is for the p-

substrate etch voltage biasing, and (b) the wafptaced according to these contacts
in to the electrode.

In the etching process the n-well regions are biasigh 1.5V, and p-substrate is
biased with -3.5V. The process took 3 hours anthblutes. Figure 4.27 illustrates
the SEM picture taken from the back side of theslgbafter the etching process. It
was seen that the etching started properly and-thell areas were protected with a

passivation layer generated by the passivatinggelt
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Figure 4.27: Back side of the pixels after the baie etching process with 6M
KOH at 90°C.

4.3. Conclusion

This chapter gives the experimental results obthiaéter applying the ECES
technique to the fabricated etch samples. Firtltly, sheet resistance values of the
boron and phosphorus doped regions were measurdeebyan der Pauw resistivity
measurement structures. The measurements weeetoltisose measured during the
optimization of the diffusion processes by the fpaimt probe technique. This also
showed that ohmic contact to the silicon was sisfa#g satisfied by the aluminum

deposition process.
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The effect of the depletion region between n-welll p-substrate was investigated
with the etch samples. Increasing the n-well \g#taauses the p-substrate between
two n-well doped areas to passivate. Decreasieg ntwell voltage may also
decrease the minimum distance that can be etchédedr n-well regions.
However, the passivation of the n-well regions $thobe guarantied with a
significant anodic voltage. The ECES implementatexperiments shows that, to
achieve a successful ECES implementation on thel gixuctures, the sidewalls of
the pixels should not be biased. Even though hal mecessary conditions are
satisfied for an ECES implementation, the aluminiayer on the supporting arms
were affected from the etchant causing the n-veglian under the sensitive area etch
due to the low step coverage of the silicon nitridéis is a production problem, and
can be solved in future experiments.

Another production problem which must be handledwther processes is the thin
film stress of silicon nitrade. If these problerase considered and solved, a

successful ECES implementation can be done witthéadabricated etch samples.

The post-CMOS etching process of the microbolometgps is done with the
developed ECES technique. Unfortunately, the desfgthe pixels includes n-well
voltage biased side walls. The etching process m@ssuccessful due to the
depletion effect which is proven on previous setwgiof this chapter. Further
experiments with microbolometers with back sidéhietg processes gave successful
results. The n-well passivating voltage connestidlm the side walls are
disconnected and the etching is done from the balekof the wafer with KOH. The
experiments are succesfull. At the end of theietcthe pixels were suspended and
n-well regions were protected. ECES implementatiarameters must be taken into
consideration.
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CONCLUSION AND FUTURE WORK

The research performed in the concept of this shesiolves the development of
electrochemical etch-stop techniques for integrat#tMS sensors. The theory of
the electrochemical etch-stop technique is expthiive detail. The anisotropic
etchant, TMAH, is investigated in order to obtaim eptimized anisotropic wet
etching process under control of ECES techniquee design and the fabrication of
special etch samples are completed and the resfusperiments done with etch

samples are included in this thesis.

The achievements carried out during this reseaanlbe summarized as follows:

1. The anisotropic etchants are investigated accordiogtheir CMOS
compatibility, selectivity towards SiQ high silicon etch rate, and low
toxicity. As a result tetra methyl ammonium hyddex (TMAH) is chosen

for the anisotropic etching processes.

2. The theory of the anodic oxidation is explainedi@tail. The removal of the
silicon atom is a consequence of a series of remuoixidation reactions.
The continuity of the etching process depends enr¢lduction of the water
caused by the electrons which are generated osutiace of the silicon by
the oxidation reaction. The ECES technique in®ldeawing these electrons
away from the surface by applying appropriate \g#tto the surface to stop

the etching of the surface.
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3. The effect of the temperature of the etchant idistlwith a series of etching
experiments. Experiments show that, the etch oatie silicon decreases
drastically as the temperature decreases. A highaet temperature is
needed for high silicon etch rate, which is essémbr all etching processes.
However, as the temperature increases the etchofa®0O, increases too.
This may endanger the protecting Sifhask of the samples, causing
unwanted etching results. The temperature of tbkeaet is determined as
85°C.

4. The effect of the concentration of the etchant dher etch rate of silicon,
surface roughness and biasing voltages are stwdibdthe current-voltage
experiments. The experiments show that, the eit#h of silicon decreases
significantly as the concentration increases. Hmwmeat concentrations
lower than 5wt.% TMAH, the silicon etch rate falewn because of the
formation of the hillocks the on silicon surfac&he hillocks caused by the
low TMAH concentration are prevented with the aidditof ammonium
peroxodisulfate (AP). However, a stable procedh wifixed AP amount can
not be obtained with 5wt.% TMAH. 10wt.% TMAH wittOgr/It. AP clearly
provides a smooth silicon surface with high sili@ioh rate. The passivating
voltage for the n-well area and the etch voltagdeHe p-substrate are defined
as -0.5V and -1.6V, respectively, for 10wt.% TMAH.

5. The effect of illumination over the silicon etchteaof the etchant is
investigated. The experiments show that the ilhation effects both silicon
etch rate and the biasing voltages. Since thmitliation causes a non-stable

etching process, the experiments are done indat&hess.
6. Different silicon samples are designed in ordeuge in ECES experiments.

