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ABSTRACT

Schubert, Peter J. Ph.D., Purdue University, May 1990. Study of a New Silicon
- Epitaxy Technique: Confined Lateral Selective Epitaxial Growth. Major Pro-
fessor: Dr. Gerold W. Neudeck

‘ This work describes a significant new advance in the technique of silicon
selecfive epitaxy called Confined Lateral Selective E‘pibtaxial Growth (CLSEG).
CLSE.G is é method for forming thin films of. single crystal silicon on top of an
insula’ting layer or film. S.uch thin films arebgel‘lerically termed Silicon-On-
insulatbr (SOI), and' allow dielectric isolation of integrated circuit elements,
ﬁlaking them more efficient (faster with lower power), more resistaﬁt to radia-
tion, and smaller than conventional integrated circuits. ionizing radiation than
coﬁvéntional integrated circuits. CLSEG offers advantages over current
n’iethbds of achieving SOI by being easily manufactured, inherently reproduci-
ble, and having great-er design flexibility. CLSEG is also adaptable to vertical
stacking of deviées in a circuit, in what is called three-dimensional integration,
for even greater reductions in area. In addition, CLSEG can be used for a wide
variety of sensor and micromachining application. This thesis describes the
design and development of CLSEG, and compares it to the current state of the
art in the fields of SOI and Selective Epitaxial Growth (SEG).

CLSEG is accomplished by growing silicon selective epitaxy within a cavity;
which is formed of dielectric materials upon a silicon substrate. The resulting
SOI film can be made as thin as 0.1 micron, and tens of microns wide, with an

unlimited length. In particular, there is now strong evidence that surface
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,bdirﬁ"u‘sivity of silicon adatoms on the dielectric masking layei’s is a Signtﬁceht con-
kvt'rivbuto‘r to the tre,osport of siliconv to the growth SUvrface during SEG “ |
CLSEG silicon material quality is evaluated by fab‘ric'ating a vefiety of sem-
‘ 1conductor dev1ces in. CLSEG films. These’devices demohstrate the. ap’plicab-il;lty

" of CLSEG to 1ntegrated c1rcu1ts, and prov1de a basis of comparlson between-_
CLSEG—grown silicon and device- quahty substrate silicon. Then, CLSEG is used :
to fabrlc‘ate an advancedvdevme structure, verifying the value and 51gn1ﬁcance_of =

this new epita'xy,b‘te_chnique.

In the final two chapters, CLSEG is evaluated as a technology, and com-

pared to vthe 'Curreht.state of the art. Then, a method: is preSehte’d’fOr fo_l_‘ming‘
‘ CLSEG Wlth only one photohthography step, and a process is descrlbed for
maklng a SOI film across an entire silicon wafer using ‘CLSEG. These tech—
niques may 1nd1cate the fea51b1hty of us1ng CLSEG for three dlmensmnal :
1ntegratlon of mlcroelectromcs It is hoped that thls work Wlll estabhsh a ﬁrm |

ba51s for further study of thxs interesting and valuable new technology



CHAPTER 1

INTRODUCTION

1.1 Purpose of Work '~ -

T'he, purpose of this work is" to introduce a new technology for the
fabrication of next-generation of SOI type integrated circuits: The teéhnique
developed‘fdr"this purpose can be used as an inter-device isolation method; or as
a tool for the construction of advanced semiconductor devices. In addition to
accomplishing these goals, this technique has also - proved to be a valuable
research method for the study of silicon selective epitaxy. It is the objective of
this thesis to fully explain the concept, development, and characterization of this
new technology; and to pave the way for future studies. ' o :

1.2 Brief Description of CLSEG

The name Confined Lateral Selective Epitaxial Growth (CLSEG) [1] has -
been chosen to identify the key features of this structure and technique. By
creating a cantilevered dielectric thin film above an oxidized silicon substrate, a
cavity is formed which has insulating materials for its walls. From a small seed
hole to the substrate deep within, the cavity can be selectively filled with single-
crystal silicon to form thin but wide slabs of Silicon-On-Insulator (SOI) material.

CLSEG is a low temperature technique which uses only ‘conventional
- process equipment. It is adaptable to MOS or bipolar technologies, and has the
structural versatility to be applicable to three dimensional integration,
micromachining, and advanced device concepts. This makes CLSEG an
- important technological choice for tomorrow‘s SOI type of integrated circuits.



1.3 Overview of Thesis’

Chapter 2 presents the background needed to adequately explam the need
“and value of CLSEG technology. The trend towards more densely-packed
' ‘mtegrated circuits through circuit and dev1ce desrgn is discussed briefly to set
the stage for this work. In-depth reviews are given for SOI device isolation and -

' Selective Epltax1al Growth (SEG) because they are crucial to the understandlng

of CLSEG and are the root technologies from which CLSEG is spawned

In Chapter 3, the process and deSIgn techmques for successful CLSEG are
-laid out. Chapter 4 presents the characterization results of this work; and is
. d1v1ded into growth studies and electrical evaluation. At the end of this chapter

is a section descrlblng the near optlmal conditions for producing dev1ce—ready
CLSEG.

Chapter 5 introduces an advanced BJT device structure created using
CLSEG, as and example of the wide array of appllcatlons for this technique, In

k “:Chapter 6 the results are discussed in light of the background material of

/ ~ Chapter 2. Finally, Chapter 7 presents a summary of the results and pomts out
several poss1ble avenues for further 1nvest1gat10n i



CHAPTER 2

BACKGROUND

2.1 Design Considerations

The integrated circuit industry continually seeks to improve the
performance, functionality, and cost of their products to satisfly. consumer
demand for electronics. With the advent of blanar technology in the early
'19‘60,’5," ‘discrete devices gave way to integrated circuits. This advance
dramatically improved both functionality and cost; and later performance, as
understanding of surface science improved. This integration also required that
individual components and devices be isolated from one another to prevent
current léakage and capacitive coupling. From this point, continued advances in
»sil’i»c‘on”hawz/e been made in three ways: (1) scaling of devices and device isolation;
(2) new designs of circuits, devices, or device isolation; and (3) stacking of layers
of integrated circuits for three dimensional integration. Each of these avenues
for improvement are considered briefly below.

2.1.1 Scaling of devices and isolation

-Scaling of devices and isolation is the reduction of all physical dimensions
by a linear factor o (o > 1). In MOS technology, for example, both the length
and width of the channel region are reduced by 1/, and gate oxide thickness is
made 1/o times thinner. "To preserve circuit functions without redesign, and to
maintain overall power density on a chip, these scaling shrinks require an
increase of the doping level (by ) and a reduction of 1/« for both current and
voltage [2]. The benefits of scaling are that packing density (gates/area)
“increases by of, and the power-delay product (power/gate x delay/gate)
decreases by 1/0? for MOS and 1 /o for bipolar‘t_eéhnologies. : ‘



- However the tradeoffs of scaling are that parasitic capacitances and

resrstances increase in - significance. . Current density in inter'connect lines

'1ncreases, leading to- reliability prob]ems, and device "off" current ‘increases, -
* making circuits more susceptible to soft errors and narrowing dynam1c operatmg_
: ‘ranges [2]. A further limit to scaling When device sizes apprOach carrier:
rwavelengths [3] is that classical mathematical models to descrrbe individual
“devices no longer apply. Circuits and devices must be treated as distributed or
quantum systems rather than lumped elements. This makes circuit srmulatlon, B
layout, and parameter extractlon much more dlfﬁcult and costly

Semlconductor fabrrcatlon technology also 1mposes limits to scallng Such
 processing difficulties as: layer to layer mlsregrstratlon,‘ defects due to airborn
partlculates, [4] and- catastrophic breakdown from electrostatic discharge can

offset the advantages of scaling. Further advances in . conventional

microfabrication are becoming increasingly difficult. Because of thls, more study: N

is bemg turned to novel device structures and isolation techno]ogy

2.1.2 Advanced device and isolation structures :

Perhaps the most s1gmﬁcant but less predrctable contrrbutor to advances. '

~in integrated circuits are innovative circuit designs, new device structures, or

novel device isolation- schemes. A classic example is the advent of the one-

L trans1stor DRAM cell: whrch made possible the 256 kbit DRAM. This involved =

 both a new circuit des1gn and a novel device structure. More recently, advanced
“bipolar devices, such as the Super Self-Aligned Technology (SST) [5] reduce the

number of masking - Jevels needed for fabrication, reduce device. area and_ '

paras1t1cs, and hence operate at higher speeds, than conventlonal bipolar
transrstors of most interest to this. thesis are advances in 1solatlon technology'
At the present stage of development, it is 1mprovements in devrce 1solatron that
show the greatest potential for further improvements in packrng densrty, speed
’and functionality. ' ' '

Theé function of mter-devrce isolation is to separate the e]ectrlcal operatlon
of - adjacent devices. This’ greatly simplifies circuit des1gn, layout,  and
'srmulatron, makes circuits more. efficient (lower power, wider dynamic range),

and increases the threshold for latch-up. Latch-up is sustained in b1polar or

' CMOS planar technologies when a parasitic npnp structure is biased so that rt’
: compos1te gain (BupnXPpmp) exceeds' unity. The onset of ]atch-up usually
requires. that the circuit be powered down to reset it. Thus, 1t is hlghly desrrable



to avoid latch-up, and this is an important consideration when evaluatmg
isolation technologies. :

‘Historically, devices were isolated by diffused p-n junctions, because of its
~compatibility in processing. Junction isolation is terribly inefficient due to large
j‘area‘; consumption, large parasitic capacitance (dielectric constant: of silicon
junction capacitors is ¢=11.7), and non-negligible leakage currents. -Latch-up
could be prevented by increasing doping levels and dev1ce—to—dev1ce spacmg, yet
at the expense of the other factors. ’ e

o Currently, the most common isolation technique is some variation on the
LOCOS (LOCal Oxidation of Silicon) method. In LOCOS the active device
areas:are covered with silicon nitride, so that during an extended oxidation step,
a thick oxide is formed only in the field regions. An implant is usually placed in
the field regions prior to oxidation to increase the MOS inversion voltage there.
This prevents interconnect hnes from inadvertantly creatmg leakage paths
between devices.

