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Abstract

SEMICONDUCTOR WAFER BONDING
AND ION-CUT LAYER TRANSFER

by
Changhan Yun
Doctor of Philosophy in Engineering
University of California, Berkeley

Professor Nathan W. Cheung, Chair

This dissertation describes a semiconductor layer transfer process using wafer bond-
ing and hydrogen-induced semiconductor cleavage. In this process, hydrogen is implanted
into a wafer that has the layer to be transferred. The implanted hydrogen ions form a highly
damaged region around the hydrogen stopping range. The implanted wafer is then bonded
to another wafer using low-temperature direct bonding. With appropriate heat or mechani-
cal treatment, the bonded wafer pair separates along the highly damaged region, resulting

in the transfer of the layer from one substrate to the other.

With this technique, we have been able to fabricate silicon-on-insulator (SOI) struc-
tures by transferring single- and poly- crystalline silicon layers, especially using hydrogen
plasma implantation, oxygen plasma-activated wafer bonding, and thermal cleavage and
mechanical cleavage methods. We havé also formed silicon, SOI, and oxide membranes on
buried cavities and channels, which can be applied for use in pressure transducers, micro-

fluidic systems, and radio frequency filters and resonators. In these demonstrations, we



have observed good thickness uniformity (<1 %) across a 100 mm wafer and surface

micro-roughness (<10 nm) of the transferred layers.

For the transfer of pre-fabricated electronic device layers, gate oxide damagg

> was first -

evaluated after high-dose and high-energy hydrogen implantation through metal-pxide-sili-

con (MOS) transistors. The results showed that stress-induced leakage current (SILC) -

through the gate oxide increased as hydrogen dose increased for the 5 nm-thick oxide. For

the 1.8 nm-thick gate oxide, no SILC was observed, showing that the implantatign damage

is not significant for the ultra-thin (< 2 nm) oxides.

To protect the thicker (>3 nm) oxides from damage during the hydrogen|implanta-

tion, we have proposed layer transfer with patterned implantation of hydrogen. In this pro-

cess, active device regions were masked during the implantation. This experiment showed

-

that the hydrogen induced silicon layer cleavage is feasible even without a continuous hy-

drogen implantation of the entire wafer, and that the silicon cleavage can propagate across

at least 16 microns of non-implanted area from a 4 micron-wide implanted region each

side. Furthermore, it has shown that the mechanical cleaving can overcome sonme non-im-

plantation area limitations imposed by the thermal cleavage process.

- it caw%

Professor Nathan W. Cheung
Chair, Dissertation Committe
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Chapter 1

INTRODUCTION

1.1 Integration of Microsysteiné

Through intimate integration of disparate (e.g., electronic, optical, piezoelectric, su-
perconducting, magnetic, organic, etc.) materials in a single substrate, the functionality of
integrated microsystems can be significantly enhanced beyond what is possible in a
single material platform. Along with continuous scaling of individual devices such as
transistors and micro-machines, this multi-systems-on-a-chip integration can shrink
microsystems further by increasing the number of microelectronic circuits and machines
on a single chip. A useful integrated microsystem must combine the materials that are in-
dividually suited for their specific functions; e.g., silicon for electronic circuits, III-V
compounds for optical devices, and piezoelectric materials for electro-mechanical trans-
ducers. Furthermore, these materials must be able to integrated with virtually any sub-

strate including silicon, glass, plastics, etc.

Figure 1.1 illustrates an example of an integrated microsystems being developed by
inter-disciplinary research groups in the University of California, Berkeley [1]. The pro-
posed device is designed to analyze DNA (deoxyribonucleic acids) with organic dye mol-
ecules. This biology-lab-on-a-chip endeavor necessitates a wide variety of materials com-
ponents, including epitaxially-grown (In, Ga)N heterostructures for light emission, piezo-
electric thin-film membranes for sensors and actuators, micro-machined Si and/or poly-

mer for molecules and cells transport, and Si for signal processing.

These material combinations, however, cannot be realized with current planar tech-

nology without substantial performance degradation due to compromising the processing
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Figure 1.1 Materials and devices integration for optical microfluidic

systems on a chip — a side view [1]

of the different materials. For example, group III — nitride heterostructures

or bio-compatible microﬂt@
3

will decom-

pose at temperatures higher than 900 °C, imposing constraints on silicon integrated cir-

cuit (IC) fabrication. In order to incorporate these materials with silicon tran
polymer substrates, it is necessary to develop paste-and-cut integration proc

can overcome the thermal, mechanical, and chemical mismatches between m

1.2 Paste-and-Cut Approach

sistors and/or
cesses, which

aterials.

Figure 1.2 illustrates the concept of the paste-and-cut technology, which allows

each material or device to be separately synthesized and processed prior to assembly on a .

final handle wafer. This technology, as its nomenclature indicates, has two ;

ponents — pasting and cutting.

rincipal com-

Pasting is a method for bonding any material films and device structures to each

other or to a handle wafer, including adhesive bonding, direct bonding (see chapter 2),

anodic bonding [2], metallic bonding [3], etc.
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Figure 1.2 Paste-and-cut integration, which allows each material or device to be
synthesized and processed separately prior to assembly on a final handle wafer.

Cutting is a method for separating a material film or device layer from its original
substrate (donor wafer) to accomplish layer transfer from one (donor) wafer to another
(handle) wafer. The cutting methods include chemical etching or lift-off, mechanical sep-

aration [4], ion-beam cutting (see chapter 4), laser lift-off [3], etc.

By combining these pasting and cutting tools, depending on the process conditions
or constraints with materials and devices layers available, many complex microsystems
integration can be achieved. This paste-and-cut integration allows a flexible process flow,

bypassing materials and devices compatibility limitations.

1.3 Layer Transfer Using Wafer Bonding and Ion-Cut

Among the pasting and cutting tools, wafer direct bonding and ion-cutting are the
most versatile methods for crystalline material layer transfer. Figure 1.3 illustrates the

ion-cut layer transfer process. In this process, hydrogen and/or helium is implanted into a
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Figure 1.3 Layer transfer process using wafer bonding and ion-beam cutti.lg. (a)
Ion implantation. (b) Low-temperature wafer direct bonding. (¢) Layer cleavage
by thermal or mechanical means. '

wafer that has the layer to be transferred. Due to the high dose implantation (~10"" ions /

cm?), a highly damaged region is formed around the ion stopping range in the substrate.

The implanted wafer (donor wafer) is then bonded to another wafer (handle \‘)vafer) direct-

ly at low temperature (~200 °C). By an appropriate heat treatment or a mec}lranical separ-

ation method, the bonded wafer pair will completely separate along the hijhly damaged

In this dissertation, an overview and recent accomplishments regardinlg the ion-cut

region, resulting in the transfer of the layer.

layer transfer are presented. All chapters are organized in a self-contained faTLhion — wafer
bonding, hydrogen-induced silicon blistering, layer transfer, gate oxide damage, patterned
ion-cut, and micro-membrane fabrication. The goal of chapter 2 is to achieve an interfa-
cial bonding strength larger than the fracture or yield strength of the bondel materials at
low temperature by understanding bonding mechanisms with different surface treatments.

Chapter 3 reviews the literature on the behavior of implanted hydrogen in silicon. In

chapter 4, a comparison is made between transferred single- and poly- crystalline silicon
layers, and ion-cut with plasma implantation of hydrogen is demonstrated as an effective

alternative to the conventional beam-line implanter. For pre-fabricated metal-oxide-semi-




conductor transistor layer transfer applications, gate oxide damage due to hydrogen im-
plantation is evaluated in chapter 5, and a novel process of patterned ion-cut is reported in
chapter 6. In the patterned ion-cut process, even if hydrogen is implanted only in certain
areas (e.g., non-active device regions) of a wafer, the hydrogen-induced cleavage can
propagate through the non-implanted region, resulting in the layer transfer. Chapter 7
shows that sub-micron thick single crystalline silicon membranes can be fabricated using

the ion-cut process with good thickness uniformity and micro-smoothness.
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Chapter 2

SEMICONDUCTOR WAFER BONDING

Abstract- Low-temperature semiconductor wafer direct bonding is discuss¢
gen plasma activation of wafer surfaces, it has been shown that the bonding
exceed the silicon lattice bonding energy. Poly-crystalline silicon wafer
bonded successfully to other thermally oxidized wafers after chemical-me

ishing of the poly-silicon surface.

2.1 Introduction

d. With oxy-
| strength can
s have been

chanical pol-

Wafer direct bonding refers to joining two similar or dissimilar wafers together

without any adhesives or glues. The wafers can be any materials: semicopductors (Si,

GaAs, SiGe, etc.) or insulators (sapphire, quartz, glass, etc.). After the ¢
bonding, however, the mechanical strength of the bonding interface should

ble to that of the bonded material.

Even though wafer bonding was originally developed for glass-packag
sensors [1], the motivation of wafer bonding is for homogeneous or heterogq
rials integration and 3-dimensional structure fabrication. For example, III-V
such as GaN or GaAs are used for light emitting elements, while silicon is v

tronic circuits. If it is desired to integrate these two different materials into

bmpletion of

be compara-

ing of micro
Pneous mate-

compounds
sed for elec-

a single chip

for more functionality, the wafer bonding technique can be applied. For mth micro-elec-

tromechanical and micro-fluidic systems applications, e.g., mechanical reso
cro-channels, wafer bonding is necessary for fabrication of flexible membra

flowing ducts.

nators or mi-

ines or fluid-



Low temperature wafer bonding is essential for bonding substrates with temperature
limitations (e.g. GaAs, glass, etc.), and for bonding between materials with different ther-
mal expansion characteristics. This chapter will focus on direct bonding between single

or poly crystalline silicon wafers and silicon dioxide coated wafers. Room temperature or

low temperature (~200 °C) wafer direct bonding is studied extensively, since it is crucial

for the ion-cut layer transfer technology (discussed in chapter 4).

2.2 Wafer Direct Bonding

2.2.1 Requirements for Direct Bonding

The first step of wafer bonding is mating two wafer surfaces together directly. Since
there is no adhesive involved in the direct bonding, the bonding is based oh interactions
between two solid surfaces. For a strong bond, the two surfaces should be close enough to
attract each other by inter-molecular interactions. The main interaction between the two
solid surfaces is van der Waals force or Coulomb force, depending on the existence of e-
lectric charge on the surfaces. If there are electric charges on the wafer surfaces, the elec-
trostatic (Coulomb) interaction will be dominant. However, the electrostatic force be-
comes negligible in an ambient where water vapors are present, since the water vapors
partly compensate the surface charges. Van der Waals force is a dipole interaction be-
tween polarizable atoms or molecules, and gets stronger as the distance between two mol-
ecules decreases [2]. For two flat surfaces, van der Waals attraction force is inversely pro-
portional to the cube of the separation distance, and is very effective at distances within ~
20 nm [3]. Therefore, any two solid surfaces may be bonded to each other in ambient as

far as the two surfaces are flat, smooth, and clean.

Surface flatness (waviness) is a macroscopic parameter describing the thickness var-

iations of the wafer surface with respect to an ideally flat surface. The flatness is often



measured in terms of the total thickness variation (TTV) and wavelength.
peak to valley height difference of the top wafer surface, and the wavelength
of the peak and valleys. In practice, even wafers from the same batch process
ent TTV’s and wavelengths. Upon wafer bonding of these two wafers, each ¢

will be elastically deformed to achieve conformal bonding between the two

For 10 cm diameter silicon wafers, since the wafers can be warped up to ~

TTV of up to 25 um with a wavelength of 20 cm can be tolerable for bonding|

Surface smoothness (micro-roughness) is a microscopic parameter

c
wafer surface quality. Figure 2.1 compares the concepts of the surface ﬂal.:[l

face micro-roughness. Micro-roughness is usually measured in terms of root-

(RMS) elevations obtained from a 1~2 pm x 1~2 pm surface by scanning |

scopes such as scanning tunneling microscopes (STM) or atomic force

TTV is the
s the period
have differ-
f the wafers
surfaces [4].

25 pm [5],

aracterizing

ess and sur-

[mean-square
probe micro-

microscopes

(AFM). Empirically, RMS roughness of better than 10 A is required for w?fer bonding.

Table 2.1 summarizes micro-roughness values of various surfaces prepar

ed for wafer

bonding and the ion-cut layer transfer process (which needs high dose impl

tation of hy-

drogen). Commercially available bare silicon wafers have RMS roughness around 2A.

Thermal oxidation and/or hydrogen implantation increased the RMS roughness up to a-

round 4A. All wafers showed good bonding characteristics, except for thos

wafers with

poly-silicon or silicon nitride films deposited in a low-pressure chemical vapor deposition

(CVD) chamber. The deposited films had RMS roughness of 1~10 nm depending on the

film material and thickness.

A clean surface is free of particles and organic contamination. Partig
perfect gap closure, and leave voids behind after bonding. If two wafes

bonded without removing hydrocarbon residues on the surfaces, the hydrocz

les cause im-
- surfaces are

rbons will be




Table 2.1 Micro-roughness after various wafer surface treatments.
Data obtained from AFM scan over 2umx2um.

Wafer description RMS Maximum Bonding
roughness (nm) | roughness (nm) | possible?
Bare silicon (starting reference) 0.22 1.7 Yes
Thermal oxide: 60nm-thick 0.25 2.1 Yes
Thermal oxide: 200nm-thick 0.36 3.0 Yes
Bare silicon with H implant 0.25 1.9 Yes
Thermal oxide: 60nm-thick, H implant 0.27 2.6 Yes
After H implant through 60nm-thick 0.31 2.8 Yes
thermal oxide, remove all oxide using HF
Thermal oxide: 200nm-thick, H implant 0.38 3.0 Yes
After H implant through 200nm-thick 0.35 9 Yes
thermal oxide, remove all oxide using HF
CVD silicon nitride: 200 nm-thick 1.4 11 No
CVD poly-silicon: 2.2 um-thick 10 76 No
Micro-
r’?ughness

TTV: Flatness

Figure 2.1 Surface flatness vs. smoothness. The flatness is a macroscopic

parameter describing the thickness variations of the wafer surface, and is

measured in terms of total thickness variation (TTV). The smoothness is a

microscopic parameter characterizing wafer surface quality (roughness),

and is measured in terms of RMS elevations from a micron-size surface.




out-gassed upon annealing or any heat treatments. The out-gassed hydroca;
de-bonding the bonding interface, and forming a void. In most cases, waf]
necessary to get rid of any particles and other contaminants from the wafer |
bonding. The wafer surface preparation methods, including chemical cleanir

activation, are discussed in subsection 2.2.3.

2.2.2 Bonding Inspection

rbons expand,
er cleaning is
surface before

1g and surface

If there are any regions in a wafer that do not satisfy the bonding requirements de-

scribed above, then unbonded area will be present, forming bubbles or Y
bonded pair. The voids can be detected using an optical interference methg
(a) illustrates a typical setup for optical inspection using an infrared (IR) lig

camera. In order to transmit light, the photon energy should be lower than

roids inside a
vd. Figure 2.2
ht source and

the band-gap

energy of the wafer material, necessitating the use of IR for silicon imaging. At higher

energies, the incident photons will be used to generate electrons and holes,
will be absorbed almost entirely in the wafer. For light of wavelength A to p
terial of band-gap energy Eg,

Eg > hc/. A
where 4 is the Planck constant and c is the speed of light. For silicon, with b

gy of 1.12 eV, light of a wavelength greater than 1.10 um (IR) can penetrate

Table 2.2 summarizes minimum wavelengths of light required to penetrate

conductors and insulators [5], [6].