Their masks are drawn with CADENCE according to @& AMS standard

CMOS process design rules. The production of teesgples was carried out
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in METU-MET facilities. The process flow of theséch samples involves
thermal processes at high temperature. Sincehtivenal processes affect the
previously done process parameters, the simulafiat thermal processes is
done with SUPREM simulation tool, before the precetsirts.

7. The boron and phosphorus diffusion processes are docording to the 0.8
AMS standard CMOS process parameters. After aseaf optimization
processes, the sheet resistance and the junctuih déthe phosphorus and
boron diffused areas are found very close to tBeAMS standard CMOS

process parameters.

8. Thermal oxidation, boron and phosphorus diffusiaaminum and silicon
nitride layer deposition processes are completespeeively. The
metallization layer of the etch samples are obthiadter a series of
aluminum etching processes. The aluminum etchlempérature and etch
time are optimized in order to get 1um thick aluamnlines. Experiments
give that, the undercut rate of the aluminum atewdases as the temperature
of the aluminum etchant increases. The underctii@ktchant is prevented

with high agitation and low etchant temperature.

9. Experiments with the etch samples give that thermmim distance between
n-well regions that enables etching is dependetitdalepletion region width
between p-substrate and n-well diffused areas. Wikéh of the depletion
region of a p/n junction is directly affected byethpplied voltage and the
sheet resistances of the diffused areas, cause@-8ubstrate to passivate.
According to the experiments the minimum distaneeveen n-well doped

areas can be 80 um when -0.5V is applied to thelhasea.

10.The post-CMOS front side etching process of a miiclameter is completed

with the application of anisotropic etching procassler control of the ECES
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technique. However, the design of the used midaobeter failed due to the

depletion layer effect explained previously.

11.The problem occurred due to the n-well passivatioigage application to th
sidewalls of the pixels were solved with etchingeav microbolometer with a
back side etching design. The voltage through $iee walls was
disconnected and the etching was done from baekdfithe wafer with 6M
KOH at 90°C. As a consequence, the pixels of therabolometer were

suspended and the n-well regions under the absarbarwere protected.

This research gives above achievements on the E@€8nique and its
implementation. However, there is still need tadgtfurther on some points which

can be performed as future work:

1. An investigation about the depletion layer effecider a constant and a
controllable illumination can be done. The illumilon may decrease the
un-etched area which is caused by the depletioar lagtween n-well and
p-substrate.

2. New device fabrications for gyroscopes or press@msors can be studied
with the implementation of the ECES technique.

3. The low step coverage of the silicon nitride lagleposited in METU-MET

facilities can be improved with an optimization thie deposition process
variables.
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APPENDICES

ETCH SAMPLES

. PROCESS STEPS FOR FABRICATION OF THE

Step

Process

Specification

Time

Prefurnace clean

Standard

Thermal Oxidation

1. Ramp-Up to 1125 °C

Field Oxide Growth

2. Dry oxidation undep O

30 min.

3. Wet Oxidation under +and Q

120 min.

4. Dry oxidation under £

20 min.

Protect backside

1. Dehydration under N20°C

30 min.

2. Primer (HMDS) coating;

500rpm 10 sec. + 4000rpm 30 sec.

3. PR (S1813) coating;

500 rpm 10 sec. + 2000rpm 30 sec.

4. Softbake at 95°C

30 sec.

5. Hardbake under/\L20°C

20 min.

Lithography

1. Dehydration undepNL20° C

30 min.

N-well diffusion openings

2. Primer (HMDS) coating;

500rpm 10 sec. + 4000rpm 30 sec.

3. PR (S1813) coating;

500 rpm 10 sec. + 2000rpm 30 sec.

4. Softbake at 95°C

30 sec
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5. Align & Expose

6. Develop with MF-319

7. Rinse with DI HO

8. Dry by N

9. Hardbake under \120°C 30 min.
5 Oxide etch 1. BHF; NEF (%40) : HF (%49) = 7:1 7.5 min
2. Rinse with DI HO
3.Dryby N
6 Strip photoresist 1. SVC-175 at 82°C 15 min.
2. Rinse with DI HO
3.Dryby N
7 Prefurnace clean 1.HF:DLAB=1:4 30 sec.
2. Rinse with DI HO
3.Dryby N
8 N+ pre-deposition 1. Ramp-Up to 805 °C
2. Flow-1: N, Low G, 10 min.
3. Flow-2 : N, Low O, POC} Purge 2 min.
4. Flow-3: N, Low G,, POC} 10 min.
5. Flow-4 : N, Low O, 10 min.
9 N+ drive-in 1. Ramp-Up to 1130 °C
2.Flow: H, G, 60 min.
10 Lithography 1. Dehydration underpNL20°C 30 min.
2. Primer (HMDS) coating;
p+ diffusion openings 500rpm 10 sec. + 4000rpm 30 sec.
3. PR (S1813) coating;
500 rpm 10 sec. + 2000rpm 30 sec.
4. Softbake at 95°C 30 sec.