LOCOS suffers from two hmltatlons First, leakage paths st111 exist through
the substrate, allowing the possibility of latch-up.: Second is the well-known
"bird’s beak" phenomenon at the transition between the field oxide ‘a.nd the
active region (see Figure 2.1). This is caused by oxygen diffusion under the
nitride mask, growing unwanted oxide there, and lifting up the nitride. This
results in-an effective loss of ‘0.5 to 1.5 microns on all sides of the active device
region. This area loss can be reduced by using the SILOS (Sealed -Interface
Local Oxidation of S]llcon) [ ] technique, but at the expense of stress in the
substrate S

With advances in Reactive Ion Etching (RIE) and low pressure chemical
vapor deposition (LPCVD) came the advent of trench isolation, shown in Figure
2.2. The near-vertical walls of the trench etch allow device spacing almost as
small as lithographical considerations will allow,  and puts a dielectric wall
~ between adjacent devices. But trench isolation technology has some serious

!drawbacks When the trench walls are oxidized, stress induced at the inside
. corners [7] generates defects [8]. Leakage currents along trench sidewalls is
~.another serious problem with trench isolation [9].: Fma,lly, because the substrate
is still in contact with the active device region, high junction capacitance and
latchup are still a problem. '

_ A similar technology to trench is SEG isolation [10] where seed holes are
'etch‘ed into thick oxides and refilled with Selective Epitaxial Growth (SEG).
 This allows greater flexibility in processing, and eliminates oxidation- induced
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stress - defects, but stlll suffers from most of the same problems as trench
isolation. '

, Perhaps the ultimate isolation technology is SOI in Wthh active device .
_regions are completely surrounded (even underneath) by hlgh-quahty dielectric
mater1a1 In this way, latch-up can be completely eliminated, and capacitances
are greatly reduced since the dielectric constant of silicon dlox1de is e=3.9. S0I
is. d1scussed in detail in a later section. ' '

2.1.3 Three dimensional integration ’

As with -Sullivan’s skyscrapers of the early 1900 S, when area is.at a
premium, one expands upwards to create more volume. This is the concept for
3-D integration, where devices are built in stacked layers of semlconductor»
v material - separated by thin film insulators. 3-D integration is very attractive
for .p_utting: more circuit functions an a chip without increasing the area or the
chip pinout. Also, device. interconnections can be made more efficiently, and
circuit speed will increase. Current problems with 3-D integration include:
poWer dissipation; thermal redistribution of existing junctions; and crystal
quality of successive layers. If these difficulties can be adequately addressed, 3-D
integi'ation conl,d be as significant an advance as planar technology was 30 years
. ago. '

2.2 Device Isolation by SOI

- The defining feature of Silicon-On-Insulator (SOI) is a thin film of single-
“crystal silicon formed on an insulating layer. The SOI region can be localized
for individual device isolation, or extend over an entire wafer. In various SOI
methods, the underlying insulating layer can be the substrate 1tself or be
formed on top of another silicon layer or a silicon substrate.

2.2.1 Advantages of SOI

‘ SOI has tremendous promise for future device isolation because of the
followmg advantages ' '

(1) latch-up can be completely ehmmated

'(2) parasitic capacitances are very low [11].
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‘ lsolation leakage currents negligible. -

I=N

very high packing density. -
" no p-well or n-well drive-ins. |
“radiation hardness greatly improved [12]

o

~H1gher junetion breakdown voltages [13]." ,
highér MOSFET moblllty and. lower subthreshold slope [3]
less short channel effects in MOSFETSs [2].

(10) apphcable to 3-D- rntegratlon (1n some cases).

" 'One of the main advantages of CLSEG is its use as an SOI 1solat1on technology
,;"Thus, it. will be instructive to review several of the most prom1s1ng SOr methods'

in the current state—of—the-art

" 2.2.2 Methods of achievin'gvS-OI

) There are currently six or more approaches to SOI in the techmcal’ '
‘ hterature of these, wafer bonding and etch-back (13, 14, 15] Ox1datlon of
' Porous Silicon (OPS) (16], and heteroepitaxy of silicon on insulator [17, 18, 19,
20} ‘are either too difficult to fabricate, too early in development or result in
~ deficient materlal quahty, and will not- be considered here. The SOI technologles :

L ,Wlth the most promrse are buried 1nsulator, polys1hcon recrystalllzatlon, and ’

Ep1tax1al Lateral Overgrowth (ELO) These three Wlll be cons1dered in detall
: below :

2. 2. 2 1 Burled insulator / S[MOX

A powerful method for reahzlng SOI is by the’ format1on of buried
1nsu1ators in S1l1con ‘wafers by large dose, hlgh energy ion 1mplantatlon For the.
case - of oxygen as the 1mplant species, this technlque is called SIMOX for .
Separation by Implanted Oxygen [21]. Beginning with a bare silicon wafer, ‘an

L ‘oxygen or nitrogen dose of roughly 2. 0x10'®atoms /cm is 1mp1anted at 150 keV

~or greater [22] “This energy is sufficient to place the peak -of the implant
* distribution about 300 nm beneath the surface. (see Figure 2.3). After a high

s temperature anneal, ‘the 1mplanted species reacts with silicon to form either SiOy

- Or: S13N4 “The SOI ﬁlm left on top is typically 100 nm thick, which is too thin
. for- most SOI applrcatlons This requlres an epitaxy step to make a SOI ﬁlm of
' adequate thlckness, and to improve the crystal quality. L .

MOSFETs built in buried " msulator films have ma_]orlty carr1er mobllltles’ -

nearly equal to that of - substrate devices [23 24] Vertlcal Bb_lp‘olar_Junctron



Transistors (BJT) with common emitter current gains (f) of up to 100 have also
been realized with buried insulators |25, 26].

The problems with buried insulators stem from the inordinant damage
'c,aused by such an implant. MOSFET leakage currents of 50 pA per micron of
channel width have been reported [24], more than 2 orders of magnitude larger
th‘an‘for‘ bulk devices. Minority carrier lifetimes in SIMOX SOI‘_ﬁlmsv are
typically one order of magnitude smaller than for standard device wafers (21],
and the surface recombination velocity is two orders higher. o

- ~Although buried insulator SOI technology is a somewhat conventional
process, its most severe limitations are the long implant times, the high
temperature anneal, and the modest crystal quality. Wafer warpage is also
significant in buried insulator wafers. This leads to lithography problems such
as run-out, linewidth variations, and etch non-uniformities. These factors also
preclude the used of buried insulator technology from 3-D integration [12].

2.2.2.2 Recrystallization of polysilicon

Another SOI technique that is very popular is the recrystallization of
polycrystalline (or amorphous) silicon films. Typically, a seed hole is formed
through a thermal oxide on a silicon wafer, and polysilicon is deposited, . as
shown in Figure 2.4. Recrystallization is accomplished with a heat/ light source
such“as a laser, moving strip heater, or stationary lamp. The polysilicon is
melted, and upon re-solidification, adopts the crystal orientation of the
substrate. A thermal gradient or a moving heat/light source then serves to
extend the single crystal region over the oxide as shown at the bottom of Figure
2.4. With recrystallization, SOI silicon thicknesses of 0.5 microns to several
microns thick can be formed, can be extended over very great distances
laterally, and can cover non-planar topography as well [27].

At its present stage of development, undoped recrystallized silicon SOI films
have lifetimes 2 orders of magnitude lower than in bulk wafers [21). MOSFETs
built in such films have mobilities in the same range as substrate devices {28, 29,
30], but have leakage currents up to 20 nA/um [31]. Dislocations occur every
one to several microns [32,33] making circuit fabrication very difficult. BJTs in
recrystallized films have f's up to 75 [31}, but ideality factors at the emitter base
junctions range from 7=1.2 [29] to 1.42 [33]. This indicates the dominance of
recombination due to bulk defects. A further problem with these defects is
preferential doping [28], leading to further reductions in device yield and
performance. :
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- Figure 2.3 ‘Crossb section of SIMOX buried oxide SOI teéhn‘ology.
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Flgure 2.4 SOI by polys111con recrystallxzatlon (a) be‘foré an"di“:(b‘) durmg
scanmng with a laser heat/hght source. e SO
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Recrystalhzatlon is not adaptable to 3-D mtegratron due to the large
thermal gradients and high temperatures. But a similar technlque, known as
Lateral -Solid Phase Epltaxy (LSPE) is well-suited in some ways to stacked
devices. LSPE is structurally identical to recrystallization,» but uses lower
V,tem‘peratures and stationary heat/light sources [34]. Tt is observed. that
polys1hcon realigns to the crystal orientation of the substrate Wlthout the need
-for melting. Lateral crystallization distances up to 6 microns can be achieved by
this method [35]; although very heavy doping with phosphorus can- extend these
»-dlstances to tens of microns [34, 36]. Reasonable crystal quality and devices
\hav:e,been built in the first 2 lateral microns of LSPE films [35], but beyond this,
crystal quality falls off rapidly. LSPE growth fronts tend to be non-uniform [34]
and: generates large quantities of  dislocation -defects where growth: fronts
converge [27, 37] LSPE is obviously fraught with technical difficulties, but, if
overcome, could become a strong candidate for SOI device isolation and 3-D
mtegratlon

2.2.2.3 Epitaxial Lateral Overgrowth (ELO) : , )

“ELO'is an extension of Selective Epitaxial Growth (SEG is covered in detail
in the next section) which can be used for SOI device isolation. In SEG, epitaxy
process conditions are adjusted to allow silicon to grow on already-exposed
silicon surfaces, while simultaneously preventing deposition on oxide or nitride
surfaces Figure 2.5 (a) shows an ELO structure which has grown from the
substrate, ‘through a seed hole in an oxide layer, then up and over the oxide
mask Growth fronts from adjacent seed holes can be merged to form a-
contiguous film, as in Figure 2.5 (b). With further growth, the facets at the
merge front will grow faster than the horizontal growth front, and eventually
catch up to the horizontal planes, forming a smooth silicon surface [38,73].