Figure 2.2(b) shows an IR image of a bonded pair of silicon wafers. T

and therefore

enetrate a ma-

2.1
and-gap ener-
> the material.

various semi-

he three inter-

ference patterns in the image indicate void regions. The gap of a void, d, can be estimated

by counting the number of fringes, N, of the interference pattern [7]:

2d sin@= NA

10

(2.2)




Table 2.2 Minimum wavelengths for which the materials are transparent

Material Eg (eV) Amin (um)
Si 1,12 1.10
Ge 0.67 1.84
C (diamond) 548 0.22
GaAs 1.43 0.86
GaN 3.4 0.36
GaP 2.24 0.55
InP 1.35 0.91
AIN 6.2 0.20
SiOp ~8 ~0.15
SizNg 4.7 0.26

where @ is the angle of the incident light, 90° in this case. At the minimum wavelength
for silicon transparency, 1.1 um, the minimum gap detectable will be one half of A/2, or

0.28 pm, since one half of a fringe can be still detected using this method. The minimum

lateral dimension of a void detectable in this method is limited by the camera resolution,

which is about 1mm for the present setup.

IR camera

Bonded pair

VT

(a) IR setup (b) IR image

2cm —

Figure 2.2 IR wafer bonding inspection setup and image.
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2.2.3 Bond Strength Measurement

In order to qhalitatively measure the strength of a bonded pair, a ¢rack opening

method has been used [8]. Figure 2.3 shows the crack opening method with a solid

wedge, in this case a razor blade. If a razor blade is inserted between two bonded wafers,

the two wafers will be separated along the bonding interface until the wafer b

ending force

and the wafer bonding force are balanced. The bond strength y can be obtained in terms

of the equilibrium crack length L, wafer thickness 7, and the blade thickness :

_3Et y?
g i fo

(2.3)

where E is the modulus of elasticity of the wafer [8]. For example, in Figure 2.3(b), L =

13 mm, ¢ = 528 um, y = 102 pm. With silicon (100) wafers, E = 166 GPa, and the surface

energy of the bonding can be calculated as y=0.84 J/ m”. In this calculation, the presence

Bond strength,
3 Etly?

y= = ——

32 S LA

(a) (b)

Figure 2.3 Bond strength measurement. If a razor blade is inserted between two
fers, the two wafers will be separated along the bonding interface until the we
force and the wafer bonding force are balanced. (a) Schematic side view. (b) IR ﬂ

12

bonded wa-
ifer bending

op view.




of any oxide thin film on either wafer surface was neglected, since the oxide thickness is

less than 0.1 % of the silicon wafer thickness.

2.3 Wafer Surface Treatments

2.3.1 Wafer Cleaning

Since bare silicon is highly reactive, a silicon wafer surface can attract particles and
metallic and organic contaminants. Also, when silicon is exposed to air or to pure water,
up to ~10 A of native oxide can be grown even at room temperature [9], and this native
oxide can be a trap-center for impurities and contaminants. The metals and organics can

be removed by piranha solution, composed of 5 parts sulfuric acid (H,SO,) and 1 part hy-
drogen peroxide (H,0,) by volume, and self-heats up to ~120 °C upon mixing. Piranha

removes metals by forming soluble complexes and organic contaminants by oxidizing
(burning) them. The native oxide and by-product oxide from piranha cleaning can be re-
moved using diluted hydrofluoric acid (HF). Since HF usually removes all native oxides
and any left-over metals on a silicon surface, the silicon surface. after HF cleaning will be
terminated mostly by hydrogen and fluorine. Because the Si-H bond is known to be
weakly polarized, having little attraction for water, the surface becomes hydrophobic
[10]. After the HF cleaning, particles can be attracted to the highly reactive bare silicon
surface, and these particles are effectively removed by RCA1 solution. RCAL1 is a mix-

ture of 1 part ammonia (NH,OH), 1 part H,0,, and 5 parts water (H,0) by volume, and is
heated to ~80 °C. The H,0, in the solution quickly oxidizes the silicon surface to form

native oxide. This native oxide is cleaner than the native oxide found on the starting wa-
fer or after the piranha cleaning, since most particles and contaminants are removed from
the previous cleaning steps. During pure de-ionized (DI) water rinsing after the cleaning,

the native oxide is known to form Si—-OH (silanol) bonds through a reaction with water

13



[10]. Unlike the Si—H bond after an HF dip, the silanol bond is strongly po#arized, so the

surface becomes hydrophilic [10].

For both hydrophobic and hydrophilic surfaces, hydrogen bonding pl

qys an impor-

tant role. The hydrogen bonding is a strong dipole-dipole interaction. Normally hydrogen

easily forms a covalent bond with any electronegative atoms such as F, O, ]

These bonds are strongly polarized, making the hydrogen partially positive

N, Cl, Br, etc.

This electro-

philic hydrogen will attract another electronegative atom to form a h)ldrogen bond.

Therefore the hydrogen bond is in the form of

X-H~Y

where X and Y are electronegative atoms, and “~

drogen bond, respectively [10].

For a hydrophobic surface terminated with —H or —F, two wafer s
bonded together by some chained residual HF (H-F) molecules linked

bonds. The chemical formula can be expressed as
Si-F-[H-F-],H-Si

where n =0, 1, 2, 3 ..., the number of hydrogen bonded HF molecules b
surfaces [10]. For a hydrophilic surface terminated with ~OH, two wafer sy
bonded together with some chained residual H,0 (H-O-H) molecules linkg

bonds, such as
H

H+-r O-H-
Si—-0”~ [/ ]

H
Again, n is the number of hydrogen bonded H,0 molecules bridging the tw

~O-Si.

n

Since the Si-F group and the Si—-OH group play important roles in h;

(2.4)

’and “---” indicate a coleent and a hy-

aces may be

by hydrogen

@.5)

idging the two
irfaces may be

d by hydrogen

(2.6)

o surfaces.

ydrophobic and

hydrophilic bonding, respectively, the strength of each bond depends on tljre density of ei-
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ther Si-F or Si~OH. The surface density of Si-F is known to be ~1/nm’ or less, while the
Si—OH bond density can be ~5/nm’, resulting in 5~10 times stronger bonding for hydro-
philic surfaces (~100 mJ/m? vs. ~10 mJ/m?) [10].

2.3.2 Plasma Surface Activation

A wafer exposed to some plasma (e.g., hydrogen, argon, oxygen, etc.) can activate
the surface to increase bonding energy [10]-[15]. In hydrogen and/or argon plasmas, the
ions sputter-etch any native oxide and hydrocarbons, resulting in highly reactive pure sili-
con surface [10], [11]. However, excessive plasma power or exposure time can also etch

the silicon substrate, increasing micro-roughness of the surface [12].

With oxygen plasma treatment, thin (1~2 nm) oxide formation has been observed
[13]-[15], and depending on the plasma condition, the surface micro-roughness can be
improved [15]. Even if surface smoothing increases the wafer bonding energy, a more
fundamental reason for increased bonding strength is believed to be the reduction of wa-
ter content on the surface. For stronger bonding, the hydrogen bond between the two Si—
OH (silanol) bonds in (2.6) should turn into a Si—~O-Si (siloxane) bond by the following

reaction:
Si—-OH + HO-Si — Si-0-Si+ H,0. 2.7

Since water can break the stronger siloxane bonds to form the weaker silanol bonds by
the reverse reaction of (2.7) [16], the reduction of water by oxygen plasma will improve
the bonding strength significantly. There may be several mechanisms of water removal

from the surface; one of which is through water consumption during the oxide growth

[13], [17}:

Si + 2H,0 — Si0, + 2H, . (2.8)
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Figure 2.4 compares the bond strengths between bonded pairs before and after oxy-
gen plasma treatment. The oxygen plasma was generated between two parallel plates by
applying 200 W radio-frequency (RF, 13.56 MHz) power. The chamber was [sustained at
the pressure of ~250 mTorr (~30 Pa) with 51 sccm (cm*/min at standard temperature and
pressure) of oxygen flow. Both RCA1-cleaned silicon and oxide-covered (200 nm-thick
thermal) wafers were placed in the chamber for ~30 seconds, and were then bonded to
each other right after being taken out of the chamber. The bonding strength was measured
using the crack opening method described in subsection 2.2.3. As shown in Figure 2.4,

the plasma treated pair was about 5 times stronger than just RCA1-treated ane at room

temperature (23 °C in this experiment).

The figure also shows the bond strength evolution after annealing at different tem-

peratures. The annealing time was ~10 hours for all temperatures. The angnealing made

the bonding interface stronger with increased temperature, and with an anneTl at ~200 °C,

2.5 v r r
Silicon fracture ?

20F
&
= L5}
7
3
% 1.0}
-
=]
Q
m

0.5¢ ORCA1+ 0O, plasma | |

® RCA1 only

0 1 L " A " N N
0 2350 100 150 200 250 300 350
Annealing temperature (°C)

Figure 2.4 Plasma treatment and annealing temperature effects on bond strength.

With O3 plasma surface treatment and annealing at 200 °C for ~10 hours, bond

strength exceeding the silicon fracture strength can be achieved.
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the plasma-treated pair made the interface stronger than silicon fracture surface energy
(2.1 J/m? for silicon (111) surface [18]). The bond strength improvement may be due to
the out-diffusion and reduction of water from a bonding interface during annealing. For

the rest of work in this dissertation, the RCA1 clean followed by oxygen plasma treat-

ment was used for bonding, and annealing at 200 °C for ~10 hours was used for curing.

In this way, it is ensured that the bonding interface is comparable to or stronger than the

bulk silicon.

2.3.3 Chemical-Mechanical Polishing for Bonding

Most commercially available wafers are flat and smooth enough for direct bonding.
However, a wafer surface which has gone through a typical series of device fabrication
processing steps may not be flat or smooth any more. For example, chemical vapor de-
posited poly-silicon or silicon nitride films were not suitable for bonding due to tile rough

surfaces in our experiment (see Table 2.1).

For the bonding of non-flat or non-smooth surfaces, chemical mechanical planariza-
tion or polishing (CMP) technology has been adopted [19], [20]. In the CMP process, a
wafer to be polished is mounted on a wafer carrier by vacuum, and an external downward
force is applied for the wafer to contact a polishing pad (see Figure 2.5). The polishing
pad is usually a poromeric synthetic material such as polyurethane. This micro-porous

pad works effectively with abrasive slurry, which is a colloidal dispersion of 10 nm - 100
pm silica (Si0,) particles in a potassium hydroxide (KOH) and DI water solution. By

pressing the wafer and rotating both the wafer and polishing pad within the slurry, the
wafer surface is polished by chemical (formation of Si(OH), by Si from wafer and OH
from KOH in slurry) and mechanical (frictional removal of Si(OH), by silica particles)

means [21].
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Force

Wafer carrier

Wafer
DRSS S E b s s de— Polishing pad

Polishing plate

S

Figure 2.5 CMP schematic. A wafer is mounted on a wafer carrier, and e

xternal

downward force is applied for the wafer to contact a polish pad. By pressing the

wafer and rotating both the wafer and polishing pad within the slurry, the

surface is polished by chemical and mechanical means.

In this way, poly-silicon was polished and bonded directly to other {

dized wafers. In an experiment, ~2.2 pm-thick undoped poly-silicon was ¢

wafer surface in a ~600 °C silane (SiH,) chamber. The poly-silicon wafer

using the CMP setup shown in Figure 2.5. The wafer and polishing pad ca

> wafer

thermally oxi-
leposited on a

was polished

ntacting pres-

sure was 6 psi (86 kPa) with rotational speeds of 10 and 100 rpm for the wafer and pol-

ishing pad, respectively. The wafer was polished for one minute, and ~68
silicon was removed. The micro-roughness before and after CMP was mea;
nm and 0.93 nm, respectively (see Figure 2.6). The maximum roughness
proved by 10 times during the CMP process. The polished wafer was the
thermally oxidized silicon wafer after piranha and RCAI cleaning and o

activation. The bonded pair was further annealed at 200 °C for ~10 hours|

strength measured after the annealing was 2.4 J/m?, which is about the san

with a bare silicon wafer bonding to an oxidized wafer (see Figure 2.4).
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Figure 2.6 Poly-silicon surfaces (a) before and (b) after CMP. CMP made the surface
~10 times smoother (from 10nm to 0.93nm) and therefore bondable.

2.4 Summary

Low temperature wafer direct bonding was described with respect to surface re-
quirements such as flatness, smoothness, and cleanness. In order to obtain a flat and
smooth surface from a processed wafer, CMP has been adopted. CMP of CVD poly-sili-
con made the surface about 10 times smoother than as-deposited, and boding strength was

comparable to a bare silicon wafer.

Various chemical cleaning effects on silicon wafer surfaces were reviewed. Plasma
surface activation of wafer surfaces and annealing of bonded pairs has been shown to

strengthen the bonding interface, and a bonding interface stronger than silicon fracture

was achieved with oxygen plasma treatment and low-temperature (~200 °C) annealing.
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Chapter 3

HYDROGEN-INDUCED SILICON SURFACE BLISTK

LRING

Abstract- High-dose hydrogen or helium-induced material surface blistering has been ob-

served for decades. This chapter reviews crystalline silicon lattice damagg

dose implantation of hydrogen, particularly hydrogen bubble formation in

s due to high

the lattice. It

also describes hydrogen bubble growth and silicon blistering due to pressmTe build-up in-

side the bubbles.

3.1 Introduction

Material surface failure due to high dose ion bombardment has been
early 1970’s in nuclear fusion research [1], [2]. When energetic hydrogen

isotopes) and/or helium ions strike the plasma confinement wall (usually

they penetrate the wall and stop at a given depth. With the continuous ior

wall, atom built up underneath the wall surface will occur. If the irradiatio
enough, atoms may be coalesced to form bubbles, and the pressure insi

stresses to the wall material. These pressures and stresses can cause blisters

Among semiconductor materials, hydrogen-induced blistering was fir.

reported since
(including its
metal alloys),
flux into the
n dose is high
de will cause

and flakes.

5t observed in

silicon in mid 1970’s [3]. Since then, almost every crystalline material has been shown to

blister with a high dose hydrogen implantation and subsequent annealing [

3.1 shows an example of a blistered silicon surface. In addition, surface rug

are also shown in the figure. With this blistering phenomenon and wafer
niques described in chapter 2, large crystalline silicon layer separation has|

strated [7], where a bonded wafer exerts a restoring force for lateral bubble ¢
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Figure 3.1 Blistered silicon surface with hydrogen implantation (8x1016 Ht/em?2 at

40 keV) and subsequent annealing (450 °C for 20 seconds).

sulting in the whole silicon layer transfer from one wafer to another instead of local

flaking.

This chapter reviews the mechanism of blistering in silicon by hydrogen implanta-
tion and thermal annealing. It includes defect generation in silicon lattice, hydrogen posi-
tions in the lattice, hydrogen-defect interaction, hydrogen gas evolution, bubble coales-
cence, as well as blistering and flaking models. Also, an attempt has been made to com-

pare single- and poly- crystalline silicon blistering.