5. Align & Expose
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6. Develop with MF-319

7. Rinse with DI HO

8. Dry by N

9. Hardbake under \120°C 30 min.
11 Oxide etch 1. BHF; NiF (%40): HF (%49) = 7:1 14 min.
2. Rinse with DI HO
3.Dryby N
12 Strip photoresist 1. SVC-175 at 80°C 15 min.
2. Rinse with DI HO
3.Dryby N
13 Prefurnace clean 1. HF:DLB =14 30 sec.
2. Rinse with DI HO
3.Dryby N
14 P+ pre-deposition 1. Ramp-Up to 1000 °C
Semi-deep boron diffusion 2. Flow-1 3;N.ow O, 5 min
3. Flow-2 : N, Low O, BBr; Purge 2 min.
4. Flow-3 : N, Low O,, BBr; 15 min.
5. Flow-4 : N, O.. 5 min
15 LTO 1. Ramp-Up to 700°C
2. Flow-1: H, O, 30 min.
16 Oxide Etch 1. BHF; N&F (%40) : HF (%49) = 7:1 30 min
2. Rinse with DI HO
17 Oxidation (Drive-in) 1. Ramp-Up to 1000 °C
2. Flow-1:Q 6.5 min
3. Flow-2: H, O, 25 min
4. Flow-3: Q 5 min

5. Measure oxide thickness 2000-21005{
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18

Lithography

1. Dehydration, N120°C

30 min

Contact opening

2. Primer(HMDS),
500rpm 10 sec. + 4000rpm 20 sec.

3. S1813 PR,
500rpm 10 sec. + 4000rpm 20 sec.

4., Softbake 95°C, N

30 min.

5. Align & Expose

6. Develop, MF-319

40sec.

7. Rinse with DI HO

3 min.

8.Dryby N

9. Hardbake 120°C

30 min.

19

Oxide etch

1. BHF; NEF%40 : HF%A49, 7:1

14 min.

2. Rinse with DI HO

3.Dryby N

20

Strip photoresist

1. SVC-175, 80°C

15 min

2. Rinse with DI HO

3. Dry by N2

21

Aluminum Deposition

Transfer pressure : 3.e-6 PerNone

600sec

Sputter

1. Argon : Pressure : 1.le-

Rate : 0.6 /sec.

10sccm,

P 200 sec.

2. Argon : 3.8sccm, Pressure : 4.9e-

Rate : 1.1 /sec.

B.400 sec.

22

Lithography

1. Dehydration, N120°C

30 min

Metallization layer

2. Primer(HMDS),
500rpm 10sec + 2000rpm 30 sec.

3. S1813 PR,
500rpm 10 sec. + 4000rpm 30 sec.

4. Soft-bake 115°C

60 sec.

5. Align & Expose,

6. Develop, MF-319.
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7. Rinse with DI HO

8.Dryby N

9. Oxygen Plasma 150mTorr, 300W. 2 min.
10. Hardbake 120°C 30 min.
23 Al etch Wet etching at 25°with High agitation 3,57m
24 Strip photoresist SVC-175 5 min
25 Aluminum annealling Annealing at 450°C 30 min
26 Nitride deposition 4000 MF SiN
27 Lithography 1. Dehydration, N120°C 30 min.
2. Primer(HMDS),
passivation layer 500rpm 10 sec. + 2000rpm 30 sec.
3. S1813 PR,
500rpm 7 sec. + 2000rpm 30 sec.
4. Soft-bake 115°C 70 sec.
5. Align & Expose
6. Develop, MF-319 65 sec.
7. Rinse with DI HO
8.Dryby N
9. Oxygen Plasma 150mTorr, 300W. 2 min.
10. Hard-bake 120°C 30 min
1 min 21
28 .
SiN RIE sec.
27 SiO RIE 65 sec.
28 Strip photoresist oxygen plasma 45 min.
29 Dicing

148




B. SUPREM SIMULATION OF THE THERMAL
PROCESSES OF ETCH SAMPLES

The code starts with wafer property definition agrdphic axis definition. The

oxide growth, the diffusion parameters depend ofemtgpe.

TITL --METU_ECESv1

GRID DYSI=0.04, DPTH=12, YMAX=12
SUBS ORNT=100, ELEM=B, CONC=5E14
PLOT WIND=12, TOTL=TRUE, IDIV=FALSE

PRINT HEAD=YES
PLOT WIND=12, TOTL=TRUE, IDIV=FALSE

Modes are written according to the device paramet@hese values are optimized
in relation to the previous process results ondghdsvices. Oxidation steps and
diffusion steps differ as the time passes; the wafeface oxidizes; the implant
concentration of the wafer surface changes. Tlobsmges are reflected to the
modes thus for each oxygen flow inside the tubehdagh temperature process
affecting another process variable is declaredrasde. MPH declares phosphorus
diffusion, MBO declares boron diffusion, DRY dedardry oxidation and WET

declares wet oxidation.