» To be classified as SOI, devices in ELO must be built in the lateral wings
over the oxide. But to take advantage of the dielectric isolation, the silicon
thickness there should be less than 1 micron. The major disadvantage of ELO is
" its inability to cover large lateral distances without exceeding a reasonable
vertical height. The aspect ratio of an ELO growth is defined as the lateral
growth distance divided by the vertical growth height, and is. a key figure of
merit for ELO technology. Several researchers have claimed high aspect ratios
[39, 40, 41], but in recent years, reports indicate aspect ratios are limited to
“‘about unity, except perhaps at the very early stages of growth [42]. The reason
'}for-the'?:e_arly ‘claims of high aspect ratio may have been due to incomplete
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understandmg of deposition :mechamsms and thin ox1de degradatlon, leadmg to
‘a mlslnterpretatlon of results [43].

"To be useful as an SOI isolation technology, the as-grown ‘ELO film must
be thinned in the vertical direction. - This is indicated in Figure 2.5 (c).
‘Thinning methods include polishing [44], plasma etch-back planarization [45];
~and for merged ELO, -?xidation [46] or an isotropic silicon etch [38]. The only
reports of devices in thinned ELO are for MOSFETs which seem to perform
" reasonable well [38, 47]. Studies of the interface between ELO and underlying -
‘oxide ‘showed a reasonably low (1. 7x10M em™2eV ™ l) density of mldgap ‘traps
[48). However, lifetime measurements in SOI ELO are one to two orders worse
than in'a standard device wafer [49).

- ELO s still a strong candidate for 3-D mtegratlon beca.use of the good
"mate‘nal quality, the ability to grow ELO at low temperatures, ,an_d the ability to
‘make whole wafer SOI [50, 42]. To make SOI over an entire wafer, merged ELO
is_.masked and etched over the seed hole to expose the substrate. The substrate -
is selectively oxidized (ELO . is covered with nitride sidewall spacers), and a
second ELO step then regrows silicon over the oxidized substra.te -After minor
‘ .v-planarxzatlon, a Whole-wa.fer SOI film results

2.2.3 Réquiréments for ideal SOI

. The SOI methods outlined above all suffer shortcomings which offset the
‘advantages listed in section 2.2.1. Below are presented the requirements for an _
ideal SOI technology.

LAYOUT REQUIREMENTS _
(1) SOI over large areas, or local-SOI suitable for individual -
devices (high aspect ratio). |
- {2) Controllable dimensions of local-SOI, and ﬂex1b111ty of seed hole
(1f any) placement.
(3) Few or no masking steps.
- {4) Optional substrate contact.
(5) Latchup-immunity. : :
" (6) Easy alignment for multlple SOI layers (3-D mtegratlon)
- (7) Adaptable as an interconnect level

" PRocEss: REQUIREMENTS
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« 1) Use only conventlonal equipment and methods. © -
©(2) No large thermal gradlents (to av01d wafer warpage and stress)

- (4). Quick turn-around for SOI steps. .

R j_i'--DEVICE REQU]REMENTS
S (1) High quahty bulk crystal

(

A

- (3) Low number of process steps.
(
(

“(5) Seed hole removal (1f desued) with etch or LOCOS fi -

(2) High quallty interface with 1nsu1ator
(3) Controllable silicon and insulator thlcknesses

' (4) Uniform silicon thickness. -

- (5). Backside accessible for buried layers.
" (6) 3-D integrable (low temperature, stackable) S - B
- At _present there 'is . no single technology whlch can fulﬁll all of these

S requlrements -In this Work it will be shown that CLSEG satlsﬁes a maJorlty of ) .

i these, maklng it Well-sulted for SOI device 1solat10n appllcatlons

_ 23 Selecti\»rve EpltaXIalGrowth(SEG) :: o S

SEG is a speclal epltaxy technlque useful for fine (small) dev1ce 1solat10n’ e

| ",[51 52 53, 54); and, as ELO, for advanced device structures [47,, 48; 55, 56]:

- SEG was “first - reported in 1962 [57] when an ox1de-masked Wafer in an epi -
S ‘reactor showed ‘an absence of silicon' nucleatlon on the oxide at’ the perlphery of

~ the seed holes. In the next subsectlon, we rev1ew the condltlons for selectlve

'growth the effects of different. masklng materlal and consequences of the etch_
. method used to create ‘the seed hole. R

2'.3'.1v‘-'S‘electiVity and maskr'materials e L

Several years after the ﬁrst SEG Jackson [58] d1scovered that HCL gas

“added “to the epltaxy process. gasses improved cons1derably ‘the select1v1ty of -

o growth by etchlng s111con adatoms on the mask surface. However, too much
- HCl gas will result i 1n net etchlng of s1hcon, not growth Thls deﬁnes a wmdowf
of select1v1ty, ;whlch changes at different temperatures, pressures [59 60], ‘and
" silicon surface ratio [61, 62] (exposed silicon area divided by total- wafer area) :
"To ensure good select1v1ty it is. 1mportant to keep the mask surface free of
‘ contamlnants or partlcles [63 64]. Oxide is a better mask materlal than sﬂlcon
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,;:‘nltrlde for select1v1ty, since nitride is 10 to 1000 tlmes more hkely to 1n1t1ate‘ :
‘ ‘.nucleatlon [65 66, 67, 68] : : : L

, The SEG process condltlons can cause degradatlon of the mask materlal P
| nder certain conditions. Nitride is more stable than oxide [69], but tends to o

crack when its thickness exceeds several hundred nanometers [69, 70]. Thin
" oxides are susceptlble to pinholes [63], especially at hlgher temperatures and
,'lower pressures [43] 'Oxide degradation is not a problem for thlcknesses above
‘150 nm, for the range or class of epitaxy process vanables used in thls work v

- Seed holes are etched either with a.queous solutlons or by RlE plasma '

Some researchers have found that the scalloped mask edge proﬁle caused by wet
etchrng leads to stacking fault defects in SEG [62, 56].. On the other hand RIE
leaves corrugated sidewalls |71, 60] and causes radiation damage to the silicon
substrate [72], both of which can cause defects in the SEG growth -There are’
two ways to get the best of each etch: (1) RIE 90% ‘of the masklng film
"thlckness, then complete with a wet etch; or (2) RIE completely through ‘then

_grow a sacr1ﬁc1al oxide to heal the radiation damage, and ﬁnally removed w1th a. .

vwet etch Both of these methods have been used successfully
2.3.2 Pre-clean and epitaxial gr'thh '

R An ‘important difference with standard whole-wafer epitaxy';is- t?hat..,SEG

mask materials (especially oxide) generally cannot withstand the typical hlgh :

- temperature -HCl preclean [63, 64, 56]. The HCl etches silicon- at high

temperatures, which would undercut the mask [60]; but even without the HCL,

" at high temperatures, silicon dioxide at the Si-Si0, 1nterface will subhmate

: accordmg to: . o
o ' SI+SI()2—->2SIO() BN ) I

 ‘However it is v1tally important to remove any native ox1de (1 - 10 nm thlck), '
that appears on bare silicon surfaces when exposed to air. The reaction in (1)
can be used to remove native oxide while leaving the oxide mask intact provided

- the temperature does not exceed 1000° (60, 74] or 1050°C [64]. Still, this

B prebake in hydrogen gas or vacuum must exceed a critical temperature, deﬁned
by the O, and H,O content of the ambient, to be effective [75].