3.2 Hydrogen in Silicon

Hydrogen is a quite common (intentionally or unintentionally) impurity in silicon,
which has been a discrete topic in solid-state physics and devices. Hydrogen in the en-
vironment may diffuse into silicon and passivates electrical activities of both donors and
acceptors near the surface. Intentional hydrogenation of poly-silicon can passivate silicon
dangling bonds at the grain boundaries, reducing trap states and lowering grain boundary

potential barriers. Even though there are several ways of hydrogen incorporation in sili-
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con, ion implantation is the most common method reported for silicon layer transfer or
blistering experiments, because the hydrogen amount required for blistering is much
higher than the solid solubility in silicon (~10*' cm” vs. ~10'* cm™). The ion implantation
technique, by bombarding lattice atoms with energetic projectiles and recoiled atoms, cre-
ates point defects such as vacancies and interstitials. These vacancies, with hydrogen in-
corporation, are believed to be precursors fof cavities and hydrogen bubble |segregation.
In this section, models of hydrogen-defect complexes and hydrogen bubble formation re-
ported in the literature will be reviewed. We have also developed a simple model to de-

scribe the thermal blistering behavior.

3.2.1 Hydrogen-Related Complexes

Hydrogen atoms can be located in three most probable positions in the silicon lat-
tice: bond center (BC), antibonding (AB), and tetrahedral interstitial (T) sites (see Figure
3.2) [8]. Among those sites, majority of hydrogen atoms are found in BC, while hydrogen
molecules (if formed) are found in T. This BC majority implies that hydrogen atoms tend
to break Si—Si bonds to form Si-H (silanic) bonds, and the silanic bonds are more stable

than Si—Si bonds.

’ Silicon

X0, T O Hydrogen

BC

Figure 3.2 Possible hydrogen sites in the silicon lattice: bond center
(BC), anti-bond (AB), and tetrahedral interstitial (T) sites.
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The H®€ (hydrogen atom at BC) react with silicon vacancies and interstitials gener-
ated during implantation to form hydrogen-decorated complexes (vacancies or intersti-
tials). These complexes have the form of IH, or V_H,, where I, V, and H stand for silicon
interstitial, vacancy, and hydrogen, respectively. m and n are natural numbers. Figure 3.3
illustrates possible structures of frequently observed IH, and VH, complexes in this study
[9], [10]. Depending on the number of H attached to the two split interstitials in Figure
3.3(a) or to the dangling bonds in Figure 3.3(b), n can be 1, 2, 3, or 4 corresponding to an

interstitial or a monovacancy (m=1).

3.2.2 Hydrogen-Defect Cluster Formation

For low dose hydrogen implantation, most of hydrogen is expected to be in a BC
position, and most of hydrogen-related complexes will be formed after annealing enough
for hydrogen to migrate. However, for high doses, when the hydrogen-hydrogen and hy-
drogen-defect distances are close, hydrogen-decorated vacancy (such as VH,) clusters and
hydrogen dimers will be formed [11]. There have been two identified hydrogen dimers:
H," and H,". H,’ is a close pair of H®*® and H*®, and H," is a molecular hydrogen in a T

site.

(a) IH, (b) VH,

Figure 3.3 Examples of hydrogen-decorated defects. (a) Two hydrogen atoms
are attached to two split interstitials. (b) Four hydrogen atoms are attached to
the silicon dangling bonds.
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At an elevated temperature between 200-400 °C, Si-H bonds are found to decrease

from infrared transmission spectroscopy, while the total amount of hydrogen

same from forward recoil scattering [10]. It was assumed that the differenc]

duction of hydrogen dimers via reaction between Si-H bonds and silicon sel

that can be mobile at the temperature interval [10], [11]:

VH,+1 » (2){H,"orH,}.

remains the
e is the pro-

f-interstitials

3.1)

The mobile H," diffuses until it is trapped in large hydrogen-decorated vacancy clusters

[11]:
TRV TRV,
Si Si Si Si Si Si
H H H H H H
H' + - H,
H H H H H H
Si Si Si Si Si Si
AW Al

With sufficient feeding of H, to the vacancy cluster such as (3.2), an internal

eventually form, gradually building up the H, pressure [11].

3.3 Silicon Surface Blistering

3.3.1 Blistering Mechanisms and Models

There have been some debates regarding blistering (inter-bubble fracty
isms: gas pressure-driven [12] and lateral stress-driven [13]. The gas-driven
with gas pressufe estimates inside a bubble using an empirical formula. The |
by the pressure that exceeds the surface tension of the bubble and even
strength of the hosting material. In the stress-driven model, implantation cj

lateral stress (which is maximum at the ion range), and stress relaxation acq
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buckling of a top layer. Since then, more evidences have been observed to confirm the in-
fluence of gas pressure and large stress in the hydrogen implanted crystals [15]. For in-
stance, ion-beam channeling showed that hydrogen migrating to the damage peak further
distorted the silicon lattice (stress effect), and hydrogen profiling showed that ~50% of
hydrogen was lost during flaking of a blister (gas pressure effect) [15]. These observa-

tions indicate that both gas pressure and stress can contribute to blistering mechanisms.

Most blistering models reported in literature are based on the hydrogen gas pressure
[16]-[19]. These assume the blister as a crack cavity filled with gas [16], or a buckling of
a thin film (blister lid) by the pressure inside [18]. Using the Griffith criterion (a necessar-
y condition for crack growth [20]) for the crack cavity [16], or the thin film delamination

(which leads to a growth of the blister size) for the blister lid [18], a calculated minimum

hydrogen dose (®,,;,) for blistering has a form of

}/
® =C-1—, 3.1
min k”T ( )
where C is a constant between 2~20 depending on a model conditiohs, and yis the sur-

face energy required for creating a new surface (maybe 0.5~1 J/m? for hydrogen-im-
planted silicon). kg and T are Boltzman’s constant and the absolute temperature, respec-

tively. The order of minimum dose required for blistering will be

1[J/m*] =10"[cm™] . (3.2)

o®@_.)=10 =
(Puin) 1072[J / K]-1000[K]

This seems a reasonable estimate, since the minimum hydrogen dose for silicon surface

blis’iering is around 3.5~4.0 x 10'¢ cm™.

3.3.2 Blister Rupture and Flaking
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We attempt to explain the thermal blistering behavior with a simple

model. The

blister is approximated as a circular plate with a uniform pressure loading|(see Figure

3.4). With a hydrogen gas pressure, p, the height of the blister (the maximum deflection

of the plate), A, can be expressed as [21]

4
h==Pa-vL
16 E d

(3.3)

where E is the Young’s modulus and v is the Poisson’s ratio of silicon. g is the radius of a

blister and d is its thickness. The maximum stress occurs at the edge of the blister, and it

is given by [21]

3 &
Omax =7 P37 -
4" d

If o,,,, exceeds the fracture strength of silicon, the blister will rupture.

Figure 3.5 shows optical micrographs of flaked surfaces. All three surf:

(3.4)

es were hy-

drogen implanted with a dose of 8x10'® H'/cm’ at three different energies of 40, 80, and

180 keV, respectively, and annealed at 600 °C for 10 seconds. Comparing the measured

dimension of flakes (2a,,,) from the micrographs and the estimated thic

flakes (d) from the ion projection range in silicon (e.g., SRIM simulation [2

Hydrogen

esses of the

21), 2a,,,, VS.

Figure 3.4 A blister model — a uniformly loaded (with pressure, p) circular plate of a

diameter, 2a. The thickness of the plate is d, which is the stopping range of implanted

hydrogen.
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d can be plotted as in Figure 3.6. 2a,,,, was roughly proportional to d °, and this is consist-
ent with the shearing force balance at the edge of a blister. Using the same geometry in
Figure 3.4 and the same model as the uniformly loaded plate, the shearing force balance

at the edge of the blister shell is expressed as [21]

ma’ p = 2maQ (3.5)
where Q is the shear force per unit length of the cylindrical section of radius a. Solving

(3.7) for p, and combining it with (3.6) yields

(a) d=0.4pum (b) d=0.7um (c) d=1.5um
Figure 3.5 Silicon flake size for three different blister lid thicknesses. All samples were 8x
1016 H/em2 implanted at (a) 40, (b) 80, and (c) 180 keV, respectively, and annealed at 600

°C for 10 seconds.

0 g T T T T T T T T 1
0.0 0.5 1.0 1.5 2.0 2.5

d* (um?)

Figure 3.6 Silicon flake size (2amay) vs. thickness (d). 2amax o d=.
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O max =% % . (3.6)
The critical shear force per unit length for bursting blisters (flaking) is then

0.0 =30, 2:; X)
where o; is the fracture strength of hydrogen implanted silicon. With constant values of
Q. and o; in silicon, 2a,,, is proportional to d 2.

If one attempts to extrapolate the surface blistering model for complete|wafer layer
exfoliation, the d value corresponding to 2a,,,, of 300 mm is about 100 um. This implies
that if the implanted hydrogen peak is deeper than 100 pum from tﬁe silicon surface, a
whole silicon layer can be separated from a 300 mm-diameter wafer without qupturing the
overlying silicon layer. For a silicon wafer with a shallower hydrogen peak, the whole

layer can be still separated by increasing the top layer thickness by wafer bonding. In this
way, the bonded wafer suppresses blister formations from the hydrogen-implanted sub-
strate and lets the hydrogen bubbles grow parallel to the surface. This lateral crack propa-
gation due to the bonded wafer allows layer transfer from one substrate to gnother. The
layer transfer technology using hydrogen implantation and wafer bonding| will be dis-

cussed more in detail in the next chapter.

3.3.3 Poly-Silicon Surface Blistering

In this experiment, ~2.2 pm-thick undoped poly-silicon was deposited on two ther-

mally oxidized wafers. Hydrogen was then implanted for both wafers with|a dose of 8 x
10'® H'/cm? at an energy of 180 keV. With this energy, the hydrogen peak will be placed

at 1.5 um underneath the wafer surface. After the implantation, one of the wafer surface
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was thinned down to about 0.8 um, re-locating the hydrogen peak at 0.7 um underneath
the new surface. The samples of two different hydrogen depths were then annealed at ~

500 °C for 10 seconds.

Figure 3.7 shows the blistered poly-silicon surfaces with two different lid thick-
nesses. Compared with single-crystal silicon in Figure 3.5, the size of blisters and flakes
were approximately 2-4 times bigger in poly-silicon (see Figure 3.8). In Figure 3.8, the
slopes of the 2a,,, vs. & plots for both poly- and single- crystalline silicon were approxi-

mately the same, implying the similar fracture parameters for both silicon, since the slope

can be expressed as 40,. /30,,, in our blistering model. The discrepancy between the two

curves may be attributed to the stress in the poly-silicon introduced possibly during the
film deposition and the hydrogen implantation. With a lateral force per unit length, S,
(3.7)-(3.9) can be rewritten by replacing Q with Q-S. The critical S for buckling of a cir-

cular plate, S_;, can be expressed as [13], [23]

KE d’

(3.8)

Sf.'rit ~ 2 D
L=v" (2a,.,.)

R Tk S

o

(a) d=0.7pum (b) d=1.5um

s

Figure 3.7 Poly-silicon surface blistering for two different lid thicknesses. The flake
sizes in poly-silicon were approximately 2-4 times bigger than single-crystal silicon
(see Figure 3.8).
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where K is a geometric factor ranging from 1.4 to 4.9 depending on the plate edge condi-

tions such as simply supported or clamped. With this, (3.7) can be modified|as

KE d’ 4 d’
=S . =0 . - =—0, ——
an crit an 1 V2 (2amax ) 2 3 r 2a

max

Solving for 2a,,, yields

2 2\? 3
20 = 20cd" (20'Fd ) .\ Kl,:d .
3Qr:ril 3chil (l'—V )chit

The annealing conditions required for blistering was shorter in time

temperature for poly-silicon. This also distinguishes the layer transfer time

(3.9)

(3.10)

and lower in

and tempera-

ture characteristics between poly- and single- crystalline silicon. For a quantitative dis-

cussion of this thermally activated process, refer to sections 4.2 and 4.3.

_
e

,,,,,

80J b

fffff
.....
e
-

-

2a,,, (Wm)

* Poly-crystal
= Single-crystal

0.0 0.5 1.0 1.5 2.0 2.5
& (upm?)

Figure 3.8 Flake size (2amayx) vs. thickness (d) for poly-silicon.
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3.4 Summary

Literature survey shows the following scenario for thermal blistering of hydrogen-
implanted silicon: Due to the hydrogen implantation, silicon vacancies and vacancy clus-
ters are formed. Hydrogen atoms break Si-Si bonds to form Si-H bonds, because they
tend to be positioned at Si-Si bond centers. By the reaction between hydrogen and vacan-
cies, hydrogen-decorated vacancies such as (Si-H) — (H-Si) structures are formed. At ele-
vated temperatures, hydrogen molecules are generated through various reaction paths,
and diffused into the hydrogen-decorated vacancies. For sufficient build-up of hydrogen
molecules, hydrogen bubbles are formed. Due to the gas pressure in the bubble and the
integrated lateral stress in the implanted layer, the inter-bubble fracture occurs, resulting

in bubble growth.

By modeling blisters as uniformly loaded circular plates, the pressure inside a blis-
ter and bursting condition were reasonably estimated from the shape. The flake size was
roughly proportional to the thickness squared, suggesting that a large area layer separa-

tion is possible with a bonded wafer on top.

Poly-silicon layer was also blistered with hydrogen implantation and subsequent an-
nealing. The flake size was 2~4 times bigger than that of single-crystal silicon for the
same lid thickness. Annealing time and temperature required for blistering were shorter

and lower, respectively, compared with single-crystal silicon.
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Chapter 4

ION-CUT SILICON LAYER TRANSFER

Abstract- In this chapter silicon-on-insulator (SOI) technology is introduced

cut silicon layer transfer process is described for fabricating SOI structur

. and the ion-

es. The layer

transfer technology has been made possible by combining both wafer bonding and hydro-

gen-induced silicon layer cleavage. In this process, a hydrogen-implante

bonded to another non-implanted wafer. By appropriate heat treatment, the

d wafer was

bonded wafer

pair separates along the hydrogen peak, resulting in the transfer of a semiconductor layer

from one wafer to another. The bonded wafer acted as a stiffener for the
made the hydrogen bubbles grow laterally and thus the crack propagates in
stead of bulging up toward wafer surface. With this technique, we have been|
cate SOI wafers with good thickness uniformity (< 0.3%) and surface micro{

10 nm RMS as-cut). Ion-cut layer transfer was also achieved using plasma i1

blisters, and
the plane, in-

able to fabri-

rroughness (<

mmersion ion

implantation (PIII) of hydrogen in place of a conventional beam-line implanter. In addi-

tion to the thermal cleavage process, mechanical cleavage methods were i
the potential use of the ion-cut layer transfer process to glass or plastic subst

low-temperature process is required.