MODE NAME=MPH1, DSXD=8E11, DOX0=2E11, SEG0=4
MODE NAME=MPH2, DOX0=2.51939E9

MODE NAME=MBO2, DSXD=3E11, DOX0=4.56E7, SEG0=10
MODE NAME=MBO1, SEG0=110

MODE NAME=MBO4, DSXD=800, DOX0=1.896E6, SEG0=1126
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MODE NAME=DRY3, LRTE=1.04838E5, PRES=0.10924
MODE NAME=DRY1, LRTE=1.89E5

MODE NAME=WET1, PRTE=4.14

MODE NAME=WETS, PRTE=2.84

MODE NAME=DRY4, PRTE=16

The n-well diffusion is defined as following. Tesrpture, time, type of element
which is diffused, concentration of the elementegivor diffusion and model of the
diffusion is written. The drive-in process moda®cdly are affected from the pre
deposition process. In drive-in, both push and pluthe wafers through the tube

are considered as dry oxidation and their effeatgs included.

COMM NWELL DEPOSITION

STEP TYPE=OXID, TIME=3, TEMP=800, MODL=DRYO

STEP TYPE=PDEP, ELEM=P, CONC=1E19, TIME=5, TEMP=8AQDL=MPH1
STEP TYPE=OXID, TIME=5, TEMP=800, MODL=DRY4

COMM NWELL DRIVE IN

STEP TYPE=OXID, TIME=10, TEMP=1130, MODL=DRY1, MOBMPH2
STEP TYPE=OXID, TIME=200, TEMP=1130, MODL=WET1, NDD=MPH2
STEP TYPE=OXID, TIME=7.5, TEMP=1130, MODL=DRY1,0DL=MPH2

The oxide layer occurred after drive-in processtigpped with an etching step.
STEP TYPE=ETCH, TEMP=25

Boron diffusion is done over the phosphorus diftlaesa. Therefore in both pre-

deposition and drive-in processes, a mode for giwsis diffusion is added.

COMM P++ DIFFUSION

STEP TYPE=OXID, TIME=3, TEMP=1000, MODL=NITO

STEP TYPE=PDEP, ELEM=B, CONC=1.5E20, TIME=40, TEMB&8Q, MODL=MBOO
+ MODL=MPH2

STEP TYPE=OXID, TIME=3, TEMP=1000, MODL=DRY4, MOBMPH2
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LTO was done to ease the boron silicate removathvivas occurred during boron
diffusion.

COMM LTO

STEP TYPE=OXID, TIME=3, TEMP=700, MODL=DRY1
STEP TYPE=OXID, TIME=30, TEMP=700, MODL=WET1
STEP TYPE=OXID, TIME=3, TEMP=700, MODL=DRY1
The silicate layer was removed here

STEP TYPE=ETCH, TEMP=25

The drive-in process of the boron diffusion wasoatllse oxidation process for

contact openings.

COMM OXIDATION FOR CONTACT

STEP TYPE=OXID, TIME=3, TEMP=1000, MODL=DRY0, MOBMPH2,MODL=MBO4
STEP TYPE=OXID, TIME=45, TEMP=1000, MODL=WET5

STEP TYPE=OXID, TIME=5, TEMP=1000, MODL=DRY1

END

SUPREM SIMULATION RESULTS

NWELL DEPOSITION

STEP# 1

OXIDE THICKNESS = 4.3057E-03 MICRONS

LINEAR OXIDE GROWTH RATE = 1.581271E-03 MICRONSINUTE
PARABOLIC OXIDE GROWTH RATE = 6.690619E-05 MICRONZBMINUTE

OXIDE GROWTH PRESSURE = 1.00000 ATMOSHRES
| OXIDE I SILICON | | SUREE
| DIFFUSION | DIFFUSION | SEGREGATION | TRANSPORT

| COEFFICIENT | COEFFICIENIT COEFFICIENT | COEFFICIENT

BORON | 1.29678E-09  L6@144E-05 | .16589 | .67TH48E-04
SURFACE CONCENTRATION = 2.969953E+14 ATOMS/CM!3
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I SHEET RESISTANCE

JUNCTION DEPTH

OHMS/SQUARE

111.7

NWELL DEPOSITION

STEP =1

3.0 MINUTES.
DEPTH vs. CONCENTRATION (LOG ATOMS/CC) (UM)

TIME

16 17 18 19 20 21

15

¥ ¥ X X ¥ Xx X ¥ *x
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NWELL DEPOSITION

STEP # 2

GASEOUS PREDEPOSITION

TOTAL STEP TIME = 5.0 MINUTES

INITIAL TEMPERATURE = 800.000 DEGREES C.
OXIDE THICKNESS = 4.3057E-03 MICRONS
PREDEPOSITION IMPURITY = PHOSPHORUS

GAS CONC. AT INTERFACE = 1.000000E+19 ATOMS/CC

I OXIDE | SILICON | | SURFACE |
| DIFFUSION  DIFFUSION | SEGREGATION I TRANSPORT
| COEFFICIENT | CBEICIENT | COEFFICIENT | COEFFICIENT I