C Although any silicon source gas used for conventional epltaxy can be
employed for SEG, Dichlorosilane SiH,CL, (DCS), is used most commonly.
Thls is because DCS depos1ts at lower temperatures and produces HCI, thus
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S requlrlng less input HCL gas. It is found: experlmentally that low temperatures ( " ] =
L < 1000°C) and teduced pressure ( < 150 Torr) are ‘very beneﬁclal to SEG. ,}
Recent work: has demonstrated SEG at temperatures as low as: 600° to 650°C o

[76 77,.78], although so far, Tow defect materlal has only been achleved down toﬂ S

roughly 800°C [79] at. ultra-low pressures

The beneﬁts of low temperature stem partly from the tran51tlon to a reglme' S

:-”‘ffwhere dep031tlon is surface reaction 11m1ted [80 81, 78, 81]. Reduced Pressures; -, o

: also’ brrng depos1t10n 1nto the surface controlled regime [64 51 59 82] o
:hlgher temperatures and pressures, depos1t10n is d1ﬁus1on-11m1ted meanlng thatf- R

gas phase diffusion through the boundary layer controls growth ‘Since the.':
steady state concentratlons of s111con-conta1n1ng specles 1s larger over the mask_f -

: f‘__than over the growing S1llcon, a lateral concentration gradlent is produced '

E ;'Because of this- gradlent more silicon is deposxted at the edge of a SEG seed'

o they ﬁnd a sultable nucleatlon site on a silicon crystal surface or""'"

, ‘W1ndow than in the center, making the- growth rate h1gher there ~The resultlng

"proﬁle of the SEG is concave downwards in a phenomenon calledi

lbecause of its semblance to a gr1n :

In “the: surface—controlled reglme, depos1t10n of s111con s ztemperaturei- E

'sm ,»_lley i

7 _.:controlled Slhcon adatoms, ‘and silicon ‘species such as SiCly [65] ‘are: adsorbedﬁ*‘_} »
~ onto:- the mask: and silicon surfaces alike. " They then do a random wa]k until ..

: 'Surface moblhty of s111con is high [63], and reports of drﬁus1on dlstances‘range

‘,»'from several mlcrons [83 84 40] (consxdermg mean dlstance between‘ maskf

b result in flat SEG- and ELO profiles (64, 87, 51, 82 88, 80, 89]..

nucleatlon s1tes), to 10 100 microns [56, 85, 81 86]. - Growth 1n_ thls reglme canj

Only recently has it been reported that changes in maskmg ox1de th1ckness '

1ece of d1rt B .

v - aﬁect growth rate.. The hkely mechamsm for. this is- the varlatlon in surface .
em1ss1v1ty due to. dlﬁ'erent ﬁlm thlcknesses This in turn affects the: rad1at1ve '

: :heatlng of the’ epltaxy gasses and 1nﬂuences the growth rate For pancake—type e
'-greactors (ﬁat horizontal susceptor ‘with rf energy applled from beneath) growth_ :

_:’1”:“:-rate increases for thlnner oxides [86] Itis 1nterest1ng to note that growth rates

in.this study seem- to depend on global average oxide thlckness (areas roughly - 3

400 microns. in dlameter) Local variations in oxide thlckness have httle effect.
o on growth rate “In the’ results section of this work it w1ll be shown that for a

' . Jar: by mfra—red lamps) the growth rate versus oxide thickness is 1
FI IThls behaV1or may be related to hght reﬁectlons and absorptlons

; "barrel—type reactor (cylmdrlcal vertlcal susceptor heated from outs1de the bell

1€ omplex S

' layer, as well -as the 1nteractlon between surface radiative heatmg and backs1de_ o

g conductlon from the susceptor (Whlch is heated by 1nfra—red radratlon passmg -
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:’through the silicon).
2.3.3 Defects in SEG

Tt is'a fact of nature that defects exist in all crystals at temperatur_es above
absolute ‘zero [90]. Although such defects as dislocations can give added
}Strength to certain metal crystals, for electronic crystal, the density of i"defects _
should be as low as possible. The inhomogeneous nature of SEG provides ample- _
'opportumty for defect generation, and considerable effort has been devoted to
thelr reduct1on In this section, the results of these studies are revxewed

It was determlned that rectangular seed holes orlented along {001}_
equlvalent directions on a < 100> oriented substrate have the lowest density of '
'defects [108, 92, 71, 49], and gives a uniformly flat top surface (60, 108, 93, 94,
'64]. Other seed hole orientations generate facets at the sidewall interface, thus
- reducing active device area. The mechanisms for facet formation and for defect -
~ generation at the sidewall are similar. Regardless of sidewall orientation, silicon
atoms which abut the sidewall are forced to accept fewer than 4 covalent -bonds
to other silicon atoms. Because of the lack of oxygen or mtrogen, solid chemlcal
bonds to the sidewall are prevented. : ' '

“Along {011} equivalent s1dewalls, adatoms can occupy one of two posrtlons
of nearly equal energy. One of these sites corresponds to a defect and cafi occur
when the adatom at the sidewall is incorporated after the atom next closest to
the wall. This results in a twindefect (on <001> substrates) and will
propagate into the growing SEG at a 35.3° angle to the direction of growth. By
~ a similar argument, the growth rates of different atomic planes in the crystal are
affected by the presence of the sidewall. For {011} equivalent sidewalls, a
< 311> facet is formed at the edge of the seed hole [108], thus encroaching on
the active device area. But along {001} equivalent sidewalls, there is no
.ambiguity in the sites available for adatom incorporation. This is responsible
for the low defect density and the absence of growth defects in {001} SEG seed
 holes. 8till, irregularities in the walls of {001} seed holes, or undercut of the

’ masklng layer, can generate twins, dislocations, or stackmg faults. - '

'Defects’in CLSEG arise from three sources. One is the sidewall stackmg
defects described above, which can be practically eliminated with {001} oriented
}seed' holes. The second is stress due to mismatch of thermal expansion
coefﬁc1ents, and the third is defects 1ncorporated into the bulk SEG during
growth ' :
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» When the SEG wafers are heated to receive the epitaxy, the masklng layer
‘*and substrate both expand changing the size of the seed hole. The SEG flls
~ this seed hole, whose dimensijons then change upon coohng of‘ the wafer,

'.“‘-"generatmg stress in the SEG [95]. Sidewall defects, whether due to-stress or
o growth defects, extend from 0.2 to 1.5 microns laterally into the SEG’ film {96,

S 82), and can be reduced by growing at lower temperatures [71 72 42 82, 52,
- 96]. | el
‘ Bulk defects generally occur from some form of contamination in the epi
‘reactor system. High purlty gasseés are essential to good film quality. ~Several
' Workers s1ngle out HCI gas as a major source of contamination [60, 40, 97
Although of high purity in the bottle, HCI gas is very corrosive, and ‘can pick up
metallic impurities from the gas handling system. For low temperature epitaxy,
an insidious source of contamination-is residual moisture and oxygen in the gas:
stream or in the bell jar [81]. The temperature and the partial pressures of Oy
and HyO.in the system, these species can form oxygen clusters [76] or clumps of
5104 can form- at the growing interface. This can generate defects in the film
such  as stacklng faults, or -benevolently, the growing SEG can envelop the
-clusters -and continue on uninterrupted. When this occurs, a vague rounded

o square structure can be seen on the top of the SEG using Nomarsk1 polarlzatlon’

m1croscopy These are apparently not defects, but merely growth phenomenon .
(76, 98]. :

To 1mplement SEG into. productlon processes, it is 1mportant ‘that growth’-
| rates are uniform across a wafer. Improved injector nozzles or gas. bottles [99]
can help, but SEG is susceptlble to a loading effect where . the growth rate
e depends on the silicon surface ratio of a particular seed hole pattern on a wafer:
The loadmg effect is apparently associated with smiley since it is. also ‘minimized
at lower temperatures [98, 100, 87], and reduced pressures (87]. In any case, as
the trend towards lower temperatures and pressures continues,: loading effects
‘w1ll be less of a problem. However, at lower temperatures, growth tends to be
surface reaction limited so that small variations in surface temperature can have
. s1gn1ﬁcant influence on local growth rates. ' '

.2.’3;'4 Interface PfOPertiesv and‘devices B

At the current level of understandlng, the most slgnlﬁcant obstacle to SEG

o development is the presence of leakage currents in devices with' junctions that

intersect the srdewall 1nterface 52, 53 92, 62]. These leakage currents may or
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may not arise from defects within: the silicon. As the above review has shown,.. '

‘v131ble sidewall defects can be greatly inhibited with proper techmque This

~ would seem: to: imply that the properties of the: interface itself are largely
Aresponmble for leakage currents. IR

& stentorian effort has been made to cha.racterlze the exact nature of this
interface [10%]. Klaasen used a new device called a sidewall gate-controlled

~ diode (shown in Figure: 2.6), with the gate oxide being the 51dewall interface

itself. Unfortunately, the sidewalls:in this device are rife with sharp-angles and
irreg atitles, whicli - can. generate considerable number of defects. ‘This
precludes-a more definitive: evaluation of the s1dewall 1nterface, untll the
‘processmg difficulties can: be overeome.

The bulk of research into sidewall leakage currents has been: emplrlcal It is- '
found_ that. sidewall leakage currents are reduced by growing SEG: at lower
temperatures: [52, 71], and at reduced pressures [72, 53, 92]. A likely model for
the sidewall leakage: is incomplete bonding between Si and SiOj, leading to:
 enhianced diffusion. there [53]. It has been claimed that in-situ hydrogen anneals
‘during SEG: growth- may help to: neutralize interface states here [48] and that a
post-SEG .oxidation: can- heal this interface [99]. Studies of SEG" growth (or
'ELO) on existing oxide revealed interface mid-gap: trap densities in the
10" em %V range [48; 52], which is adequate for MOS operation. Devices
- built in the bulk of SEG material, away from: the interface, demonstrate near- -
bulk quality crys al [102; 74, 80, 79, 49, 52]. However, reported leakage currents
 for n-MOSFETs whick have source/ drain regions that -abut the SEG interface ,
are several orders of magnitude higher than for LOCOS isolated devices [92].
Walled: diodes similarly exhibit: hlgher leakages: than LOCOS: isolated dlodes, as
descrlbed abowve..