4.1 Introduction

4.1.1 SOI Technology

ntroduced for

rates where a

An SOI wafer refers to a layered structure consisting of a relatively thin single-crys-

tal silicon layer either atop an insulating substrate (e.g., quartz, sapphire, et

.), or isolated

from a bulk silicon substrate by an insulating layer (typically, silicon dioxide). Figure 4.1

illustrates the cross-sections of the two SOI structures described above and a

36

bulk silicon




wafer used in semiconductor industry currently. The top silicon layer is often called the
silicon overlayer, and this is where eiectronic devices are built. Since there are thermal
process limitations because of the different thermal expansion coefficients between two
materials in the structure depicted in Figure 4.1(a), it has largely been replaced by the
structure of Figure 4.1(b). The silicon dioxide layer between the silicon overlayer and the

bulk silicon substrate is called buried oxide, or BOX [see Figure 4.1(b)].

In SOI, unlike bulk silicon [Figure 4.1(c)], and therefore the top silicon device layer
is electrically isolated from the silicon substrate, there is a significant reduction of para-
sitic p-n junction capacitances and leakage currents through the substrate. This capaci-
tance and leakage reduction directly contributes to a higher speed of operation and to
lower power consumption, which are critical, particularly in mobile electronics. SOI is
also well suited for space electronics, since photocurrents induced by ionizing radiation
are reduced by substrate isolation. The isolation layer also eliminates latch-up (parasitic
bipolar device formation with the substrate) and simplifies the process of isolating de-
vices from one another, thus leading to smaller circuit sizes than in bulk silicon counter-
parts [1], [2]. Structurally, the BOX layer serves as an etch stop in the patterning of sili-
con waveguides [3] and the fabrication of sensor membranes or three-dimensional struc-

tures [4].

Insulator (BOX

Insulator (quartz,
sapphire, etc.)

(a) (b)

Figure 4.1 SOI structures and bulk silicon. (a) Silicon on insulating substrate. (b) Silicon
on insulating layer. (c) Bulk silicon substrate.
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4.1.2 SOI Fabrication

There are a variety of methods for the fabrication of SOI structures. Some are de-

signed to produce a thicker (10~100 pum) silicon overlayer, others to produce a thinner

(0.01~1 pm) one. For this thinner case, uniform thickness and high qualit;

essential.

Separation by implantation of oxygen (SIMOX) has been the most
method for SOI fabrication. In this process, a high dose (~10" cm™) of oxy
implanted at energies on the order of 100 keV depending on the desired BO
wafer is then annealed at a temperature over 1300 °C for several hours to 4

formation of silicon dioxide for BOX [5].

Silicon can be deposited and grown on a crystal such as sapphire to forr
like Figure 4.1(a). In this technique, the lattice mismatch between sapphire
crystals produces poor silicon quality [6]. This problem can be overcome

bonding and etch-back or ion-cut layer transfer processes as explained below.

In the bonding and etch-back process [7], two silicon wafers with oxide

bonded togéther, face to face, at room temperature and annealed above

v silicon are

widely used
gen ions are

{ depth. The

llow for the

n a structure
and silicon

with wafer

surfaces are

800 °C to

strengthen the bond. One side of the bonded pair is then ground, etched, polished, and so

forth to get a desired silicon overlayer thickness. This method is good for thick SOI that

has applications in power electronics and micro-mechanics. For precise thick

wafers with doped layers for etch stops, or special etching chemistries can

[9].

By combining both wafer bonding and hydrogen-induced delamination

ness control,

be used [8],

as described

in the previous chapters, a whole layer of silicon can be cleaved and transferred from one
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wafer to another, forming SOI structures. This technique is called ion-cut layer transfer in
general. Figure 4.2 shows the sequence of SOI fabrication using a thermal cleavage pro-
cess. In this process, one of the two wafers is implanted with a high dose (~10"" cm™) of
hydrogen before bonding. After the bonding, the bonded pair is heated until layer separ-
ation occurs, resulting in SOI structure formation [10]. Without the bonded wafer, the hy-
drogen bubbles will begin to bulge up when the pressure reaches a critical value to de-
form or fracture the silicon overlayer [Figurer 4.3(a)]. However when a bonded wafer is
on top of the hydrogen implanted silicon wafer, the bonded wafer exerts vertical stiffen-

ing force to the bubbles forcing lateral expansion [Figure 4.3(b)].

@ sio,

VY VY

Hydrogen
peak

Si donor Handle wafer
H* Implantation ¢

Si donor
— P

Handle wafer
Wafer bonding

{1

Si donor

= Hydrogen induced
Transferred E& layer cleavage
Si overlayer

Handle wafer

Bonding
interface

Heat treatment

Figure 4.2 Ion-cut silicon layer transfer process with a thermal cleavage method.



Si handle wafer

ekt
Kmﬂ ............

without bonded wafer
— Blistering/Flaking

with bonded wafer as stiffener
—> Layer transfer

(a) (b)

Figure 4.3 Comparison between blistering and layer transfer. (a) Without the

bonded

wafer, the hydrogen bubbles bulge up when the pressure reaches a critical value to de-

form or fracture the silicon overlayer. (b) When a bonded wafer is on top of 'the hy-

drogen implanted silicon wafer, the bonded wafer exerts vertical stiffening
the bubbles forcing lateral expansion.

4.2 Thermal Cleavage for Ion-Cut Silicon Layer Transfer

force to

In this study, CZ-grown, boron-doped p-type wafer with a resistivity of 30-60 Q-

cm, silicon (100) were used. The bare silicon wafers were implanted with two different

doses of 5x10' or 8x10" H" ions/cm’ at energies of 40 or 80 keV. For the silicon handle

wafers, a 100 nm-thick SiO, layers were grown in a thermal oxidation furnace. The im-

planted donor and oxidized handle wafers were then bonded directly, face-to-face at room

temperature after a standard RCA cleaning and an oxygen plasma surface treatment. The

bonding interface was cured at 200 °C for ~10 hours. The bonded pair was then heated in

a halogen lamp heater until the hydrogen induced silicon layer cleavage oc

curred. This

ion-cut process enables the silicon layer transfer from the silicon donor wafer to the

handle wafer (see Figure 4.2).

Figure 4.4 shows a scanning electron micrograph (SEM) and an atomic

force micro-

graph (AFM) of the as-transferred silicon layer on top of the handle wafer. The trans-

ferred surface was a mirror-like finish as-cleaved, and the SEM also confirmed the

smooth surface. The root-mean-squared (RMS) surface roughness was 5.1 nim, and peak-

40



to-valley was 38 nm over the 2 um x 2 pm scanned region. The donor wafer in this case

was implanted with a dose of 8x10'® H'/cm® at 80 keV, and there was no noticeable dif-

ference in the surface morphology between the two different energies, but 10~20 % re-

duction in RMS roughness for the higher dose.

The thickness of the transferred layer was measured to be 667 nm average across a

100 mm wafer (see Figure 4.5), and the thickness uniformity across the wafer was better
than 1% (within £3 nm). Since the silicon layer cleavage is believed to occur at the depth

corresponding to the peak concentration of the hydrogen implantation profile [10], and
the hydrogen peak position is determined by the ion implantation energy, the silicon
thickness can be predicted according to the hydrogen ion energy. The depth profile of hy-
drogen ions in silicon can be simulated with the aid of the SRIM 2000 program [11]. In
general, the transferred layer thickness is closer to the silicon lattice damage (vacancy)
peak rather than hydrogen concentration peak in the simulation. Table 4.1 compares the
simulated hydrogen and damage peaks, and the actual thickness of the transferred layer
from the 40, 80, and 180 keV H™ implanted silicon donor wafers. The actual thickness
was within 5% of the damage peak, and showed ~10% difference with respect to the hy-

drogen peak.

Figure 4.4 SEM and AFM of the transferred silicon layer surface. The surface

was a mirror-like finish as-cleaved. Th= RMS surface roughness was 5.1nm.
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Table 4.1 Comparison between simulated peaks and actual thicknefs

Lateral Position (cm)

Energy Hydrogen peak Damage peak | Actual thickness
40 keV 0.48 um 0.42 pm 0.44 pm
80 keV 0.77 um 0.68 um 0.67 pum
180 keV 1.58 pm 1.52 pm 1.53 um
670
T 668 //\\/\
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Figure 4.5 Transferred silicon layer thickness across a wafer. The average thick-
ness is 667nm. The thickness uniformity of the wafer was better than 1%. The

sample was implanted with 8 x1016 H¥/cm? at 80 keV.

Figure 4.6 shows the Arrhenius plot of the silicon layer transfer timF (t) vs. tem-

peratures (T) for the two different doses of 5x10' and 8x10'® H'/cm®. The

layer transfer

time means the annealing time required to split silicon layers at various temperatures, and

it increased as the heating temperature decreased. For lower dose samples, the layer trans-

fer times were longer at a given temperature. The activation energy decreased for higher

dose samples, which means the layer transfer time becomes less sensitive to temperature

for higher dose samples. The activation energies reported in the literature vary from 0.5-

2.5 eV for different doses, temperature ranges, bonding recipes, etc. [12]-[14].
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Figure 4.6 Arrhenius plot of silicon layer transfer time vs. temperature. The
layer transfer times decreased as the heating temperature decreased. For lower
dose samples, the layer transfer times were longer at a given temperature.

4.3 Thermal Cleavage for Polycrystalline-Silicon Layer Transfer

In subsection 2.3.3, a poly-silicon wafer was directly bonded to another substrate
after chemical-mechanical polishing of the surface, and in subsection 3.3.3, hydrogen-
implanted poly-silicon wafer surface blistered after high temperature annealing. The
bonding ability and blistering phenomenon means a good chance for layer transfer. Mo-
tivated by these promising results, poly-silicon layer transfer was demonstrated and will

be described in this section.

Figure 4.7 illustrates the process flow for poly-silicon layer transfer. After hydrogen
implantation with 8x10'® H*/cm? of dose at 180 keV of energy, the implanted poly-silicon

layer was chemically-mechanically polished. The polished wafer was then bonded to an
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Figure 4.7 Poly-silicon layer transfer process. After hydrogen implantation to the
CVD poly-Si, the wafer was CMP’ed. The polished wafer was then bonded to an

oxidized wafer the same way as described in the previous section.

oxidized wafer the same way as described in the previous section. The bonc‘ed pair was

then placed in a lamp heater (rapid thermal annealing) to cut across the poly-silicon layer.

The poly-silicon layer was successfully transferred to another substrate. Figure 4.8
shows an AFM scan over 2 pm x 2 pm area of the wansferred poly-silicon layer surface.

The root-mean-square (rms) roughness was 4.2 nm, and the peak-to-valley was 40 nm in
the area. The values are about the same as the transferred single-crystalline silicon layer

(see Figure 4.4).

Figure 4.9 shows the Arrhenius plot of the layer transfer time vs. annealing tem-
perature. Comparing this with single-crystalline silicon, the cleavage time |was signifi-
cantly decreased. Moreover, the cracking activation energy was reduced by| an order of
magnitude. The extracted value of 0.17 eV is much lower than all reported aftivation en-
ergies for single-crystal silicon. |
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Figure 4.8 Transferred poly-silicon layer surface (AFM scan). The RMS roughness was
4.2 nm, which is about the same as the transferred single-crystal silicon.
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Figure 4.9 Poly-silicon layer transfer time vs. temperature. Comparing with single-crystal
silicon, the cleavage time was significantly decreased. Moreover, the cleavage activation

energy was reduced by an order of magnitude.
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4.4 Ion-cut with Plasma Immersion lon Implantation of Hydrogen

4.4.1 Plasma Immersion Ion Implantation

Plasma immersion ion implantation (PIII) was first introduced for nitridation of
irregularly shaped metal surface [15]. This technique was intended as a high dose rate,
large area alternative to conventional beam-line ion implantation as well as being capable
of implanting work-pieces with non-planar surfaces. Subsequently, this method has been

applied to high dose rate implantation and to the low-energy shallow junction-depth im-

plantations in the semiconductor industry [16], [17]. i

Figure 4.10 illustrates the principle of PIIL. In PIII, the target (wafer) is\immersed in
plasmas containing the desired ions to be implanted. By applying a negative bias to the
target, electrons will be repelled away near the target surface and a region of positive ions
called the sheath will be established [18]. Since almost all the applied v‘oltage drops
across the sheath, the ions in the sheath are accelerated and implanted into the target. If

there is no collision between the species in the sheath, the ions will acquire the full kinet-

ic energy equal to the potential drop. The bias voltage can be dc, ac, or pulsed. However

plasma

Figure 4.10 Principle of plasma immersion ion implantation. When a negative bias is

applied to the target, the sheath is formed around the target. lons are accelerated across

the sheath, and implanted into the wafer.
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for a dielectric substrate, pulsed operation is necessary to avoid dielectric breakdown or
stressing. When the wafer bias is turned off, electrons from the plasma collapse the sheath

region and neutralize the accumulated surface charge.

A main advantage of PIII is that the entire wafer surface is implanted simultaneous-
ly unlike ion-beam scanning in a conventional beam-line implanter. Hence, high wafer
throughput is achieved independent of the wafer size. However, since there is no mass
separation unit in the PIII system, all ion species in the plasma will be implanted into the
target simultaneously during the negative bias. Also, precise dose control of the im-

planting species is a major challenge.

4.4.2 Hydrogen PIII

In the hydrogen plasma, three ions (H', H,", and H,") are present. In PIII, since there
is no ion mass selection tool, all three ions will be implanted. These ion species have dif-
ferent projected depth profile in the target, creating a multiple peaked and broadened hy-
drogen distribution. For the ion-cut process application of the hydrogen PIII, the presence
of multiple peaks of the hydrogen depth profile may initiate cracks at different depth, re-

sulting in the non-uniformity of transferred film thickness and defective film quality.

| In this experiment, the hydrogen plasma was generated by electron cyclotron reson-
ance heating [19]. From the chamber base pressure of 1.0 x 10 Torr (1.3 x 10 Pa), the

chamber pressure was sustained at 0.29 mTorr with the hydrogen flow rate of 7.7 sccm
(cm*min at standard temperature and pressure). The net microwave power was 290 W
(300 W forward and 10 W reflected) at a frequency of 2.45 GHz. The hydrogen plasma
was confined in the source by a magnetic cusp configuration with a magnetic coil current
of 260 A [20]. The target wafer was biased at -12 kV for implantation. The implantation

time was 15 minutes and current into the target was monitored to be 60-120 mA.
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With the similar condition to the above, the compositional ratio of H', |

1,", and H;"

was measured to be around 21:70:8 [21]. If we approximate the hydrogen depth profile in

silicon as a Gaussian, the hydrogen density, n(x), at the depth x from the tas

will be expressed as the following [22]:

3

n(x)=,

i=l

(Di

. (x-R;)’
V27AR,

2(AR!)?

|

where the superscript i describes the three different ion species, H', H,", as

projected range, R, is equal to the average distance an ion travels before it st

straggle, AR, is the standard deviation characterizing the spread of the distrik

12 keV of implantation energy, the projected range and the straggle of each

rget surface

@4.1)

'd H;*. The
bps, and the
yution. With

ion species

can be obtained using TRIM simulation, and Table 4.2 summarizes the resu

[11]. @i is

the hydrogen dose contribution by ith ion, and it can be related to the implantation current

monitored, I:

_ Nftt
eA(1+y,)

i

where N is the average number of hydrogen atoms produced per implanted

4.2)

ion. For ex-

ample, there will be three hydrogen atoms per H;". fis the fraction of each implanted ion

species, ¢ is the implantation time, e is the unit charge, and 4 is the total wafer holder area

exposed to plasma. y; represents the secondary electron emission coefﬁcienk

the average number of electrons emitted per incident ion. In this experiment

tation current was 60 mA for 15 minutes. If y; is assumed tb be 3.5 for all

[23], [24], we can plot the distribution of each ion and the total hydrogen

, defined as
| the implan-
three species

distribution.