BORON | 5.00901E-11 | 2.72E007 | 6.84716E-02 | 3.73363E-0%

PHOSPHORUS | 7.30858E-06 | 5.18178E-06 4.0000 I 1.0000

SURFACE CONCENTRATION = -3.441887E+18 ATOMS/CM!3

JUNCTION DEPTH I SHEET RESISTANCE

|
7.983582E-02 MICRONS | 5381.76 OHMS/S(QREA | 21237.2 OHMS/SQUARE
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NWELL DEPOSITION

STEP = 2
TIME

5.0 MINUTES.

DEPTH vs. CONCENTRATION (LOG ATOMS/CC) (UM)

21

20

16 17 18 19

15
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NWELL DEPOSITION

STEP # 3

OXIDATION IN DRY OXYGEN

TOTAL STEP TIME = 5.0 MINUTES

INITIAL TEMPERATURE = 900.000 DEGREES C.
OXIDE THICKNESS = 1.0477E-02 MICRONS

LINEAR OXIDE GROWTH RATE = 1.581271E-03 MICRONSINUTE
PARABOLIC OXIDE GROWTH RATE = 8.317786E-05 MICRONZBMINUTE
OXIDE GROWTH PRESSURE = 1.00000 ATMOSHRES

I OXIDE | SILICON I | SURFACE |
| DIFFUSION  DIFFUSION | SEGREGATION | TRANSPORT
| COEFFICIENT | &BFICIENT | COEFFICIENT | COEFFICIENT I

BORON | 1.29678E-09 | 3.66E405 | .16589 | 3.67548E10

PHOSPHORUS | 1.84051E-04 | 1.51228E-04 4.0000 | 2.54185E-03 |

SURFACE CONCENTRATION = -1.922028E+18 ATOMS/CM!3

JUNCTION DEPTH |  SHEET RESISTANCE

I
.224537 MICRONS | 2785.96 OHMS/SQREA | 21534.6 OHMS/SQUARE
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NWELL DEPOSITION

STEP = 3
TIME

5.0 MINUTES.

DEPTH vs. CONCENTRATION (LOG ATOMS/CC) (UM)

21

20

16 17 18 19

15
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NWELL DRIVE IN

STEP # 4

OXIDATION IN DRY OXYGEN

TOTAL STEP TIME = 10.0 MINUTES

INITIAL TEMPERATURE = 1130.00 DEGREES C.
OXIDE THICKNESS = 6.0085E-02 MICRONS

LINEAR OXIDE GROWTH RATE = 1.238174E-02 MICRONSINUTE
PARABOLIC OXIDE GROWTH RATE = 4.916039E-04 MICRONZBMINUTE
OXIDE GROWTH PRESSURE = 1.00000 ATMOSHRES

| OXIDE I SILICON | I SURFACE |
| DIFFUSION | DIFFUSION | SEGREGATION | TRANSPORT
| COEFFICIENT GOEFFICIENT | COEFFICIENT | COEFFICIENT I

BORON | 3.96866E-07 | 218#4E-03 | .78674 | 2.06B-02 |

PHOSPHORUS | 6.75858E-04 | 2.9699GE-O1 10.000 | 6.40444E-02

SURFACE CONCENTRATION = -2.577700E+17 ATOMS/CM!3

JUNCTION DEPTH |  SHEET RESISTANCE

I
925602 MICRONS | 1446.19 OHMS/SQREA | 23123.0 OHMS/SQUARE
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NWELL DRIVE IN

STEP = 4
TIME

10.0 MINUTES.

DEPTH vs.CONCENTRATION (LOG ATOMS/CC) (UM)
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NWELL DRIVE IN

STEP # 5

OXIDATION IN WET OXYGEN

TOTAL STEP TIME  =200.0 MINUTES

INITIAL TEMPERATURE = 1130.00 DEGREES C.
OXIDE THICKNESS = 1.008 MICRONS

LINEAR OXIDE GROWTH RATE = 5.899357E-02 MICRONSINUTE
PARABOLIC OXIDE GROWTH RATE = 5.504673E-03 MICRONZBMINUTE
OXIDE GROWTH PRESSURE = .842105 ATMOSHES

I OXIDE | SILICON I | SURFACE |
| DIFFUSION | DIFFUSION | SEGREGATION | TRANSPORT
| COEFFICIENTCOEFFICIENT | COEFFICIENT | COEFFICIENT I

BORON | 3.96866E-07 212144E-03 | .78674 | S3806E-02 |

PHOSPHORUS | 6.75858E-04 | 296593 | 10.000 | 6.40444E102

SURFACE CONCENTRATION = -5.528926E+16 ATOMS/CM!3

JUNCTION DEPTH |  SHEET RESISTANCE

I
3.04246 MICRONS | 1221.79 OHMS/SQUARE 31011.0 OHMS/SQUARE
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NWELL DRIVE IN

STEP =5
TIME = 200.0 MINUTES.