Published research indicates that sidewall growth: defeets can be practically
- eliminated, and that interface trap: densities can be made quite low.. However
[the question: remains: as to: how sidewall leakage currents are generated. If this
 problem: can: be understood and easily solved, SEG and ELO techniques may
" find: far greater application. In the next section, the CLSEG technology is

'shown: torbe an: ideal research tool for the study of SEG sidewall interfaces.

2.4 Motivations for CLSEG

o The CLSEG concept arose out of frustrations and limitations of ELO
‘fe'chnalbgy;.. Not: until very recently have other workers reported similar
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cohCepts [109, 110‘] During the course of the investigation, a plethora of. uses
and Justlﬁcatlons for CLSEG have been discovered. By confining SEG within a
dielectric eavity, several important shortcomlngs of ELO have been overcome,
and a host of further applications have become readily available. In thls section,
the motlvatlons for pursulng CLSEG research are outlined.

2.4.1 Growth studies

A_D unportant use for CLSEG is the study of the Si/SiO, 1nterface in
selectlve epitaxy. By constraining growth to proceed parallel to the surface of a
wafer, the SEG/insulator interface is made wider and easily acces31b1e,
compared to conventional SEG. This provides a convenient working surface for
interface characterization studies. CLSEG can also be used as a tool to examine
the reaction and growth mechanics of SEG. With a CLSEG cavity structure,
silicon species transport may be quite different than for conventional SEG or
ELO. o - |

A further application is in ‘understanding differences in the wafer-heating
behavior of the two standard reactor types: barrel and pancake reactors. The
top 1nsulatmg layer of the empty CLSEG cavity prior to growth is not in good
thermal contact with the substrate. This can lead to temperature differences
‘within the cavity (i.e. top wall versus bottom wall), which can significantly affect
selectlve growth. The study of growth in cavities of different heights or
materxals may give clues to the nature and location of the CVD reactions which
‘ glve rise to selective epitaxial growth. A related area of interest for CLSEG uses
is in the study of structural silicon geometries on oxidation and . defect -
generation.' Similar to trench oxidation, CLSEG can be used in a variety of
configurations to study these effects. As with growth studies, the planar nature
of the CLSEG film niakes‘it_ suitable for efficient characterization.

2.4.2 Device isolation

CLSEG is a low temperature process, -uses only conventional process steps,
forms a uniformly thick film, and is easily isolated from the substrate. Stacking
“and alignment of CLSEG layers is readily done, making it suitable for 3-D

iﬁtegratibn Using a two-step process (described brieﬂy':«iboVe)v CLSEG can be
“used to form a SOI layer over an entire wafer. Finally, all these benefits from
CLSEG can be a.chleved Wlth only a single masking step. This w1ll be ‘described
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o m the Ffutu,fe.InveStigatioh PosSibilities section of ‘the last chapter B
f2'.4.'3>vAdvanced device constrﬁctioh -

The apphcatlons of CLSEG can be pursued at great length but only a few o
Wlll be presented in. the Concluslons chapter. Several features: of. CLSEG lend
' thlS techmque to new. ways of constructmg blpolar and MOS- tran51stors and
'clrcults CLSEG allows a very high aspect ratio for local SOI- apphcatlons

- Because of the physmal ‘connection to the substrate through the seed hole, the
~. bottom oxide can be removed, makmg the backside of the SOI ﬁlm acces51ble for -

“doping. . Self-isolation of CLSEG films is poss1ble ‘this way, even ‘with the

"\‘substrate connection intact. CLSEG prowdes an extra level of mterconnect if
; ”needed Bemg high quality silicon, the resistance through the CLSEG layer can

~~be made quite low. And finally, CLSEG as a structural technlque is apphcable

to mlcromachmmg and sensor fabrlcatlon
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CHAPTER 3

'~ PROCESSING

R ! thls chapter the fabrlcatlon sequence for CLSEG is descrlbed first in
‘ generlc terms to introduce terminology and provide and overview for the
»remalnder of the chapter. Subsequent sections descrlbe the CLSEG cavity
constructlon, the cavity layout and CLSEG growth condltlons in the epltaxy
reactor -

3.1 Generic Fabrication Sequence

Flgure 3.1.a shows the first three steps in the fa.brlcatlon process
| Begmmng Wlth a SlllCOD substrate, a thermal ox1de is grown a.nd is referred to as .
‘ O,ptmnal .at thls pomt is .the deposmon of a 8111con mtrlde la.yer, if thls materral |
is preferable for the lower cavity wall. A seed hole is etched through the bottom
oxide, and bottom nitride if present (not shown). Then a thin oxide is
optionally regrown on the exposed silicon of the seed hole, and called the seed
hole oxide..
In F’lgune 3.1.b, a film has been deposited and etched, as shown. This film is
_ the sacrificial layer, and may be made of polysilicon, amorphous silicon, oxi'de,‘
nitride, 'or other processing material. The three-dimensional shape of the
" sacrificial layer after etching will establish the dimensions of the CLSEG cavity
when the process is finished. Note that it is important that the sacrificial layer
cover at least part of the seed hole.

In the next step, shown in Figure 3.1.c, a layer or stack of layers of material
is formed on top of the sacrificial layer. This layer or stack is called
(collectively) the top layer. A third mask step is used to etch a hole, called the
~¥ia hole, through the top layers(s). This step exposes the sacrificial layer. In
Figure 3.1.d the sacrificial layer has been selectively etched away. The thin seed



botibfh Ié er
seed hole o y

S \\\\\\\\\\\\\\\\\\\\\\ T “\;\“ ——

\\\\\\\\\\\\\ . \\\\\
silicon substrate ‘

} \\\\\\\\\\\\\ B AL ULAAALLL AL A LI ARRNN

| swswate  %seedhole - (b) S
. toplayer f ,'viahOIe' ‘ .

///
/////////// /////// // //// ///// //////////// /////// 7 ///

L /, /////// :

:

I// _ Lo

\\

;\\\\\\\\\\\\\\‘ S

, s_ubst‘rate TR S
vna hole *
N

W s S H
//////// //////////////////// ////////////////////////////////////// s

g / \\\«w

. i&\\\\\\\\\\\\\‘s\;\_‘\\\\\\\\\\\\

A substrate

’//5//7//////////// //////’///// Lz //////////Z'/ﬂ/////////
\\\\‘\\‘ 3

CLSEG Smcon
RS \\\ ;

S e T 77, )
W v, IR ' N\ ;
: &\\\\\\“\\\\\\ Jl ’\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\t\‘ AR

 Figure 3.1 CLSEG process flow.



25

hole oxide (if any) is also etched off, exposing the substrate in the seed h@l‘e.\

Thxsstep has defined the cavity which is now ready to be filled with single-

erystal silicon. Figure 3.l.e shows the result of the selective epitaxial growth
- step. Beg:.‘inniing:. at the exposed substrate surface, silicon deposits _p’r'eférentiall:y' :
(selectively) and epitaxially, and grows up and out of the seed hole. As the
growth front encounters the top layer, epi growth is constrained to proceed
Jaterally, filling the cavity. The aspect ratio for the CLSEG film thus created is
defined as the lateral distance from the right edge of the seed hole to the :
rightmost limit of lateral growth, divided by the vertical height of the CLSEG
“film. This eompletes the essential steps for generic CLSEG fabrlcathn.- In the
néxt.s:e,ctifon, the issues concerned in actual fabrication are addressed.

3.2 Cavity Construzctidn«

In this sectlon the factors pertlnent to materlal choices for the bottom
vlayer(s) sacrificial layer, and top layer(s) are described in more detall Actual
dimensions used for successful CLSEG fabrication are ‘summarized at the end of
this seetion. ' ‘

3.2.1 Bottom layer

* The most important function of the bottom layer is to p}ovide electrical
ifsb-lfatioji between the CLSEG silicon and thé substrate silicon. When CLSEG is
~ referred to as silicon on insulator, it is this bottom oxide which is the insulator.
Other properties important to the bottom layer are: the ability to withstand the
high temperatures of the epi step; that it must remain intact during the etch of
the sacrificial layer; that it provide a good interface for SEG growth; and that it
is a  readily-available material. The two choices. for the bottom layer(s)
considered for this work are: (1) thermal oxide alone; and (2) low-pressure
- chemieal vapor deposited (LPCVD) silicon nitride atop thermal oxide. Thermal

_oxide by far provides the best interface for SEG, and it has a much lower
dielectric constant than nitride, making it the obvious choice. HOWever, in the
case that the sacrificial layer is ox1de, a thin mtrlde layer is needed to provide
etch select1v1ty ’

The bottom layer thickness would usually be chosen to achieve a low value

“of CLSEG to substrat_e capacitance. Two other i issues must also be considered in
"cﬁods’i’%ng this thickness. When the sacrificial layer is deposited, its top surface
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“{in most cases) will reflect the step height at the seed hole. If no steps are taken
_ to smooth this step, a perturbation is formed in the top layer above the seed

" hole. Tt r_s_found that defects can be formed at this perterbatlon during CLSEG
growth “To minimize this effect, either the bottom layer should be made as thin
as is acceptable, or planarization’ methods employed. The second issue is that
v‘later processing sometimes requlres that the bottom layer be etched out from

beneath the CLSEG silicon, for example to introduce dopant - atoms. to the =

CLSEG underside. The gap left by the bottom layer removal must be large
enough to admit these dopant atoms. Finally, the bottom layer thickness, if it is

- oxide alone, must be thick enough to withstand the SEG conditions {43]. This.