Figure 4.11 shows the simulated hydrogen distribution in a silicon target. Thf distribution

is dominated by H," ions as expected, since H," is the most dominant s

plasma condition described above.
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Table 4.2 Simulated stopping ranges and straggles for three hydrogen ions at 12keV

Ion species Rp (A) ARp (A)
H* 1975 797
Hyt 1066 584
Hyt 729 472

12

101

n(x) [em3]

00 500 1000 1500 2000 2500 3000 3500 4000

x [A]

Figure 4.11 Simulated hydrogen profile in silicon. The profile was obtained from (4.1)

with data from Table 4.2 and an estimated total dose of 1.4x1017 cm-2.

4.4.3 Ion-Cut with Hydrogen PIII

The hydrogen plasma-implanted sample described in subsection 4.4.2 was bonded
to an oxidized silicon handle wafer after cleaning in piranha (H,SO, and H,O, mixture)

and RCA1 (NH,OH, H,0,, and H,0 mixture) solutions. The bonding interface was fur-

ther cured at 200 °C for ~10 hours. The bonded pair was then placed in a lamp heater un-
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til hydrogen-induced silicon layer cleavage occurred. The layer transfer temperature was

550 °C in less than 10 seconds, from which the implantation dose can be empirically de-

duced as ~1 x 10" H/cm?. This experimental dose is lower than the simulation result of

1.4 x 10" H/cm? as shown above, and it may be caused from the roughly estimated value

of secondary electron emission coefficient, y, in the calculation.

The transferred silicon layer thickness was ~110 nm, which was closeg to the simu-

lated depth of the implanted hydrogen peak (see Figure 4.11). Figure 4.12 s

ows an AFM

micrograph of the transferred silicon layer. The surface micro-roughness of the 2 um x 2

um scanned region was 4.1 nm rms, which is ~20 % smoother than the ion-cut surface

with conventionally implanted silicon samples described in section 4.2. This may be due

to the hydrogen dose difference between the conventionally and plasma implanted

samples, and it is known that the roughness decreases as the dose increases [25].

Figure 4.12 Transferred silicon layer by ion-cut with plasma implantation of hydrogen. The

nominal hydrogen dose was ~1.0 x1017 cm-2. The RMS surface roughness was|4.1 nm.
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4.5 Mechanical Cleavage of Hydrogen Implanted Silicon

For layer transfer of heterogeneous systems, it is desirable to keep the cleaving tem-
perature as low as possible to minimize thermal expansion coefficients mismatch between

thin films and substrates (e.g., silicon on glass).

In this experiment, the same wafers and bonding processes described in section 4.2

were used. After wafer bonding and curing at 200 °C, a crack-opening force was applied

to the bonded pair either by inserting a solid wedge between the wafer pair [Figure 4.13
(a)] or by applying a torque from each side of the pair [Figure 4.13(b)]. Using these
mechanical separation methods, a silicon layer was successfully transferred from a donor
wafer to a handle wafer. Figure 4.14 shows an AFM of a transferred layer. Comparing
this with Figure 4.4 for a thermally cleaved surface, the mechanically cleaved surface was
a little smoother (~10 % or ~0.5 nm in RMS roughness). The transferred layer thickness
was the same for both thermal and mechanical separation. Aside from solid wedge (see
also [26]) or mechanica] bending as shown in this section, there is also a method using a

high-pressure gas jet to separate the bonded pair [27].

The reason mechanical splitting is possible can be explained in terms of surface en-
ergy. In a bonded pair with a hydrogen implanted donor wafer, two interfaces can be de-
fined: the bonding interface and the damage peak (see Figure 4.14). In chapters 2 and 3, it
was shown that the bonding interface could be stronger than the silicon lattice, and that
the damage peak [(Si-H) — (Si-H) bond] was weaker than silicon lattice (Si-Si bond), re-
spectively. Therefore, when there is an external force applied to the bonded wafer pair,
the separation will occur along the weakest plane — the implanted damage peak, resulfing

in the layer transfer from one wafer to another.

51



Implantation
damage peak

Solid wedge 0 afer

.
Bonding
interface

Handle wafer Handle wafe
| Handle wai@

Implantation
damage peak

-

Bonding
interface

Handle wafer Handle waft

% (b)

T

|
Figure 4.13 Mechanical cleavage methods. A crack-opening force can be applied to the

bonded pair (a) by inserting a solid wedge between the wafer pair or (b) by

torque from each side of the pair.
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Figure 4.14 Mechanically cleaved silicon surface. The transferred lay
thickness was ~670nm, and RMS surface roughness was 5.1nm.
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4.6 Summary

Ion-cut was demonstrated for single and poly- crystalline silicon layer transfer. The
thickness uniformity of fhe transferred layer was within 0.3 % over a 100 mm diameter
wafer surface, and the RMS micro-surface roughness of the layer was better than 10 nm
for all the implantation doses and energies attempted. The layer transfer time was found
to be less sensitive to temperature as the hydrogen dose increased. For poly-silicon layer

transfer, the layer transfer time was significantly reduced from that of single-crystal sili-
con, and was not very sensitive to temperature for temperatures greater than 350 °C. The

layer transfer activation energy was almost 10 times smaller than that of its single-crystal

counterpart.

Ion-cut was also successful with plasma immersion ion implantation of hydrogen,
which has a higher implantation rate compared with conventional beam-line implanters.
Even though there are three ion species (H', H,", and H;") in the hydrogen plasma, it was
shown that the hydrogen-induced silicon cleavage followed the peak of the most domi-

nant species.

Mechanical splitting was demonstrated for low-temperature process applications.
Mechanical cleavage was only possible when the wafer bonding is stronger than the hy-

drogen-induced silicon damage peak, (Si-H) — (Si-H) bond.
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Chapter 5§

GATE OXIDE DAMAGE DUE TO HIGH DOSE
IMPLANTATION OF HYDROGEN

Abstract- The gate oxide damage from high dose implantation of hydrogen was evaluated

using a stress induced leakage current (SILC) measurement. Metal-oxide-silicon (MOS)

transistors with a gate area of 15 um’ and gate oxide thickness of 1.8, 3.5, and 5 nm were

fabricated for this study. The MOS transistors were then implanted by hydrogen ions

with doses of 4x10'® and 1.2x10"” cm™ at 180 keV. After the implantation, SILC through

the gate oxide was measured. Results show that SILC increases as hydrogen dose in-
creases for the 3.5 and 5 nm gate oxides. The increase of SILC with increasing gate an-
tenna ratio for these oxides was also observed. However, no SILC was detected for the
1.8 nm gate oxide, showing that damage from the implantation is not significant com-

pared with direct tunneling leakage mechanism.

5.1 Introduction

Three-dimensional electronic device integration can enable high performance mi-
croelectronics and compact device structures. As a feasible technique to fabricate buried
capacitors and dual-gate transistors, the hydrogen induced semiconductor layer transfer
process has been reported [1], [é]. This hydrogen ion-cut layer transfer process has been
employed previously for the fabrication of silicon-on-insulator (SQI) wafers [3]. In this
process, a semiconductor donor wafer with pre-fabricated devices is chemical-mechani-
cally polished followed by a high dose of hydrogen implantation. The implanted donor
wafer is bonded to another substrate (handle wafer) by wafer bonding. This bonded wafer

pair is then heated. As a consequence of the heating, the implanted hydrogen ions form
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sub-surface micro-cracks beneath the wafer surface. The hydrogen induced

silicon layer

cléavage occurs along the implanted hydrogen peak concentration region, regulting in the

silicon layer transfer from the donor wafer to the handle wafer [3]. Figure 5.1 illustrates

the device layer transfer with the hydrogen ion-cut process.

The ion-cut technique typically requires a high dose (~10" ions/cm?) of hydrogen to

be implanted through the device layer in order to cleave the silicon underneath [3]. This

large amount of hydrogen could damage MOS devices exposed to the implantation. The

“damage” means any degradation of gate oxide, and there are two main dam

ge mechan-

isms in this case: (i) electrical stressing of the oxide and (ii) damage from physical bom-

peak Si donor Handle wafer

H* implantation through
planarized devices v

Si donor

Bonding
interface

Handle wafer
Wafer direct bonding

Hydrogen
induced
Si layer
Transferred cleavage

device layer

Handle wafer

Donor wafer separation

Figure 5.1 Process flow for device layer transfer by hydrogen ion-indud
semiconductor layer cleavage (ion-cut process).
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bardment of the oxide by the hydrogen ions. During the implantation, the positively
charged ions (H") bombard the surface of the wafer [Figure 5.2(a)]. The interconnects
conduct this charge from the wafer surface down to the MOS transistor gate, electrically
stressing the gate oxide. With a large electrical field, significant tunneling currents flow.
These electrical current may break chemical bonds in the gate oxide, degrading the bulk
and interface properties of the oxide. Figure 5.2(b) illustrates the gate oxide damage
caused by a passage of hydrogen ions through the oxide, and this is the primary concern

in this experiment.

CHD
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Gate poly-Si
~

= L

7
Gate SiO,

ntermediate
| oxide

| Gate poly-Si
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Figure 5.2 (a) Origin of gate oxide damage from electrical stressing. The surface conductor
(interconnect) transfers charge from the hydrogen ions to gate poly-Si. If the electric field
generated by this conducted charge is great enough, tunneling current flows through the
gate oxide, resulting in electrical stress. (b) Gate oxide damage from physical bombardment
of the oxide by the hydrogen ions due to the through-oxide implantation.
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In this work, the gate oxide damage due to this high dose hydrogen fimplantation

was evaluated using a SILC measurement.

5.2 Tunneling and SILC in Thin Oxide

Silicon dioxide is an amorphous insulator for a MOS gate material with a very high

bandgap (~9 eV). The evolution of MOS technology has led to a continuous|reduction of

transistor size (from 0.35 to 0.18 um) and corresponding gate oxide thickness (from 7 to

3 nm). For this thin SiO, or under very high electric field (~ several MV/cm), tunneling is
a dominant mechanism for carrier (electron or hole) transport in the oxide. There are two
major mechanisms governing electron tunneling through oxide: Fowler-Nordheim (F-N)
tunneling and direct tunneling. Figure 5.3 shows these two tunneling mechanisms in thin
oxides. The tunneling mechanisms are generally mutually exclusive, with only one domi-

nating depending on applied biases.

Sio,

Si

(a) (b)

Figure 5.3 Tunneling mechanisms in thin oxides: (a) Fowler-Nordheim
(F-N) tunneling and (b) direct tunneling.
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When an applied oxide voltage, Vy, is higher than the oxide potential barrier
height, @p (~3.2 eV for a poly-Si / SiO, system), F-N tunneling is dominant. In F-N tun-
neling, electrons tunnel through a triangular barrier into the conduction band of the gate
oxide [see Figure 5.3(a)]. This tunneling mechanism has been studied for more than 70

years, originally by Fowler and Nordheim [4], and is well understood. The F-N tunneling

current density, JF), can be expressed as [5]:

’ * 3/2
Joy ~ B exp| - V2 (qP,) (5.1)
FN ox 3thox

where E,y is the electric field across the oxide, and m* is the carrier effective mass in the
oxide conduction band. When the voltage is lower than 3.2 V for thin oxides, the tun-
neling barrier for electrons changes from triangular to trapezoidal [see Figure 5.3(b)]. In
this case, the electrons no longer enter the oxide conduction band, but tunnel through the
entire oxide directly from cathode to anode. Therefore, direct tunneling is the dominant
conduction mechanism when the gate voltage is less than 3.2 V for oxides thinner than 3
nm [6]. The direct tunneling current density cannot be expressed easily in a closed form,
although many approximations have been reported (see [7] for the most recent publica-
tion). Figure 5.4 shows the tunneling current through the different gate oxide thickness of
2.2,3.7,5.2, and 7.7 nm [8]. The dominant regions for F-N tunneling and direct tunneling
are indicated. The F-N extrapolation into the direct tunneling regime shows that the direct
tunneling current is much larger than Athe F-N mechanism, and this current remains high
at even 1 V of gate bias. The direct tunneling current is very sensitive to oxide thickness,
and this huge increase of current for the ultra-thin oxides poses a severe leakage problem,

and potentially limits the future scaling of MOS transistors.
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Figure 5.4 Tunneling current through the different gate oxide thickness of 2.2, 3.7,
5.2, and 7.7 nm. F-N tunneling and direct tunneling current was plotted accoxlding to

theoretical calculations. Data were extracted from 10 pm x 1.5 pm NMOS éate by

D. Park [8]. The F-N extrapolation into the direct tunneling regime shows thjt direct

tunneling allows much more current that the F-N mechanism at lower electric fields.

’

If thin oxides are under electrical stress such as high field F-N tunn%ling and hot
carrier injection, then the oxide degrades, and low field current leakage chlled SILC is
created. SILC was first observed in 1982 on the 5 nm oxide with constant ¢oltage stress
of 6.3 V [9]. Recently, oxide degradation by trap generation is believed to bql a key factor
for SILC, and several trap generation mechanisms have been proposed (se% [10] for re-
view). SILC transforms from a steady-state current flowing through the c1;xide traps in
thinner oxides to a transient current due to charging and discharging of thF traps as the
oxide thickness increases. Both transient and steady-state current componef"ts depend on
oxide thickness. Thick oxides have a large transient component and lovr steady-state

component, while thin oxides have a small transient component and a large steady state

component. Figure 5.5 illustrates the two components of trap-assisted tunneling of thin

62 ‘



and thick oxides. Right after electrical stressing, the traps near the Si/SiO, interface are
charged causing the transient component. In thick oxides, the probability that an electron
has sufficient traps that can be used as hopping points for tunneling is very small, re-
sulting in a small steady-state component. In thinner oxides, fewer traps are necessary for
the electrons to move from cathode to anode and therefore the steady-state component
will dominate. In terms of oxide surface area, SILC is proportional to the area, which
means that the leakage paths are uniformly distributed over the oxide surface, unlike
breakdown, which occurs in one or few localized defective regions of the oxide [11]. The
SILC Ig-Vg curves are quite symmetric with respect to the gate bias polarity, indicating
that the defects (leakage paths) are distributed in the volume of oxide rather than the ox-
ide interface [11]. Nevertheless SILC generation is generally accompanied by a correlated

creation of interface traps [12].

e e
( & @
Si ; Si |
Trap Trap >
Si0, Si0,
Si Si
(a) (b)

Figure 5.5 Trap assisted tunneling as a SILC mechanism. (a) transient cur-
rent in thicker oxide. (b) steady-state current in thinner oxide. In thicker ox-
ides, the electron trapping occurs, resulting in low steady-state current.
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Measuring the low-field gate leakage current is the preferred method

r damage de-

tection in oxides thinner than 5 nm, since the excessive leakage current makes C-V meas-

urement insensitive for these thin oxides. SILC is much more straight forward than C-V

interface trap extraction, with no data transformation necessary [13]. Although comparing

SILC data for dffferent oxides is complicated by the varying intrinsic leakage current,

SILC is always positively correlated to damage, with the leakage proportidnal to the trap

density in the same oxide. Figure 5.6 shows the leakage current for a 3.7 ni oxide for in-

creaseing levels of oxide stress.