DEPTH vs. CONCENTRATION (LOG ATOMS/CC) (UM)
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NWELL DRIVE IN

STEP # 6

OXIDATION IN DRY OXYGEN

TOTAL STEP TIME = 7.5 MINUTES

INITIAL TEMPERATURE = 1130.00 DEGREES C.
OXIDE THICKNESS = 1.010 MICRONS

LINEAR OXIDE GROWTH RATE = 1.238174E-02 MICRONSINUTE
PARABOLIC OXIDE GROWTH RATE = 4.916039E-04 MICRONZBMINUTE
OXIDE GROWTH PRESSURE = 1.00000 ATMOSHRES

I OXIDE I SILICON | | SURFACE I
| DIFFUSION | DIFFUSION | SEGREGATION | TRANSPORT
| COEFFICIENT GOEFFICIENT | COEFFICIENT | COEFFICIENT I

BORON I 3.96866E-07 L12144E-03 | .78674 | ZBOBE-02 |

PHOSPHORUS | 6.75858E-04 | 2.9699GE | 10.000 | 6.40444E-02

SURFACE CONCENTRATION = -5.234899E+16 ATOMS/CM!3

JUNCTION DEPTH |  SHEET RESISTANCE

I
3.09650 MICRONS | 121496 OHMS/SQUARE 31211.8 OHMS/SQUARE
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NWELL DRIVE IN

STEP = 6
TIME

7.5 MINUTES.

DEPTH vs. CONCENTRATION (LOG ATOMS/CC) (UM)
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16 17 18 19
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NWELL DRIVE IN

STEP # 7

ETCH STEP

ETCH TEMPERATURE = 25.0 DEGREES C.
ETCH TIME = .0 MINUTES

ETCH RATE = .0000 MICRONS/MINUTE
OXIDE THICKNESS = .0000 MICRONS

SURFACE CONCENTRATION = -5.234899E+16 ATOMS/CM!3

JUNCTION DEPTH |  SHEET RESISTANCE
I
3.09650 MICRONS | 1214.96 OHMS/SQUARE31211.8
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NWELL DRIVE IN

STEP =7
TIME

.0 MINUTES.

DEPTH vs. CONCENTRATION (LOG ATOMS/CC) (UM)
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P++ DIFFUSION

STEP # 8

OXIDATION IN DRY OXYGEN

TOTAL STEP TIME = 3.0 MINUTES

INITIAL TEMPERATURE = 800.000 DEGREES C.
OXIDE THICKNESS = 7.4431E-04 MICRONS

LINEAR OXIDE GROWTH RATE = 2.502507E-04 MICRONSINUTE
PARABOLIC OXIDE GROWTH RATE = 2.153168E-05 MICRONZBMINUTE

OXIDE GROWTH PRESSURE = 1.00000 ATMOSHRES
I OXIDE | SILICON | | SURFACE |
| DIFFUSION  DIFFUSION | SEGREGATION | TRANSPORT

| COEFFICIENT IOCEFFICIENT | COEFFICIENT | COEFFICIENT I

BORON | 5.00901E-11 | 6563E-06 | 6.84716E-02 | 3.7336BE |

PHOSPHORUS | 9.20658E-08 | 2.69323E-071 10.000 | 4.05997E-041

SURFACE CONCENTRATION = -5.276573E+16 ATOMS/CM!3

JUNCTION DEPTH |  SHEET RESISTANCE

|
3.09617 MICRONS | 1215.10 OHMS/SQUARE31212.4 OHMS/SQUARE
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P++ DIFFUSION

STEP = 8
TIME

3.0 MINUTES.

DEPTH vs. CONCENTRATION (LOG ATOMS/CC) (UM)
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P++ DIFFUSION

STEP # 9

GASEOUS PREDEPOSITION

TOTAL STEP TIME = 10.0 MINUTES

INITIAL TEMPERATURE = 780.000 DEGREES C.
OXIDE THICKNESS = 7.4431E-04 MICRONS
PREDEPOSITION IMPURITY = BORON

GAS CONC. AT INTERFACE = 1.000000E+20 ATOMS/CC

I OXIDE I SILICON | I SURFACE |
| DIFFUSION  DIFFUSION | SEGREGATION | TRANSPORT
| COEFFICIENT IOCEFFICIENT | COEFFICIENT | COEFFICIENT I

BORON | 2.42619E-11 | 16838E-07 | 5.62203E-02 | 1.0000 |

PHOSPHORUS | 4.48693E-08 | 1.27015E-07T 10.000 | 2.69800E-04 |

SURFACE CONCENTRATION = -5.264634E+16 ATOMS/CM!3

JUNCTION DEPTH |  SHEET RESISTANCE

I
3.09617 MICRONS | 1215.13 OHMS/SQUARE31212.4 OHMS/SQUARE
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P++ DIFFUSION

STEP = 9
TIME

10.0 MINUTES.

DEPTH vs. CONCENTRATION (LOG ATOMS/CC) (UM)
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15 16 17 18 19