~ requires that the oxide thickness be at least 100 nm, or, more conservatively, 150
nm thick. ‘Bottom layer thickness must be chosen Jud1c1ously cons1der1ng device
design as well as process requirements. ’ ‘

A final consideration regardlng the bottom layer is the method of etching

~the seed hole, either by isotropic or anisotropic means. As descrlbed in: Chapter
2, there i is' evidence that the scalloped edges from isotropic etchlng leads to stress,

in SEG ﬁlms However, an1sotrop1c etching leaves vertical rldges in the bottom
layer s1dewall which lead to defects there. A combination of both etchlng types
is, reported to have optlmal effects. However, the only defects observed in
CLSEG appear to arise near the seed hole edge S0 the etch technlque must, be -

o ‘chosen with care. : o nE

- 3.2.2 Sacrificial layer

The first consideration in the cho1ce of a matenal for the sacr1ﬁc1al layer is
fetch select1v1ty Typlcal cavities for this work are 8 microns from seed hole to
via hole, plus a’ “three micron seed hole width, requiring a- lateral etch of 11
'm1crons Since the top and bottom layers are typlcally fractlons of a micron
“thick, etch selectivities of- at least 100:1 are necessary. Three matenals have
B been ‘considered for their ease and un1form1ty of depos1t10n, and ab1llty to
“withstand high temperatures. These are: plasma-enhanced 'CVD ' (PECVD)
silicon nitride, phosphorus-doped low temperature oxide (N*.LTO); and either
: amorphous (co-Si) or polycrystalllne (poly) silicon deposited by CVD.. PECVD
nitride can be etched using ‘a boiling mixture of phosphoric acid and water 3
Thls eteh i is entirely selective to silicon, has a select1V1ty over 100: 1 for thermal
oxide, but only about 20:1 compared to LTO, which may be used as a top layer.
‘N* LTO is etched using dilute solutions of buffered HF. (NHzF:HF:H,0 ==



1 1: 6 5) W1th an etch rate proportlonal to the phosphorus content This etchis
also entirely selective to silicon, and selective to at least 500:1 to LP: nitride
(used as top and/or bottom layers). Poly or o-Si can be etched in several ways.
- Oneis to use a mixture of nitric acid with a very small amount of ammonium
: ﬂorlde, which is reported to be highly selective' to oxide; but Was not
‘, ‘lnvestlgated for this work. The silicon etch used for this work was a mlxture
containing mostly ethylene diamine (ED). This ED silicon etch is selective to
oxide in the order of 10,000:1 at 90° C. Selectivity to nitride was not quantified,
.per se, but is at least 1000:1. Despite the advantages of the ED silicon etch with
the polysilicon sacrificial layer, this system was the last to be investigated,
largely because of the highly toxic nature of the ED solution. _Yet', not
hsurprlsmgly, the ED silicon etch produced the best results.

v Other factors to consider in choosing the sacrificial layer materlal are
mternal film stress, surface smoothness and planarity; and the ability to
wrthstand the deposition temperatures of the top layer. PECVD nitride was the .
ﬁrst material used, but is ruled out due to high film stress.. With a PECVD
nitride sacrificial layer, oxide can be used for the top and bottom- layers. to
;prowde the best surface for CLSEG growth. However, mlcrocracks develop in
:the mtrlde layer, and form long fissures in the oxide layers, . exposmg the
‘substra.te During CLSEG growth then, ELO grows out of the ﬁssures,
catastrophlcally damaging the wafer for device fabrication.

3.2.3 Top layer

 The top layer is the cornerstone of CLSEG fabrication since it makes
- possible-all the advantages this technique has over ELO. The main property
demanded of this crucial film (or films) is that it remain rigid and not sag,
buckle, deflect, or deform. Since CLSEG is really a deposition and not a
"growth", it-does not push against the top layer. Thus whatever shape the top
layer assumed just prior to the CLSEG epitaxy step establishs the dimensions of
the SOI film. The features to consider when choosing the top layer material(s)
are: . modulus (stiffness), internal stress, coefficient of thermal -expansion,
. conformality of deposition (or growth), etch selectivity, interface propertles with
‘SEG, and possibly thickness and surface emissivity. '

- To meet these requirements, the best results _achieved to date have been
‘obtained using a sandwich of LP nitride on thermal oxide (grown from o-Si,
which converts to poly at the oxidation temperatures). Oxide alone as a top
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layer, Whether LTO spun-on, oOr ox1d1zed poly, is not stiff enough at least in -

S thlcknesses less than 0.5 microns. Poly cannot easxly be used because, 1f any of
it is left exposed during the epi step, its thickness will increase by. roughly the

itlateral growth distance of- the CLSEG. This is clearly unacceptable Much of

,the development work on CLSEG was done us1ng Nt LTO as the sacrificial.

”,layer and LP nitride as the top and bottom layers. - However, CLSEG films
,grown between n1tr1de walls produced devices with hlgh leakage currents, even

l ~after strlpplng the nitride and reoxrdrzrng Also the modest etch” selectivity

required speclal care durmg processing, srnce the dilute HF weakens the top ‘

: layer nitride, especrally to the 1nsrde corners of the cavity.

... The materials and dimensions which have produced the best cavrty are
) summarlzed below; and are described in process flow form in Appendlx A. They
~ are: (1) bottom layer of thermal oxide only with thickness between 250 and 500
'nm, (2) A seed hole oriented along {001} equlvalent dlrectlons, defined using
: anlsotroplc etch, and seed hole oxide thickness of 20 nm; (3) a sacr1ﬁc1al layer of
‘Ot-Sl (for. smooth top surface) of thickness between 0.5 and 1.2 mlcrons, then
~ oxidized to 100 nm (this forms the top layer oxide for the 1n81de wall of the
v cav1ty), and (4) a top layer of LP nitride, with thlckness between 110 and 150
‘nm (thlcker layers may tend to crack). However even with these optrmlzed -
results, ‘the cav1ty layout is cruc1al to successful CLSEG, and is descrlbed in
-detall in the next sectlon ' ‘ ‘ S ‘

- 8.3 Cavity L'ayout

CLSEG cav1t1es are’ hke a brldge or ‘a - house in that the des1gn is as_
1mportant to preventlng its collapse as are the materials used. A ma1n goal of

CLSEG cav1ty layout is to make the lateral drstance as. large as possrble Whlle
‘ \preventlng the top layer from sagglng A srmple cantllever, as shown in Flgurev
© 3. 1 d and for’ the materials used here, will not stay supported for cav1t1es that

"are either very wide or very long (into the paper) "The first step to av01d cav1ty -

' ~collapse is to leave intact the top layer at the two ends of the cav1ty lengthwrse
v ThlS supports the top layer from 3 sides, but sagging is still observed for cavities
»more than 25 mlcrons long. The next step is to allow. the top layer to be
'contmuous ‘across the width of the cavity, in at least a few places ThlS is
accornplrshed with the via hole mask, by making the via holes perlodlc along the

- :*length of the cav1ty Flgure 3.2 shows a cut-away perspectrve view of the cavxty,

' descrlbed in three dlmens1ons
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In Flgure 3. 3 a plan view of the caV1ty shown in Flgure 3. 2 is deplcted B
with appropriate distances labeled in microns. " The length of the cavity is -
'unhnuted ‘but typical lengths range from 50 to 150 microns. The slight

[,roundlng of the sacr1ﬁc1al layer mask helps avoid thinning of the top layer at :

the corners during depos1tlon and cav1ty etch. The seed hole w1dth of 3 microns
was chosen for convenience, but can be made considerable smaller. In fact; the

minimum seed hole width is limited only by llthography, as evidenced by the
ELO which grew through microcracks in the ox1de, as descrlbed in the last
- section. The spacing between via holes (shown as 5 microns in the ﬁgure) must

" be at. least close enough to permit complete clearing of the cav1ty Since silicon
gases or adatoms must pass through the via holes to causé growth in. the cav1ty,
‘again-a close spaclng is'preferred. On the other hand the w1der thls spacing can -
be made, the more ‘supported the top layer w1ll be. The eﬁ'ects of via hole o
spacmg are dlscussed further in section 4.1 RRS ‘ -
 CLSEG cavity design is qu1te flexible. CLSEG has been grown in:‘ca'vities'
_ ‘wh1ch turn inside or outside corners, or thch have the seed- hole in’ the center

o and via holes on e1ther side. A wide variety’ of layout choices are pOSSlble, i

; ’dependlng on the spec1ﬁc appl1catlon This is another advantage of CLSEG over .
- ELO, which must always have the seed hole at the center of an approx1matelyv,
s radlally lsotroplc growth. : :

The maximum aspect ratlo of a CLSEG ﬁlm is set by the lateral spaclng ‘

between the seed hole and the via holes (assumlng no process hmltatlons) Tis -

) 1nterest1ng to note that if the CLSEG continues beyond the- via ‘hole, it will
continue growing. [isotropically. (neglectlng facets) like ELO, even growing “back

. 'over the top layer. ThlS opens up the possibility of stacked cavities filled with a

single growth step. For most applications this overgrowth is un\desnable, and

oy _‘ ‘can be avoided by maklng the cavity slightly wider. The next section’describes ‘

the growth condltlons for CLSEG and will conclude thls chapter on CLSEG-k'
processmg C : T

84 ‘J‘CLSEG’ Growth Co’nditions.