5.3 Experimental

In this study, n-channel MOS transistors were fabricated using locdl oxidation of

silicon (LOCOS) isolation and the in-situ n* poly-silicon gate process. G:

thicknesses of 1.8, 3.5, and 5 nm were grown in a 750-800 °C dry oxyge

followed by nitrogen anneal at 900 °C for 20 minutes. After the gate poly
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0 1 2 3 4 5 6 7
Vg (V)

Figure 5.6 SILC trend for increasing oxide stress. SILC measureme

with increasing oxide stress for a 3.7 nm oxide of area 1.5x 10 um2,
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the gate area of L= 1.5 pm and W=10 pm was defined by reactive ion etching. Source /

drain implantation was followed by low temperature oxide (LTO at 450 °C) deposition.

After contact hole etching of LTO, another phosphorous doped poly-Si was deposited and

patterned for contacts, pads, and antennas. The reason poly-Si was used rather than alu-

minum was to prevent potential Al melting from heat (~500 °C) application for the ion-
cut layer transfer process. The poly-Si antenna areas were 640 pm x 640 pm, 160 pm x

160 pm, 80 um x 80 um, and 40 um x 40 pum, which correspond to the antenna ratio

(AR, antenna area divided by gate area) of 27300, 1710, 427, and 107, respectively. Fig-
ure 5.7 illustrates the device structure used in this experiment.

The MOSFETs were then implanted by hydrogen ions with doses of 4x10'® and 1.2
x 10" H'/cm® using 0.5 mA hydrogen beam current at 180 keV. With this energy, the hy-

drogen peak profile is estimated to be ~0.5 pm below the Si0,/Si interface. After the high

Gate Oxide

Figure 5.7 Device structure and hydrogen implantation in this study.

Gate oxides are 1.8, 3.5, and 5 nm thick with the area of 1.5 x 10 pmZ2.

Poly-Si antenna area varies from 40 x 40 pm2 to 640 x 640 um?2.
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dose implantation, the gate oxide leakage current was measured with a
sweep of 50 mV incremental steps and a 10 seconds delay at each step.
measurement ensured that displacement currents for the pad and oxide were

A, the detection limit of an HP 4140B pico-ammeter.

5.4 SILC Measurement Results

Figure 5.8 shows the SILC measured before and after the hydrogen im

gate voltage

This delayed

down to 107"°

lantation for

the gate oxide thickness of 5 nm. Figure 5.8(a) shows the hydrogen dose dependency of

SILC between 4x10' and 1.2x10"" H'/cm’. In this case, the AR was 2730

(640 pm x

640 um antenna over 1.5 pm x 10 pm gate). The data show that SILC increases as hydro-

gen dose increases for the 5 nm gate oxide. The increase of SILC with incr,

eased AR for

the 5 nm oxide is also observed [see Figure 5.8(b)]. This AR dependency implies that the

gate oxide charging is a dominant damage mechanism in this experiment.

Figure 5.9 shows the SILC measurement for the 3.5 nm and 1.8 nm

The hydrogen dose was 4x10' ions/cm’, and the data were plotted for the d

SILC was observed for the 3.5 nm gate oxide, and it increases as the anj

creases, Although the AR dependency is not as significant as that of the
However, no SILC was detected for the 1.8 nm gate oxide [see Figure 5.9(b
leakage current level was higher than the thicker oxides due to direct tunne

in agreement with previous experiments [14]. This result indicates that ultra

gate oxides.
fferent AR’s.
lenna size in-
5 nm oxide.
)], even if the
ling, which is
-thin oxide (~

1.8 nm) degradation (if any) is insignificant compared with direct tunneling leakage

current.

For the device layer transfer process, the ultra-thin oxide devices can

by the method shown in Figure 5.1 without any degradation in the gaf
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thicker oxides (> 3 nm), the gate oxide protection from hydrogen implantation is re-
quired. This can be done by the patterned ion-cut technique, in which MOS active region

is masked by photoresists during the implantation.
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1E-6 —a—1.2e17 H+ P
—0—4e16-H+ al |

187 —o— Reference
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Figure 5.8 SILC measurement before and after the hydrogen implantation
for the gate oxide thickness of 5 nm, showing (a) hydrogen dose depend-

ency and (b) AR dependency. The gate area is 1.5 x 10 um2.
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Figure 5.9 SILC measurement for the 3.5 nm and 1.8 nm gate oxides with the

hydrogen dose of 4x1016 cm-2. The data were plotted according to AR.|The

gate area is 1.5 x 10 um2,

5.5 Summary

Gate oxide damage due to high dose hydrogen implantation was observed by SILC
measurement, which had strong dependence on antenna ratio for the 5 nm gate oxide. For

ultra-thin oxide (1.8 nm), no additional SILC was observed from the hydrogen implanta-
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tion, which suggests that thinner oxides are more forgiving for hydrogen ion-cut layer

transfer for three-dimensional integration.
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Chapter 6

SILICON LAYER TRANSFER WITH
PATTERNED IMPLANTATION OF HYDROGEN

Abstract- Silicon layers were successfully transferred from a patterned hydrogen-im-

planted silicon wafer to another wafer by either a thermal or mechanical cleavage process.

The first wafer was masked with various patterns of 2~3 pum-thick photoresist or poly-sil-

icon, and implanted with a hydrogen dose of 4~12 x10' ions/cm’ at an energy of 150 ~

180 keV. After stripping off the implantation mask, the wafer was bonded to a thermally
grown oxide wafer face-to-face by low-temperature direct bonding. The bonded pair was
then either heated or bent from both sides (mechanically) until the hydrogen-induced sili-
con cleavage occurred. This experiment showed that ion-cut silicon layer transfer is feas-

ible even without a continuous hydrogen implantation of the entire wafer.

6.1 Introduction

Three-dimensional integration of electronic, optical, and micro-electromechanical
devices will provide applications in high performance compact microelectronics. As a
promising technique for these applications, the ion-cut silicon layer transfer process using
hydrogen implantation and wafer bonding has been introduced [1], [2]. The ion-cut tech-
nique typically requires a high dose (~10" ions/cm?) of hydrogen to be implanted through
the device layer in order to cleave the silicon underneath [3]. In Chapter 5, the gate oxide
degradation during the hydrogen implantation was evaluated (see also [4]). For the pre-
fabricated electronic device layer transfer process, the ultra-thin oxide devices can be
transferred by the method shown in Figure 5.1 without any degradation in the gate ox-

ides. For thicker oxides (> 3 nm), the gate oxide protection from hydrogen implantation is
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required. In this chapter, a novel process of patterned ion-cut is introduced,

in which the

active device area is protected from the hydrogen ions by an implantation mask [5]-[8]. In

this process, it has been shown that a silicon layer can be transferred without

A continuous

implantation of hydrogen on the wafer surface. As for silicon cleavage progesses in this

patterned ion-cut, both thermal and mechanical cleavage methods were demo

strated, and
i

process limitations were studied depending on the non-implénted area dimension, the

fractional implantation area, and the hydrogen dose.

6.2 Experimental

Figure 6.1 illustrates the sequence of the patterned ion-cut process. I

both n and p type (5 to 50 Q-cm) CZ-grown, prime grade silicon (100) and

were used. At first, the silicon donor wafer was either spin-coated with 3 pm

n this study,

(111) wafers

rthick photo-

resist or deposited with 2.3 um-thick poly-silicon for hydrogen implantation masks. The

masks are various shapes and sizes of polygons and lines with different d

mensions of

mask openings (e.g., see Figure 6.2). For the convenience of reference, eac}r pattern was

named after its “mask size - mask opening SHAPE”, i.e., 10-5 SQUARI

square mask with 5 um implantation opening. Due to the limitations of oy

graphy and etching, the actual implantation mask sidewall was slightly tape;

tern-masked silicon donor wafer was then implanted with a hydrogen dose

10" ~ 1.2 x10" ions/cm? using an energy of 150~180 keV. The patterned ;

E for 10 pm

r photolitho-
red. This pat-
between 4 x

~3 pum-thick

implantation mask consisting of photoresist or poly-silicon was applied to p

event the hy-

drogen ions from reaching the silicon wafer surface during the implantation, resulting in

hydrogen ion implantation only in the mask openings. After the implantatio
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(1) Thermal cleavage

Si donor wafer

Implantation.
Masks 4 4 f A A Transferred
SiOz SECTRRET WA SRR /

Si handle wafer

(2) (b) (©)

(2) Mechanical cleavage

Si donor wafer

Implantation

Masks A A @4 A

Si handle wafer

(a) (b)

Figure 6.1 Patterned ion-cut process flow. (a) H* ion implantation through mask patterns.
(b) Low temperature wafer direct bonding. (c) (1) Heat treatment or (2) mechanical bending
for layer splitting along the hydrogen peak.

tation masks were stripped off by using oxygen plasma ashing for photoresists or by

using XeF, etching for poly-silicon.

On the silicon handle wafer, a 100-200 nm-thick SiO, layer was grown in a thermal
oxidation furnace. The implanted donor and oxidized handle wafers were bonded directly,
face-to-face at room temperature after a standard RCA cleaning and an oxygen plasma

surface activation for a better bonding interface [9]. The bonding interface was cured fur-

ther at 200 °C for ~10 hours. The bonded wafer pair was then separated along the hydro-
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(a) Square

Primary Flat Primary Flat
(110) Plane (110) Plane

D Mask opening — implanted
- Masked region — no implant

Figure 6.2 Implantation mask patterns. There were also triangles, parallelo

prams,

and hexagons. The square and line patterns had 0° and 45° tilted versions with re-

spect to the wafer primary flat.

Figure 6.1).

6.3 Thermal Cleavage of Pattern-Implanted Silicon

6.3.1 Blistering of Pattern-Implanted Silicon

gen peak either (1) by heating to ~600 °C in a rapid thermal annealer (RTA), or (2) by

mechanical bending from both sides of the wafers. This (thermal or mecha}nical) ion-cut

process enables the silicon layer transfer from the donor wafer to the handle wafer (see

In order to determine the blistering temperature and see the effectivc:fs of the im-

plantation mask, the 5x10'® H*/cm’ implanted silicon donor wafer was

blistering started at ~500 °C after 5 minutes of annealing. It was clear that
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temperatures between 400 ~ 600 °C for 5 minutes after removal of the implaFtation mask,

without bonding to a handle wafer. It was found that hydrogen induced silicon surface

al]l the nucle-

ated hydrogen bubbles and silicon blisters were well confined to the implanted regions,




even though some of the coalesced bubbles extended into the non-implanted region. Fig-

ure 6.3 shows the optical micrograph of the 13-7 LINE pattern implanted donor wafer

surface annealed at 600 °C for 60 sec. The coalesced hydrogen bubble islands were

formed and were almost equally spaced along the vertical lines of the pattern.

Figure 6.4 compares blistering between mask shapes (square vs. parallelogram),
fractional implantation areas (36% vs. 75%), and wafer orientations [(100) vs. (111)]. The
fractional implantation area (FIA) is defined as the ratio of the implantation mask open-

ing (implanted) area to the total (implanted + non-implanted) area. The wafers were hy-
drogen implanted with 8x10' ¢cm™ at 180 keV, and annealed at 650 °C for 15 seconds.

Figures 6.4 (a) and (b) compare two different FIA’s in silicon (100) with square masks,
and Figures 6.4 (c¢) and (d) compare those in silicon (111) with parallelogram masks. For
small FIA, hydrogen induced bubbles were well-confined and continuous along the im-
plantation mask opening. Silicon flaking was not observed. However, for large FIA, the
silicon blisters and flakes were randomly distributed in the mask openings. Aside from
the FIA dependence, we observed no effects of substrate orientations [(100) and (111)],

and pattern shapes (square and parallelogram) for silicon blistering and flaking.

o
| ' E

¥

i

Figure 6.3 Optical micrograph of the 13-7 LINE implanted donor wafer

Mask
pattern

after annealing at 600 °C for 60 sec. The coalesced hydrogen bubbles

are almost equally spaced along the vertical lines of mask opening.
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Mask
pattern

Figure 6.4 Optical micrographs of pattern implanted silicon donor wafer surfaces (i.e., no

wafer bonding) after 650 °C for 15 sec of annealing. (a) and (b) for square masked implan-

tation in Si (100). (¢) and (d) for parallelogram masked implantation in Si (111). For small

FIA, hydrogen induced bubbles are within the implanted region without flaking

6.3.2 Surface Morphology of Transferred Silicon

Figure 6.5 shows optical micrographs of the transferred silicon layer

on top of the

handle wafer. The hydrogen implantation was done at 180 keV with a dose of 8x10'®ions

/em?. Each of the polygons and lines is about 10 pm wide, and the inside of|the polygons

and lines were masked to prevent implantation. All the non-implanted regions were suc-

cessfully transferred to a handle wafer.

After cleavage, most of the non-implanted regions were rough for silicon (100) wa-

fers, showing 0.2~0.6 um of total thickness variations (TTV) for an average of 1.5 um-

thick silicon layers. In the case of the line patterns, the cleaved surface showed so-called

river patterns, in which the cleavage crack propagates along the faint lines [10], [11].

Figure 6.6 shows the river patterns of the cleavage fracture surfaces. As shown from the
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pictures, the river patterns are aligned along <110> direction. This implies that the silicon
fracture is favored along <110> direction, which is in good agreement with previous pub-

lications [11], [12].

(d) Parallelogram | (e) riangl N

Figure 6.5 Optical micrographs of the transferred silicon layer surfaces

¥ ) N i
(b) Tilted Line

Figure 6.6 River patterns of the cleaved silicon fracture surfaces. The faint
lines are aligned along <110> direction, implying the crack propagation is
favored along <110> direction.
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Figure 6.7 shows the atomic force microscopy (AFM) surface topographies across
the rough regions of the transferred layer. The topography of most of these patterns
~ shows a similar cleavage curve, except for 9-11 SQUARE and 16-4 LINE. I'n the non-im-

planted region, the silicon cleavage started from the mask boundary and prgpagated hori-

zontally about 0.1~1.0 pm, and then went downward (towards the wafer honding inter-

face) to a depth of about 0.2 pm, followed by three competing tendencies: (i) the cleavage

went upward and merged at the center of non-implauted region [Figures 6,7 (a)-(e) and
6.8 (a)), (ii) the cleavage went along the (100) plane [Figure 6.8 (b)], and (iii) the crack
derailed all the way down to the bonding interface [Figure 6.7 (f)]. The two dominant
cleavage characteristics for 13-7 SQUARE ion-cut are shown in Figures 6.8 (a) and 6.8
(b). Each one shows a tilted surface profile (top) and its cross-section acrﬁlwss the rough

area (bottom). The cross-section shows that the transferred silicon layer in the implanted

regions is about 1.3 um, in good agreement with the damage peak of 150 k¢V H" ions in

silicon predicted by Monte-Carlo TRIM simulation [13].

n

N
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135679 111316171921 1367 911315171921
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1357 9111316171921

@ . (@) °¢

1367 9111316171921 1 3 6 7 9 111315171921 °

=
o)

1367 9 1113161719 21

. .
o O a o,

Figure 6.7 AFM surface topographies of the transferred silicon surfaces scanped across
the non-implanted areas. The shaded regions are the implanted mask regions. The thin line

shows the aver-age silicon over-layer thickness (~1.3 pm). All units are in mﬁcrometers.
In (), 16-4 LINE, only some part of silicon was transferred.
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Figure 6.8 SEM of the transferred silicon over-layer surfaces (top) and cross-sections (bot-
tom) from 13-7 SQUARE pattern. The surfaces were taken at a tilt angle of about 70°. These
two Kinds [(a) and (b)] of cleavage are the dominant features for pattern (b) splitting.