14
.00

*
I*
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P++ DIFFUSION

STEP # 10

OXIDATION IN DRY OXYGEN

TOTAL STEP TIME = 3.0 MINUTES

INITIAL TEMPERATURE = 800.000 DEGREES C.
OXIDE THICKNESS = 1.4798E-03 MICRONS

LINEAR OXIDE GROWTH RATE = 2.502507E-04 MICRONSINUTE
PARABOLIC OXIDE GROWTH RATE = 2.676821E-05 MICRONZBMINUTE

OXIDE GROWTH PRESSURE = 1.00000 ATMOSHRES
I OXIDE I SILICON | | SURFACE |
| DIFFUSION | DIFFUSION | SEGREGATION | TRANSPORT

| COEFFICIENT GOEFFICIENT | COEFFICIENT | COEFFICIENT I

BORON | 5.00901E-11 L6B569E-06 | 6.84716E-02 | 3.7336BE |

PHOSPHORUS | 9.20658E-08 | 2.693P3E | 10.000 | 4.05997E-04l

SURFACE CONCENTRATION = -5.335560E+16 ATOMS/CM!3

JUNCTION DEPTH |  SHEET RESISTANCE

I
3.09585 MICRONS | 121526 OHMS/SERE | 31212.8 OHMS/SQUARE
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P++ DIFFUSION

STEP

=10

3.0 MINUTES.

TIME

DEPTH vs. CONCENTRATION (LOG ATOMS/CC) (UM)
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LTO

STEP # 11

OXIDATION IN DRY OXYGEN

TOTAL STEP TIME = 3.0 MINUTES

INITIAL TEMPERATURE = 700.000 DEGREES C.
OXIDE THICKNESS = 1.7170E-03 MICRONS

LINEAR OXIDE GROWTH RATE = 8.290955E-05 MICRONSINUTE
PARABOLIC OXIDE GROWTH RATE = 5.489036E-06 MICRONSBMINUTE
OXIDE GROWTH PRESSURE = 1.00000 ATMOSHRHES

| OXIDE | SILICON | | SURFACE |
| DIFFUSION | DIFFUSION | SEREGATION | TRANSPORT
| COEFFICIENT | COEFFICIENT | C®EICIENT | COEFFICIENT |

BORON I 9.91334E-131 9.79088E-07 I135628E-02 1 2.37047E-06 |

PHOSPHORUS | 1.88384E-091 4.61323E-090.000 | 4.44810E-051

SURFACE CONCENTRATION = -5.362569E+16 ATOMS/CM!3

JUNCTION DEPTH |  SHEET RESISTANCE
I
3.09575 MICRONS | 1215.29 OHMS/SQUARE
I 312129 OHMS/SQUARE
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LTO
STEP

=11

3.0 MINUTES.
DEPTH vs. CONCENTRATION (LOG ATOMS/CC) (UM)

TIME

16 17 18 19 20 21

15
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LTO

STEP # 12

OXIDATION IN WET OXYGEN

TOTAL STEP TIME = 30.0 MINUTES

INITIAL TEMPERATURE = 700.000 DEGREES C.
OXIDE THICKNESS = 2.7041E-03 MICRONS

LINEAR OXIDE GROWTH RATE = 3.290579E-05 MICRONSINUTE
PARABOLIC OXIDE GROWTH RATE = 3.182749E-04 MICRONSBMINUTE
OXIDE GROWTH PRESSURE = .842105 ATMOSHRHES

| OXIDE | SILICON | | SURFACE |
| DIFFUSION | DIFFUSION | SEREGATION | TRANSPORT
| COEFFICIENT | COEFFICIENT | C®EICIENT | COEFFICIENT |

BORON I 9.91334E-131 9.79088E-07 I135628E-02 1 2.37047E-06 |

PHOSPHORUS | 1.88384E-091 4.61323E-090.000 | 4.44810E-051

SURFACE CONCENTRATION = -5.458129E+16 ATOMS/CM!3

JUNCTION DEPTH |  SHEET RESISTANCE
I
3.09531 MICRONS | 1215.47 OHMS/SQUARE
I 312137 OHMS/SQUARE
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LTO
STEP # 12

TIME = 30.0 MINUTES.

DEPTH vs.CONCENTRATION (LOG ATOMS/CC)
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LTO

STEP # 13

OXIDATION IN DRY OXYGEN

TOTAL STEP TIME = 3.0 MINUTES

INITIAL TEMPERATURE = 700.000 DEGREES C.
OXIDE THICKNESS = 2.9333E-03 MICRONS

LINEAR OXIDE GROWTH RATE = 8.290955E-05 MICRONSINUTE
PARABOLIC OXIDE GROWTH RATE = 5.489036E-06 MICRGI2/MINUTE
OXIDE GROWTH PRESSURE = 1.00000 ATMOERES

I OXIDE | SILICON | | SURFACE |
| DIFFUSION | DIFFUSION | SHREGATION | TRANSPORT
| COEFFICIENT | COEFFICIENT | C®EICIENT | COEFFICIENT |

BORON I 9.91334E-131 9.79088E-07 I135628E-02 1 2.37047E-06 |

PHOSPHORUS | 1.88384E-091 4.61323E-090.000 | 4.44810E-051

SURFACE CONCENTRATION = -5.479640E+16 ATOMS/CM!3

JUNCTION DEPTH |  SHEET RESISTANCE
I
3.09521 MICRONS | 1215.52 OHMS/SQUARE
I 31213.8 OHMS/SQUARE
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LTO
STEP #13

3.0 MINUTES.
DEPTH vs. CONCENTRATION (LOG ATOMS/CC)

TIME

16 17 18 19 20 21

15
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LTO

STEP # 14

ETCH STEP

ETCH TEMPERATURE = 25.0 DEGREES C.
ETCH TIME = .0OMINUTES

ETCH RATE =

.0000 MICRONS/MINUTE

OXIDE THICKNESS = .0000 MICRONS

SURFACE CONCENTRATION = -5.479640E+16 ATOMS/CM!3

JUNCTION DEPTH |
I
3.09521 MICRONS | 1215.52

SHEET RESISTANCE

OHMS/SQUARE
| 31213.8 OHMS/SQUARE
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LTO
STEP #14

TIME 0 MINUTES.