Two dlﬂerent epltaxy reactors were used to grow the CLSEG for thls work
"The ﬁrst is a pancake-type reactor Whlch has a flat and round. horlzontali
’ 'susceptor heated from below by radlo—frequency (rf) energy.- Wafers are 'laid on
~ the susceptor which i is enclosed by a bell jar. Gasses enter from the center of
b.the susceptor and are evacuated with a mechanlcal pump. ThlS system is'






currently capable of reduced pressure operation down to 150 Torr The second 1is JEA

a barrel-type reactor which has a tapered cylindrical susceptor whlch holds the _

- wafers, and is suspended within a bell jar. The quartz bell j Jar is surrounded by '-
o infrared lamps which 'provide heat to the wafers and the susceptor Gasses are
.ijlntroduced at the top of the bell jar and evacuated from the bottom by a

 mechanical pump The minimum pressure of this system is 4 Torr, but with -

- f‘typlcal gas flow rates, the minimum deposrtron pressure is’ approx1mately 40 L

' Torr :

The ﬁrst step in the growth of selective epitaxy is to prepare the s1hcon'__ -

o surfaces by in situ removal of native oxides.” The standard epitaxy procedure of N . 7' La
- high temperature HCl pre—cleans are not suited for SEG since it etches the

silicon and undercuts the oxide or nitride. masks. CLSEG in situ precleans for S

both ‘reactors begins with a hydrogen gas only bake under reduced pressure at
~950° or. 975° C for 5 minutes. This is sufficient to remove natlve ox1de Wlthout' ‘

' undercuttlng the mask oxide, as described in section 2.3 above. In’ the pancakel.z

reactor, but not. the barrel reactor, this is followed by add1ng HCI gas under the o
7 ,same' conditions for 30 seconds. There is little evidence that this step s
- necessary or even helpful, but it is not likely to impair crystal quahty However, o

the HCl etch may provide a better surface to grow from if any - res1dual damage_ .
was present in the s111con surface. '

The deposrtlon step has been carried out at both 950° and 1000° C for each'-“- -

: reactor, with depos1t10n pressure kept at 150 Torr for the- pancake, and 50 Torr .

for the barrel reactor. - D1chloros1lane (SiH,Cl,) gas and HCI gas are mlxed ‘into -

~the- hydrogen carrier gas flow during deposition. In the barrel reactor, "
" phosphine gas 'is also added to dope the CLSEG n-type In the pancake reactor; -
the intrinsic SEG (no dopant added mtentlonally) is h1gh-res1st1v1ty n-type with .

~ no dopant added. The key to selective deposrtron of silicon on silicon, but not

on oxide or nitride is to carefully choose the ratio of drchlorosrlane to HCL.- The -
drchlorosﬂane gas is the silicon source, and is thought to decompose into SiCly +

H, at high temperatures [41]. When the SiCl, molecule’ encounters a surface s1te .

~in. the presence of hydrogen, the silicon is depos1ted as an adatom and releases'

'the chlorme atoms as HCl The HCI gas added 1ntentlonally serves a dual -

purpose ~First, it tends to inhibit the decomposltlon of SlCl2, whlch a1ds
” selectlvrty because ‘silicon. deposits preferentlally on silicon already present-
Second it may or may: not help to etch away any silicon adatoms whrch may '
nucleate as unwanted solid on the oxide or nitride mask. By proper ad_]ustment-
of the ratro of ‘these two 1nput gasses; net’ deposition occurs only on already—_
» present sﬂlcon surfaces, leavmg the mask free of nucleatlon For both reactors,» '
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at either temperature,. selective growth is achieved when SEG growth rate is less
than 0:25 microns/minute. All of the experiments reported in the next two
_chapters target growth rates at between 0:15 and 0.25 microns/minute.

At the same time as the CLSEG is grown, SEG also grows on large areas of
the wafer which have seed holes exposing the substrate, but do not lie within a
cavity. - These regions are referred to as homoepitaxy islands, since away from
the edges (where they are technically ELO) they behave similarly to whole-wafer
homoepitaxy.  The reason for growing these islands is to support control devices
for comparison with. CLSEG devices. ‘ ‘

After CLSEG growth, semiconductor devices are fabricated within the
lateral SOI regions. Parameters extracted from these devices are used to
evaluate CLSEG material quality and to compare it to ‘homoepitaxy or substrate
material quality. The growth and electrical characterization of CLSEG is
presented in the next chapter. '
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- CHAPTER 4

CHARACTERIZATION OF CLSEG SILICON

~'Perhaps the most surprising fact of CLSEG growth is that it can be done at
all:' “Conventional theories . of epitaxy growth mechanics would leave one
skeptlcal towards the idea of growth within a deep and narrow cavity laid flat
on the face of a wafer. Instead, this novel techmque has revealed new ms1ghts
into’ selective epitaxial growth and provided some very interesting Tesults. In
this chapter, the growth properties of CLSEG are described in detail, followed
by electrical characterization of devices built in CLSEG. At the end- of the
chapter, near—optlmal conditions for CLSEG fabrication are presented as a
summary

4.1 Growth Properties of CLSEG

" To provide a control or a standard of comparison for CLSEG growth rates
and electrical quality, SEG is growh from large seed holes with no top layer over
it at the same time as the CLSEG is grown. As this SEG overgrows the edges of
- the seed hole, it is called ELO (Epitaxial Lateral Overgrowth). But well inside
the edges of the seed hole, this selectively grown material will be referred to as
homeepitaxy islands, since it is functionally no different than whole-wafer

‘i homoepitaxy. Growth rates of homoepitaxy islands are obtained by measuring
the thicl;hess from the original substrate interface to the highest point, which
usually occurs in the ELO near the edge.

-Another factor that will significantly affect the interpretation of results is
that two types of epitaxy reactors were used to grow CLSEG. One is a
pancake-type reactor in which wafers are placed face up on a flat, round
susceptor heated from below by radio frequency (rf) energy. A bell jar contains
the process gasses and a mechanical pump allows for reduced pressure operation.
‘With the current system configuration, pressure is limited to 150 Torr, which is



e »sample, s1nce amorphous samples produce no pattern

v a functlon of the rf generator and mductlon c01l de51gn The se a barrel e
- reactor in- wh1ch wafers are. leaned agalnst a tapered cyllndrlcal su,, ptor and -
lowered 1nto a bell jar. Infrared lamps heat ‘the" wafers, gasses and the :

'susceptor from outside the bell  jar, which can be evacuated to - 4 Torr The ‘
."v,’.»f.drfferences in- these reactors and the pressures used durlng depo
' o ’profound 1mpact on CLSEG dev1ces and growth

: 411 Seed fhole‘or‘ientat_ion e

- In the ﬁeld of SEG 1t is now generally accepted that seed holes orlented
"_along {001} equlvalent dlrectlons on a <100> substrate allows SEG thh the
lowest defect densrtles and leakage current along the srdewall For th1s WOrk all

- CLSEG and homoepltaxy island seed holes are so-orlented From thls seed hole," = o
' the CLSEG grows up: and then over the masklng bottom layer, encounters the o
e top layer, and then grows only laterally.- Because the SEG must in- effect grow

‘ around a corner (growmg ﬁrst vertlcally through the seed hole, R laterally -

‘over ‘the maskmg layer): it is necessary to determine the crystal orle ation of

- the CLSEG silicon to venfy that it still follows that of the substrate T6- this

) end ‘a technlque called Electron Channehng Pattern (ECP), or: rocklng curves,'”f
 was used In a scanning electron _microscope . (SEM) ‘the electron ‘beam 1s"5‘

" focused on the area to be analyzed and the’ sample is plvoted (rocked) back and_' B E :
:.forth w1th the measured area as the plvot po1nt Equlvalently, in-a transm1ss1on L

- electron mlcroscope, “the" beam can be rocked mstead of | the sample, makrng

‘%_,p0551ble ‘smaller measurement areas, The electron beam encounters dxfferent
kS crystal orlentatlons as’ the sample is . rocked and produces an 1mage or, :vpattern
RS :whlch 1s unlque to the crystal orlentatlon normal to the surfaceto,.!

- Also, the sharpness of the pattern is 1ndlcat1ve of the relatlve crystalhnrty of the '

7 sﬂlco,](SEG), and substrate silicon on a s1ngle die 51te T ,_,._pattern is
'lndlcatlve of the <001> crystal plane’in s111con and demonstrates that CLSEG.

e iSlllcon grown on .<001> sxllcon ‘maintains - the <001> orlentatlon ‘ .

{ "T‘I}Qualltatlvely, the equlvalent sharpness of the patterns also shows that CLSEG 1s' ,
mdeed smgle—crystal materral ' o T o , -

""1gure 4. 1 shows three ECPs taken from CLSEG SlllCO oeplta.xy |
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4.1.2 Growth rate

_ Prel1m1nary studles of ELO behavror prior to CLSEG prov1ded useful data :
for the nderstanding of several growth phenomenon. In the. pancake reactor at
150 Torr
“ratio of ‘the part1al pressure of HCI squared to the partlal pressure of
o dlchlorosﬂane (DCS) [103]. In the regime of interest to this W rk the growth
‘rate can- be modeled at constant temperature and pressure, as{ g '
| ~GR. = A —Bx[ppral’/ [ppocs)- (2)

Growth rate is also found to be 1nversely related to maskmg ox1de thlckness [86]

% ‘growth rate has. been found- to. decrease in- linear ‘proportion to the

Both of ‘these studies were repeated for the barrel reactor at 50 Torr to verify

that 51mllar processes were at work: Figure 4.2 shows the dependence of ELO

growth: rate on lPPHCl] /leDCSl for three oxide thicknesses, - ‘along with the -
- growth ' rate from a bare target wafer. These data  clearly show the negatxve :
proportlonahty region for growth rates up to 0. 15 to~ 020 mlcrons/mlnute
- ‘Above  this" growth rate, the dependence on gas ratio is confounded by a
"'dependence on the oxide thickness. F1gure 4.3 demonstrates a surprlsmg growth

" rate dependence on ox1de thickness for [pPrC]? /[ppDCS] values in the negative

‘proportlonahty regime. - To the author's knowledge, this peak in- growth rate
versus oxide th1ckness has. not been reported in the literature. - The reason for

: th1s behaV1or is not well uriderstood but may be caused by changes in surface

gfemlss1v1ty or reﬂectance propert1es of the masklng ox1de ‘with 1ts th1ckness .