Figure 6.9 compares the typical fractured surfaces of Si (100) and Si (111) in this

experiment. The pattern is 12-3 PARALLEL OGRAM that is the 12um x 12pm non-im-
planted parallelogram with the 3um implantation opening. With a Si (111) wafer, the
transferred surface is flatter with TTV ~0.2 pm. However with Si (100), the cleavage is

consistently upward with TTV ~0.7 pm.

6.3.3 Cleavage Temperature and Limitations in Thermal-cut

As for the heat treatment for the cracking, Figure 6.10(a) compares the actual layer
transfer time vs. temperature, between the blanket (FIA=100%), 10-10 SQUARE (FIA =
75%), and 16-4 SQUARE (FIA=36%) implantation. An FIA of 100% refers to the wafers

without any masks, so the whole wafer surface area was implanted. Within the tempera-

ture range from 550 to 700 °C, there was no significant difference between the blanket

.
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(a) Si (100) (b) Si(111)

Figure 6.9 Typical fractured surfaces of Si (100) and Si (111) in this experiment. The pattern

is 12-3 PARALLELOGRAM. With a Si (111) wafer, the transferred surface i
TTV~ 0.2um. However, with Si (100), the cleavage occurs higher with a TTV~ 0

s flatter with

Tum.

and 10-10 SQUARE layer splitting. However, in 16-4 SQUARE, the time required for

splitting at each temperature was longer than that of the blanket and 10-10 SQUARE im-

planted samples, especially in the low temperature regime. Figure 6.10(b

re-plots the

graph in terms of layer transfer time vs. FIA. In addition, for an FIA of 20% and below,

no layer transfer was observed for _105 seconds (~28 hours) for all temperatures. For ex-

ample, with 5x10'® H'/em?, 16-4 LINE patterns (FIA=20%) were not cleaved, while 16-4

SQUARE patterns (FIA=36%) were.

From Figure 6.10(a), we calculated the silicon layer splitting activation energy to be

about 1.6 eV and 1.9 eV for FIA= 75% and 36%, respectively, which are within the range

(£10%) of the value (1.8 eV) obtained for FIA=100% (see section 4.2).
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Figure 6.10 Silicon layer transfer time vs. annealing temperature for different FIAs. Within

In [1/t(sec)]

the temperature range above, there was no significant difference between FIA=100% and
FIA=75% layer splitting. However, in FIA=36%, it took longer time for splitting. For an
FIA of 20% or below, no layer transfer was observed for ~28 hours for all temperatures.

6.4 Mechanical Cleavage of Pattern-Implanted Silicon

Silicon layers were successfully transferred through a mechanical separation meth-
od (mechanical bending of the bonded pair), but the cleaved surface of the non-implanted
region was quite rough (similar to the thermal cleavage method, see Figure 6.11 for the
surfaces). However, the maximum cleavage propagation distance across a non-implanted

region is larger for mechanical cleavage (~100 pm) than thermal cleavage (~20 pm).

Also, samples with an FIA of 20% were cleaved through the mechanical cut method.
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)

Figure 6.11 Mechanically cleaved silicon (100) surfaces. (a) Optical micrograph

of a line pattern. (b) SEM tilted view of a square pattern.

6.5 Discussion

6.5.1 Crack Propagation in the Non-implanted Region

We have explained the internal crack propagation with the following sc¢enario. First,

the stress localization from the cleavage front from the surrounding imp

lanted region

propagates on the cleavage plane inward. The initial downward motion could be attrib-

uted to the fact that the implantation mask had a finite slope due to the resist exposure,

development, and erosion during implantation (especially for the photoresis

st soft mask).

Implantation through the tapered mask brings a bend on the implanted hydrogen profile

toward the donor wafer surface, resulting in the initial downward cut (see
The implanted hydrogen tends to form mechanically weakened platelets
(100) and occasionally on (111) planes [14]. These iwo conflicting factors ¢
crack direction in our case. We speculate that near the implantation boundar
ity of (100) platelets tend to trigger the cleavage along the (100) plane, wh

ence of the (111) platelets are the driving force for the upward or downward
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6.5.2 Fracture of Silicon

Figure 6.12 shows a unit cell of crystalline silicon. It has the diamond structure that
is basically a face centered cubic (FCC) lattice with 2 basis atoms. Each silicon atom
bonds 4 other silicon atoms. The bonds are covalent with a cohesive energy of 4.63 eV /
atom [15]. In single crystalline solids, cleavage can occur on several planes. But the eas-
ier planes to cleave exist according to the surface energy. In the diamond silicon struc-
ture, {111} and {110} planes are known to be good cleavage planes. Figure 6.13 illus-
trates three important planes in silicon, and Table 6.1 gives surface energy values for

those planes [16]. The numbers have wide variations from literature to literature. How-
ever, most of them agree that y,,, and y,,, is less than y,4. This fact may explain why sili-

con (111) wafer cleavage was smoother than (100) in the section 6.3.2.

Figure 6.12 Silicon crystal structure. The lattice constant, a=5.43A

Table 6.1 Surface energies in silicon [16].

Plane Y (J/m’)
(111} 2.07
(110} 2.62
(100} 2.93
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(b) {110

1

(c) {100 ~

(a) {11

Figure 6.13 Three important planes in silicon.

The cleaved surface of a brittle crystalline solid would ideally be perfe

out any steps or roughness. However, the surface can show fractographic fe

ures 6.5, 6.6, 6.9, and 6.11. There might be several reasons: (i) The interac

gating crack with stress waves reflected from the surfaces of material. Thes
the local crack field, resulting in alteration of the crack trajectory. (ii) Var
plied load (mixed fracture modes). Accordingly, the crack front can be acce

celerated, causing the uneven fracture surfaces. (iii) The interaction of the cr.

existing or grown-in dislocations, etc [17]. The faint lines (river patterns)
are of particular interest. Again, the non-implanted silicon (the river patt
was broken by crack propagation from implanted region (the smooth region
and these lines initiated at the implant — non-implant boundary. Since the i

fer is Si (100), the crack tip stress field is believed to be along the {100}

ctly flat with-
atures as Fig-
rion of propa-
e can perturb
lations in ap-
lerated or de-
ack with pre-
of Figure 6.6
erned region)
in the figure),
mplanted wa-

plane. Figure

6.14 illustrates a possible situation during crack propagation at the boundary. The plane

of the paper represents a boundary of implanted - non-implanted regions, a

of a silicon crystal. A straight crack on (001) plane (represented as the do

propagated away from the observer (implanted region) and has impinged
(non-implanted region) behind the paper. Since (001) is not a favored clea
silicon, the crack seeks new planes to follow, most likely {111} or someti

silicon. When the crack follows the new orientation in the new plane, it re

84

(ITO) section
tted line) has
on the crystal
vage plane of
mes {110} in

instates along




Figure 6.14 Possible crack propagation at the implant — non-implant boundary. The plane
of the paper represents the boundary, a (110) section of a silicon crystal. A straight crack
on (001) plane (the dotted line) has propagated away from the observer (implanted region)
and has impinged on the crystal (non-implanted region) behind the paper. Since (001) is
not a favored cleavage plane of silicon, the crack seeks new planes to follow, most likely
{111} or sometimes {110} in silicon.

the line formed by the crack tip, since the line represents the highest stress concentration
at the edge of the non-implanted region. The many reinstated cracks then interact with
their stress fields to join and form a new continuous crack front. This crack joining pro-
cess makes the cleavage steps behind. Therefore the faint lines (river patterns) due to the
cleavage steps show the direction of the crack propagation. From the river patterns in Fig-
ure 6.6, we can conclude the crack propagated along the <110> direction, and even if a
crack started from <100> direction due to a tilted boundary, the crack changed its direc-
tion to <110> [Figure 6.6(b)]. This implies that the favored crack propagation direction is

<110>. In a silicon (100) plane, the <110> has the highest atomic density direction with

an inter-atomic distance of a/~/2 = 3.84 A, while a= 5.43 A for <100>, the second dense
direction. It has been known that in covalent crystals, the crack tip stability is dependent

upon the lattice trapping, and is related to the number of bonds to be broken [18]. That is,
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crack propagation is easiest and most stable along the high atomic density d

those are <110> in {100}, <110> in {100}, and <110> in {111}, respectivel

6.5.3 Limitations in Thermal Cleavage

In the case of 16-4 SQUARE (FIA=36%) splitting, it took more timg
occurring than the blanket and 10-10 SQUARE (FIA=75%) splitting, espeq

temperatures (Figure 6.10). We speculate that this phenomenon is due to the

the implanted to the non-implanted areas, and its effects in localized build-u

pressure in the implanted regions only. In case of 10-10 SQUARE splitting]
times are comparable with the blanket (FIA= '100%) splitting, since the imy
bigger than the non-implanted area with a ratio of 3:1, while in 16-4 SQUA
the implanted area is smaller than non-implanted area with a ratio of 0.5¢

more time is required for the hydrogen flux to supply bubble nucleatior

enough stress for the silicon cleavage.

Figure 6.15 illustrates a possible scenario occurring inside the hydrog

region for the thermal-cut approach. Upon heating to the 550~700 °C range,

duced micro-cracks become fully developed [19]-[21]. The crack tip (poirn

6.15) then exerts a lateral stress to propagate through the non-implantec

maximum lateral stress at the crack tip, o, can be expressed as [22]

o, =ko,=(1+24d/p)o,
where k; is a stress-concentration factor reflecting the crack tip geometry ef

cal crack tip stress, o is normal stress exerted by hydrogen pressure, 2d is
mension, and p is the radius of curvature of the crack tip. For the crac

through the non-implanted region, o should exceed the fracture strength
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Figure 6.15 Fully-developed micro-crack inside the hydrogen implanted
region in thermal-cut. Due to the elliptical geometry of a crack, the stress
at the crack tip is enhanced by the factor in (6.1)

silicon. In the thermal cut method, oy is determined by the effective hydrogen gas pres-
sure that is directly related to the hydrogen dose and FIA, and d is determined by the im-

plantation mask opening related to the FIA. If the hydrogen dose is less than a certain

value (~ 4x10'° cm™ for 100% FIA), or the FIA is under a certain value (~ 20% for 5x10'¢

H'/cm?), 6. cannot exceed the fracture strength of non-implanted silicon, therefore layer

transfer fails.

6.5.4 Mechanical Cleavage of Pattern-implanted Silicon

Figure 6.16 illustrates a probable situation occurring in silicon cleavage by mechan-
ical bending. Due to the high dose hydrogen implantation that produces damage such as
the breaking of Si-Si bonds to form hydrogen-decorated complexes in the crystal lattice
(section 3.2), it becomes easier to crack along the highly damaged region [23], [24]. Upon
applying a bending moment from both sides of the bonded wafer pair, a micro-crack will
develop from the edge of the wafer. When the crack tip encounters the non-implanted re-

gion, the lateral stress can be expressed similarly as (6.1),

o.=ko (6.2)
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Figure 6.16 Edge-initiated cracking by mechanical bending

where ky, is a stress-concentration factor for the crack tip geometry in Figure 6.16, and o,
is the applied mechanical stress [22]. In the mechanical cut method, the extémally applied
stress, o,,, can be arbitrarily large. When o exceeds the fracture strength of silicon, the

successful layer transfer can happen for even small FIA samples. Furthermore, with edge
initiated cracking, the stress enhancement at the tip is amplified further by a characteristic
fraction of the crack opening.

6.6 Summary

The ion-cut silicon layer transfer with patterned implantation of hydrogen was dem-

onstrated for various mask shapes and sizes. As shown in this work, 16 pm x 16 um non-

implanted area can be cleaved by implanting hydrogen ions in only 4 um of the implanted
opening around it (16-4 SQUARE pattern, FIA=36%). Crack propagation through a non-

implanted region was found to favor the <1 10> dircction, and the cleaved surface of sili-
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con (111) surface was smoother than (100). The FIA effect on layer transfer time was
shown for different temperatures, and it was observed that the layer transfer failed for an
FIA of 20% or less in the thermal cleavage process. As an alternative to the thermal cut, a
mechanical cleavage process was demonstrated, and shown that the cleavage propagation

distance can be longer than the thermal cut with relatively similar roughness.

In the thermal cut method, hydrogen gas expansion is limited by the hydrogen dose

and FIA, and no layer transfer can be achieved for non-implanted gaps larger than 20 um

or an FIA of 20% or lower. In the mechanical separation approach, one can utilize the ap-
plied stress to exceed the fracture strength of the non-implanted silicon, overcoming the

limitation of the thermal cut method.
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Chapter 7

SEMICONDUCTOR MEMBRANE
AND SEALED CAVITY FABRICATION

Abstract- Silicon and oxide membranes were fabricated using ion-cut laye
cess, which is suitable for sub-micron-thick membrane fabrication with g

uniformity and surface micro-roughness. After hydrogen ions were implan|

r transfer pro-
ood thickness

ted into a sili-

con wafer, the implanted wafer was bonded to another wafer that has patterned cavities of

various shapes and sizes. The bonded pair was then heated until hydrogen i

nduced silicon

layer cleavage occurred along the implanted hydrogen peak concentration, resulting in

the transfer of the silicon layer from one wafer to the other. Using this technique, we have

been able to form sealed cavities and channels of various shapes and sizes

up to 50 um-

wide with a 1.6 um-thick silicon membrane. As a process variation, we also have fabri-

cated silicon dioxide membranes for optically transparent applications.

7.1 Introduction

Silicon membranes on top of buried cavities and channels have many applications

in micro-mechanical and biochemical sensors [1], [2]. Until now, these structures have

been fabricated using silicon wafer bonding at high temperatufe (~1000 °Q), followed by

etching-back the top wafer until the membranes are formed [3]. Howeves

, this bonding

and etch-back process takes a considerable amount of time for the etch-back step, and is

not cost effective in its use of wafers. In addition, the control of the membrane thickness
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and uniformity require stringent etch-stop mechanisms. As an alternative, hydrogen in-
duced silicon layer transfer (ion-cut) technology can be shown to be a more efficient

method to fabricate these membranes over buried cavities [4].

The ion-cut method has been employed previously for the fabrication of silicon-on-
insulator wafers [5]. The principle of this process consists of hydrogen ion implantation
into a silicon donor wafer followed by low temperature direct wafer bonding to a silicon
handle wafer. This bonded pair is then heated until hydrogen induced silicon layer cleav-
age occurs along the implanted hydrogen peak concentration region, resulting in the sili-
con layer transfer from the donor wafer to the handle wafer. The as-cleaved thickness
uniformity of the ion-cut layer can be better than 10 nm across a 100 mm wafer with a

surface roughness of less than 12 nm RMS [5].