DEPTH vs.CONCENTRATION (LOG ATOMS/CC)
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OXIDATION FOR CONTACT

STEP # 15

OXIDATION IN DRY OXYGEN

TOTAL STEP TIME = 3.0 MINUTES

INITIAL TEMPERATURE = 1000.00 DEGREES C.
OXIDE THICKNESS = 1.4006E-02 MICRONS

LINEAR OXIDE GROWTH RATE = 7.479394E-03 MICRONSINUTE
PARABOLIC OXIDE GROWTH RATE = 1.739824E-04 MICRGI2/MINUTE
OXIDE GROWTH PRESSURE = 1.00000 ATMOERES

I OXIDE | SILICON | | SURFACE |
| DIFFUSION | DIFFUSION | SHREGATION | TRANSPORT
| COEFFICIENT | COEFFICIENT | C®EICIENT | COEFFICIENT |

BORON | 2.01370E-08 1 2.54949E-04 17836 | 2.52627E-03 |

PHOSPHORUS | 3.51730E-051 1.35028E-04 0.000 | 1.19299E-02 |

SURFACE CONCENTRATION = -5.808969E+16 ATOMS/CM!3

JUNCTION DEPTH |  SHEET RESISTANCE
I
3.08997 MICRONS | 1219.34 OHMS/SQUARE
I 31226.1 OHMS/SQUARE
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OXIDATION FOR CONTACT

STEP #15

3.0 MINUTES.
DEPTH vs. CONCENTRATION (LOG ATOMS/CC)

TIME

16 17 18 19 20 21

15
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OXIDATION FOR CONTACT

STEP # 16

OXIDATION IN WET OXYGEN

TOTAL STEP TIME = 40.0 MINUTES

INITIAL TEMPERATURE = 1000.00 DEGREES C.
OXIDE THICKNESS = .2060 MICRONS

LINEAR OXIDE GROWTH RATE = 1.044611E-02 MICRONSINUTE
PARABOLIC OXIDE GROWTH RATE = 1.954248E-03 MICRGI2/MINUTE
OXIDE GROWTH PRESSURE = .842105 ATMOERES

I OXIDE | SILICON | | SURFACE |
| DIFFUSION | DIFFUSION | SHREGATION | TRANSPORT
| COEFFICIENT | COEFFICIENT | C®EICIENT | COEFFICIENT |

BORON | 2.01370E-081 2.03950E-04 L17836 | 2.52627E-03 |

PHOSPHORUS | 3.51730E-051 1.35028E-04 0.000 | 1.19299E-02 |

SURFACE CONCENTRATION = -9.815834E+16 ATOMS/CM!3

JUNCTION DEPTH |  SHEET RESISTANCE
I
3.01851 MICRONS | 1270.18 OHMS/SQUARE
I 31261.3 OHMS/SQUARE
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OXIDATION FOR CONTACT

STEP# 16

40.0 MINUTES.
DEPTH vs. CONCENTRATION (LOG ATOMS/CC)

TIME

16 17 18 19 20 21
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OXIDATION FOR CONTACT

STEP # 17

OXIDATION IN DRY OXYGEN

TOTAL STEP TIME = 5.0 MINUTES

INITIAL TEMPERATURE = 1000.00 DEGREES C.
OXIDE THICKNESS = .2078 MICRONS

LINEAR OXIDE GROWTH RATE = 2.287017E-03 MICRONSINUTE
PARABOLIC OXIDE GROWTH RATE = 1.739824E-04 MICRGI2/MINUTE
OXIDE GROWTH PRESSURE = 1.00000 ATMOERES

I OXIDE | SILICON | | SURFACE |
| DIFFUSION | DIFFUSION | SHREGATION | TRANSPORT
| COEFFICIENT | COEFFICIENT | C®EICIENT | COEFFICIENT |

BORON | 2.01370E-08 1 2.54949E-04 17836 | 2.52627E-03 |

PHOSPHORUS | 3.51730E-051 1.35028E-04 0.000 | 1.19299E-02 |

SURFACE CONCENTRATION = -8.803231E+16 ATOMS/CM!3

JUNCTION DEPTH |  SHEET RESISTANCE
I
3.01933 MICRONS | 1269.48 OHMS/SQUARE
I 31266.1 OHMS/SQUARE
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OXIDATION FOR CONTACT

STEP #17

5.0 MINUTES.
DEPTH vs. CONCENTRATION (LOG ATOMS/CC)

TIME

16 17 18 19 20 21

15

SUPREM ENDG
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