7.2 Experimental

7.2.1 Silicon and Silicon-on-insulator Membrane Fabrication

Figure 7.1 shows the silicon membrane fabrication process using the ion-cut tech-
nique. The silicon donor wafers were implanted to a hydrogen dose range between 4~8 x
10'® jons/cm? with energies of 40, 80, or 180 keV. On the silicon handle wafer, 200 nm
of thermal oxide was grown and patterned with a variety of 1~2 um-deep cavities and
channels by reactive ion etching with two steps for the oxide and silicon. The two wafers
were then bonded directly face-to-face at ambient temperature and pressure after standard
RCA cleaning and oxygen plasma surface activation for a better bonding interface [6]

(see also section 2.3). The bonding interface was cured further at 200 °C for 10 hours.
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The bonded wafer pair was then placed in a heater at 470~550 °C until hydrogen induced

silicon layer cleavage took place. As a result, the cavities and channels werg sealed with a

silicon layer transferred-from the hydrogen implanted donor wafer.

Silicon-on-insulator (SOI) membranes on top of buried cavities can bg formed with

slight changes of the process sequence for the silicon membrane fabrication. The differ-

ence is that hydrogen is implanted through a thermally oxidized wafer, so that the SiO/Si

bi-layer is transferred.

@ [T |Etched

A cavity \ SiO,
H'—, l‘ﬂ Fﬁ
peak Si donor Handle wafer
H* implantation Etching cavities
v
Si donor
Bonding
interface
Handle wafer
Direct Wafer Bonding
Si donor

- -
Transferred
Si overlayer

Heat treatment for donor wafer cleavage

Handle wafer

Hydrogen
induced
Si layer
cleavage

Figure 7.1 Process flow for Si membrane fabrication using ion-cut layer trtwsfer. To

fabricate an SOI membrane, an oxidized wafer can be used in place of Si do

for SiO,/Si bilayer transfer.
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Since the silicon layer cleavage occurs at a depth corresponding to the peak con-
centration of the hydrogen implantation profile [5], and the hydrogen peak position is u-
niquely determined by the ion implantatior energy, the Si or SOI membrane thickness

can be tailored by controlling the hydrogen ion energy.

7.2.2 Oxide Membrane Fabrication

For optically transparent membrane fabrication, Figure 7.2 illustrates the oxide
(SiO;) membrane fabrication from the SOI membrane formed through the process de-
scribed above. After forming SOI membranes, vapor-phase xenon difluoride (XeF5) was
used to etch away the top silicon layer to fabricate oxide membranes. Since XeF, has
very high silicon etch selectivity over silicon dioxide [7], we could fabricate thin (~100

nm) and uniform oxide membranes over etched cavities.

7.3 Results

Figure 7.3 shows scanning electron micrographs (SEM) of cross-sections of Si [Fig-

ure 7.3(a)] and SOI [Figure 7.3(b)] membranes fabricated through the ion-cut layer trans-

Transferred
SOI overlayer Si etching
Si with XeF,
1

Si0; I::)
Handle wafer Handle wafer

SOI membrane Oxide membrane

Figure 7.2 Oxide membrane fabrication process from an existing SOl membrane using
XeF, vapor-phase isotropic dry etching. Since XeF, has very high silicon etch selectivity

over silicon dioxide, a thin and uniform oxide membrane can be fabricated.
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fer process described in part A of the previous section. The cavities were sealed as pro-

cessed, and cleaved across for the cross-sectional SEM. In Figure 7.3(a), the cavity is 5

um-wide and 2 pm-deep, and capped with a 0.5 pum-thick single-crystal ‘silicon mem-
brane. The silicon top layer was transferred from a silicon donor wafer implanted by 4x
10'® H'/em? at 40 keV. In Figure 7.3(b), the 8 pm-wide and 1 pm-deep cavity is sealed
with an approximately 0.5 pm-thick SOI (including the 60 nm-thick oxide underneath)
overlayer. The donor wafer was a 60 nm-thick oxide grown silicon wafer, and it was im-
planted with hydrogen at 40 keV to the dose of 8x10'® jons/cm®. After the ion-cut layer
transfer, the oxide layer of the donor wafer became the buried oxide layer of the SOI
membrane. In order to determine the uniformity of the transferred SOI film, the top sili-
con layer thickness was measured by an optical interferometric method [8]. As we can
see from the values in Figure 7.4(a), the transferred silicon layer thickness uniformity is
less than 0.3 % across a 100 mm wafer. The surface micro-roughness of thq silicon mem-
brane was measured to be 6 nm rms with an atomic force microscope (AFM) scan over 2

pm x 2 um region [see Figure 7.4(b)].

0.4pum Si

Figure 7.3 SEM cross-sections of 0.5 pm-thick Si (a) and SOI (b) membranes. The SOI

membrane is a Si/SiO; bilayer composed of 0.4 um-ihick silicon and 60 nm-thick oxide.
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Figure 7.4 (a) Silicon top layer thickness values obtained from optical interferometric meas-

urement. The thickness uniformity across a 100 mm wafer is better than 0.3%. (b) AFM scan
over a membrane. The as-cleaved surface micro-roughness is 6 nm. All data was taken from

0.5 um-thick SOI membranes.

Figure 7.5(a) shows optical microscopic top views of silicon handle wafers pat-
terned with three elbow-shaped parallel channels (left picture) and the channels covered
with transferred SOI layer (right picture). As we can see from the right picture of Figure
7.5(a) and its SEM cross-section [Figure 7.5(b)], those channels are covered with SOI
layer after the ion-cut layer transfer process. The optical micrographs in Figure 7.6 show
four different sealed cavities with more complicated layout shapes (i.e., the numbers “17,
“2”, “5”, and “7”). The bright regions are 2 um-deep buried cavities sealed with a 0.5
pm-thick silicon overlayer. This work demonstrates that various shapes of sealed chan-

nels and cavities can be fabricated, and applied to micro-storage or transport systems.

Figure 7.7 shows the oxide membrane formed by the fabrication process illustrated
in Figure 7.2. Figure 7.7(a) shows the optical microscopic top view of various shapes of

oxide membranes. The bright regions are buried cavity areas covered with a 100 nm-thick
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oxide layer. Figure 7.7(b) shows an SEM cross-section of a cavity sealed with the oxide

layer.

(b)

Figure 7.5 (a) Optical micrographs of elbow-shaped channels before (left) and after (right)
the coverage of a 0.5um-thick SOl membrane. The dark lines in the left picture|show etched
channels, while the bright lines in the right picture show those same channels now sealed

with a SOI layer. (b) SEM cross-section of the SOI membrane over buried channels.

g

10pm
Figure 7.6 Optical micrographs of various cavity shapes (numbers “1”, 127,

“5”, and “7”) with depth of 2 pm sealed with a 0.5 pm-thick silicon layer.

nn + &)

20pum

(@) (b)

Figure 7.7 (a) Optical micrograph of various cavity shapes sealed with a 0.1

pum-thick SiO, layer, where bright regions indicate the membranes. (b) SEM

cross-section of a cavity sealed with an oxide membrane.
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In order to determine the silicon membrane formation dependence on cavity feature
size, we patterned various widths and lengths (1~100 pum, respectively) of rectangular
trenches on a handle wafer, and transferred various thicknesses of silicon layers from sili-
con donor wafers. As we have discussed earlier, thickness can be adjusted by the energy
of H' implantation, and we transferred three different silicon layer thicknesses of 0.5 pm,
0.8 um, and 1.6 um. As a result of this experiment, Figure 7.8 shows the process window
for membrane fabrication using the ion-cut method. The width (), in this chart, refers to
the short dimension of the trenches. For example, with the 1.6 um-thick silicon layer
transfer, we have been able to seal cavities up to about 50 pm-wide without any con-

straints in length. The success/failure border was determined by plotting the data of maxi-

Membrane thickness, d (um)
0.5 1 1:5

60

50}

40}

30¢

20}

Cavity width, W (um)

10

Membrane intact

0 05 1 15 2 25
& (pm?)

Figure 7.8 Process window for silicon membrane fabrication in terms of cavity width vs.
membrane thickness. The success/failure border, fitted from experimental data, shows the

maximum sealed cavity width achievable with a fixed membrane thickness.
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mum achievable membrane width (W,,) with each membrane thickness (¢). Figure 7.9

shows one example of a broken membrane (d= 0.5 pm, W= 10 um). As we

can see from

this tilted SEM top view, the transferred silicon layer was broken and could not seal the

elbow-shaped channels.

7.4 Discussion

From the process window chart (Figure 7.8), we observed that the maximum mem-

brane width is increasing proportional to the square of the membrane thickness. To ex-

plain this W, o« & relation, we propose the following model. During the thermal an-

nealing step for layer transfer, H» molecules are formed and segregated around the im-

planted hydrogen peak in a silicon donor wafer [9], [10]. The high pressure

alesced hydrogen bubbles is the driving force for the silicon layer cleavage

inside the co-

If there is no

local stiffening force provided by the bonded wafer for lateral bubble expansion, the pres-

Elbow-shaped channels
(not covered)

Figure 7.9 SEM tilted view showing broken transferred silicon layer and coverage

failure across elbow-shaped channels. In this case, the channel width (/) is 10 um

and silicon overlayer thickness (d) is 0.5 pm.
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surized bubbles will exert vertical force to the donor wafer surfaces. When this vertical
lifting-off pressure becomes greater than silicon yield or fracture strength, silicon surface
blistering or flaking is developed. Figure 7.10 illustrates the situation of blister formation
in a cavity. To prevent the formation of blistering inside a cavity resulting in layer trans-
fer failure, cavity width (W) must be smaller than the blister diameter (2a). In that way,
cavity edges of the handle wafer can provide a restoring force that opposes the vertical
lift-off of the blister. Blister diameter (2a) can be related to blister thickness (d) by mod-
eling blister as uniformly loaded circular plate. With a uniform pressure loading (p) over

the entire blister surface inside, the maximum stress at the edge of the blister is given by

[11]
s=3p% (7.1)

Shearing force balance at the edge of the shell is expressed as

Hydrogen Donor wafer
Bubble 2a d

Handle wafer

Figure 7.10 Model of hydrogen induced silicon surface blistering inside a cavity.
To prevent the bursting of a blister, the cavity width (#) must be smaller than the
blister size (2a), so that the cavity edge of the handle wafer can provide a stiffening

force that opposes the vertical lift-off motion of the blister.
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ma’p =2maQ
where Q is the shear force per unit length of the cylindrical section of rad

(7.2) for p, and putting it into (7.1) yields

s=302a
4= 4%’

The critical shear force per unit length for bursting blister is then

-
. ==y —
chl 3 F 2a

(1.2)

us a. Solving

(7.3)

7.4)

where or is the fracture strength of silicon. With constant values of Q. and or in silicon,

2a is proportional to &°. Since cavity width () should be smaller than bl

for layer transfer over the cavity, therefore Wy o d’.

7.5 Summary

ister size (2a)

We have demonstrated the ion-cut silicon layer transfer process to seal cavities and

channels with well-defined thickness uniformity and surface micro-roughness of single-

crystal silicon, SOI, and oxide membranes. Process window, in terms of me

ness vs. cavity width, has been determined. Using this technique, approxin

wide cavities have been sealed with transferred 1.6 pm-thick silicon.
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Chapter 8

CONCLUSION

In order to integrate multi-functional microsystems on a single chip using various
disparate materials and devices, a paste-and-cut approach has been proposed. The paste-
and-cut technology allows each material or device to be separately synthesized and pro-
cessed prior to assembly on a final substrate. Among the methods for pasting and cutting,
wafer direct bonding and ion-cut can transfer any crystalline material layers from one
substrate to another. In the ion-cut layer transfer process, hydrogen is implanted into a
wafer that has the layer to be transferred. The implanted hydrogen ions form a highly
damaged region around the hydrogen stopping range. The implanted wafer is then bonded
to another wafer by low-temperature direct bonding. By appropriate heat or mechanical
treatment, the bonded wafer pair separates along the highly damaged region, resulting in

the transfer of the layer from one wafer to the other.

Through the review of current understanding of wafer bonding, a bonding strength

exceeding the silicon fracture strength was obtained after oxygen plasma treatment of the

wafer surfaces and low-temperature (~200 °C) annealing of the bonded pair.

Using a gas-driven model for hydrogen-induced silicon surface blistering and by
modeling a blister as a uniformly loaded circular plate, the relation between the blister
shape and the hydrogen bubble pressure was obtained, and the condition for the rupture

of a blister was derived.

With the ion-cut layer transfer process, we have been able to form silicon-on-insula-
tor (SOI) structures by transferring single- and poly- crystalline silicon layers. Comparing

the layer transfer time and temperature between single- and poly- crystalline silicon, the
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activation energy of poly-crystal layer transfer was ~10 times smaller than

that of single-

crystal layer transfer. Further work is needed to elucidate the mechanism of poly-Si ion-

cut. Plasma immersion ion implantation has been shown as an alternative tg the hydrogen

implantation method for ion-cut. We have also fabricated silicon, SOI, and oxide mem-

branes on buried cavities and channels, which can be used for pressur
micro-fluidic systems, and radio frequency filters and resonators. In these
demonstrations, we have observed good thickness uniformity (<1 %) across

surface micro-roughness (<10 nm) of the transferred layers.

For the transfer of pre-fabricated electronic device layers, gate oxids

first evaluated after high-dose and high-energy hydrogen implantation t)

e transducers, .
layer transfer
the wafer and

> damage was

rrough metal-

oxide-silicon (MOS) transistors. The results showed that stress-induced leakage current

(SILC) through the gate oxide increased as the hydrogen dose increased
thick oxide. For the 1.8 nm-thick gate oxide, no SILC was observed, showil

plantation damage is not significant for ultra-thin (< 2 nm) oxides.

To protect the thicker (>3 nm) oxides from damage during the hydrd

for the 5 nm-

ng that the im-

gen implanta-

tion, we have proposed and demonstrated layer transfer with patterned implantation of

hydrogen, in which active device regions were masked during the implan

tion. This ex-

periment showed that the hydrogen induced silicon layer cleavage is feasible even with-

out a continuous hydrogen implantation of the entire wafer, and that the si

can propagate across at least 16 microns of non-implanted area from a 4 mj

icon cleavage

cron-wide im-

planted region each side. By a fractographical analysis of the silicon cleavage in the non-

implanted region, the favored crack propagation direction was observe

<110> direction, and the favored crack plane was (111) rather than (100).
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Mechanical cleavage has also been demonstrated for both SOI fabrication and pat-
terned ion-cut. For the latter case, it has shown that the mechanical cleaving can over-

come some non-implantation area limitations imposed by the thermal cleavage process.

The ion-cut layer transfer presented in this dissertation may be extended to both
process development and mechanism study. Wafer bonding and ion-cut at even lower
temperature (ideally room temperature) is necessary especially for glass or organic sub-
strate applications. It may also be worthwhile to extend ion-cut to amorphous materials
including polymers, and wafer bonding to plastic substrates. By investigating the inter-
face (bonding and hydrogen-created) crack propagation, it may be possible to transfer
thin films using wafer bonding and mechanical cleavage, with lower or even without hy-

drogen implantation.
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