Clearly growth ‘rate dependence on mask thickness can be ‘very complex; an :

- effect ‘which will be further exacerbated by the use of mult1ple ﬁlms as is: done
with CLSEG. | »

S The ﬁrst step in character1zatlon of CLSEG growth rate is to compare it to
“the. growth rate of ELO. In the data: below, CLSEG growth rate is measured
laterally and taken visually; and ELO growth rate is measured: vert1cally with a
' mov1ng—stylus proﬁlometer For both, unless. otherwise stated 9 points are
' vmeasured on each 5 1nch wafer and averaged typ1cal standard dev1at1ons are -
'15% to 20% of the mean value. Due to the variable nature of epltaxy reactor_ :
‘_i_characterlst1cs, the gas flow ratios ‘were. adjusted before each ‘run- to give a
: growth rate in the 0.15 to 0. 20 micron per m1nute range for- 950° C operatlon, ‘
and 0.18 to 0.25 IIllCI'ODS per minute for runs at 1000° C; together with those
' condltlons whlch mlnumzed polys1hcon nucleation on the mask. layer

‘ Table 4.1 presents comparlsons of CLSEG and ELO growth rates taken
~ from the same wafer for runs on both types of_ reactor. The test pattern is
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identical among all the data, so that loading effect does not change w-ithin this
comparison However, gas flow rates, deposition temperatures, and deposition
pressures are not equal between the two reactors so that a meanlngful :
comparison is not possible. The purpose of this table is merely to demonstrate' "
that- ELO and CLSEG growth rates are similar regardless of reactor- type,
v»1nd1cat1ng that similar processes are at work. The data for the barrel reactor
",represent averages of 5 points over three wafers in identical epi runs.

Whlle considerable variability is present in these measurements, the general
’-trend is consistent. In either reactor, CLSEG ‘in cavities roughly 1.0 microns -

hlgh has a growth rate within 10% of the ELO growth rate. - These data are
significant as they indicate that the silicon transport mechanism and growth
mechanics for CLSEG and ELO are the same. In section 6.1.1 of Chapter 6,
the implications of these findings on the understanding of selective epitaxial
growth are considered more thoroughly. : ' '

In the Chapter 2, it was noted that SEG growth rates depend on the
_average.omde thickness over a rather large area (roughly 400 microns radms).'
In" Table 4.2 the effects of different bottom oxide and top nitride layer
thicknesses is seen on both CLSEG and ELO growth rates. All data is from
cavities using poly or @-Si as the sacrificial layer, and were grown in a barrel
reactor at 950° C and 50 Torr pressure. For this range of thlcknesses, growth
rates decrease with increasing thickness of either oxide or nitride. -

Table 4.3 shows a similar result for a pancake reactor at 950° C and 150
kTorr In this experiment, only the top layer was changed. Using an N* LTO
sacrificial layer with either a nitride alone, or a nitride plus LTO top layer, the
growth rate changes by 7%. Thus it is possible to fine tune the growth rate by
adjusting the masking layer thickness, or to have different growth rates at
different points across a wafer. Another interesting result is the effect cavity
height’has on growth rates. In a pancake reactor at 950°, 150 Torr, averaged
growth rate drops only 11% (from 0.231 to 0.207 microns/minute) when the
cavity height shrinks 66% from 1.04 to 0.35 microns. ‘It is worthwhile to note
that the N* LTO sacrlﬁclal layer etched out at roughly the same rate also for
"~ both cavity heights.

o This weak dependence on cavity height is rather surprising, and begs the
question of how thin can a cavity be made and still receive appreciable growth.
~ When etching out a cavity with N* LTO as the sacrificial layer and nitride over
thermal oxide as the bottom layers, the bottom layer oxide gets etched out a
~short distance (about 2 microns) under the nitride. Even though this gap under
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Table 4.1 Comparison of CLSEG lateral growth rate to ELO v’ei‘lticalv growth
~rate. . : . » :

Epitaxy run CLSEG ELO difference
- Parameters growth rate growth rate | in growth rate
(pm/minute) | (um/minute) in percent
Pancake, 950° |
150 Torr 0.185 0.173 +6.7%
xp24-3,4 -
Pancake, 950° :
150 Torr 0.160 0.145 +9.8% -
xp27-1 ‘
" Barrel, 950° B e
50 Torr 0.195 0.215 -9.8%
xp25-1 ’ '
Barrel, 1000° .
50 Torr 0.253 0.252 +0.8%
various xp28 \ B
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Table 4.2 CLSEG growth rate versus thickness of top and bottom layers for a
barrel reactor at 950° C and 50 Torr.

~ GROWTH RATES (um/minute)
Bottom oxide | top nitride || CLSEG | ELO
thickness (nm) | thickness (nm)
132 110 0.238 | 0.266
250 | 120 1| 0195 | 0.215
250 200 0.181 | 0.207
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Table 4. 3 CLSEG growth rate versus top layer thlckness in a pancake reactor '
“at 950° and 150 Torr. : L . :

‘ fTo,p layer | CLSEG grthh rate

147 nm nitride | 0.192 ym/min
100 nm nitride L o
100 nm LTO 0.179 ym/min
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the nitride is only 0.1 microns high, it fills with epitaxy during CLSEG growth.
This indicates that cavities at least this thin can be filled with CLSEG.

The final consideration of CLSEG growth rate is its dependence on lateral
cavity width. The CLSEG test structures on each die site across the wafer
include a.bank of cavities whose widths extend from 3 to 12 microns in 1 micron
“increments. After CLSEG growth in a barrel reactor at 1000° and 50 Toi‘r,.the
top layers were etched off, and CLSEG widths measured with a split-image
manual linewidth measurement system. Growth rates in cavities from 3 to 12
microns were measured twice each, and then repeated at three neighboring. die
sites, and the results averaged. Figure 4.4 shows the data graphed as growth
rate versus cavity depth. The most interesting result here is that growth ijate
only deviates *+ 1.07% from the average value for cavity widths differing by a
factor of 4. The curve drawn through these points is for visual clarity only,
since the relative error is of the same magnitude as the variance of the data.
However, the smooth (not discontinuous) nature of this curve may suggest a
trend. The maximum "slope” to the data occurs between the points for 8 and 11
micron cavities. If we discount the 12 micron cavity width on account of it
being on the edge of the test pattern, we can extrapolate this slope to find at
what cavity width the growth rate would be zero. The intercept on the cavity
Width axis for this crude analysis is 101 um. This corresponds roughly to the
range of silicon adatom diffusion lengths cited by several authors. Of course a
cavity 100 microns wide would not be supported with the current materials and
design. The longest cavities made to date are 20 microns wide; which do have
CLSEG growth inside; but sag considerably.

4.1.3 Aspect ratio

The original concept for CLSEG arose out of a need for the high aspect
ratios (> 5) unattainable with ELO technology. Early development work on
CLSEG focused first on attaining aspect ratios large enough to begin building
devices in the lateral silicon-on-insulator regions. Through a steady progression
of advancements in cavity construction and design, CLSEG films with aspect
ratios of 8 are now attained routinely for films 1.0 microns thick. CLSEG 8
microns wide gives enough area to fabricate a wide array of semiconductor
devices using 2.5 micron lithography. Figure 4.5 shows two SEM cross-sectional
micrographs of cleaved CLSEG samples, demonstrating a roughly 8:1 ratio of
lateral to vertical dimensions. The highest aspect ratios attained to date were
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’Figure~4.5 SEM cross sections showing typical CLSEG films.



o ~shown in Figure 4.6. Unfortunately, the nitride top layer lifted:

4

out 7 microns,

D ~at the end of

. the cavity to 0.5 microns. Thus the- aspect ratlo is at-least 14, but less than 28.
ThlS r ' . . :

7achieyed’:with cavities 0.25 microns high, andvlateralgrowth o

':new result for as-grown films. N . -
(')Ij_applicatjions, o
.1.- However,

- Aspect ratros near 10: should be suﬁ'iclent for many loca
E and for maklng Whole-wafer 801 as will be descrlbed in: sectlo
: hlgher aspect ratios may be desuable for increasing des1g, .,

o 1nvolves maklng the caV1ty e1ther thmner or: w1der or both. Th Jev1dence above '

B 1nd1cates that cavities as th1n as- 0.1 m1cron can be” filled;. and thlnner cavrtles o

1b1]1ty This < |

~-than thls are probably not needed for MOS or ‘bipolar devwes I thinner e

 cavities are needed for quantum s111con devrces, the CLSEG ﬁlms can be further' '

;.thlnned by ox1dat10n or etchmg The lateral llmlt to growth Wlll be 1mposed .

‘e1ther by cavrty constructlon or. growth condltlons “Cavities bullt using ‘the

‘design and materlals of Flgure 3.3 are hmlted to 15 mlcrons bef 'e top layer sag_ .

chokes off the cavity. It may be possrble to- extend this dlstanc

g 'perlodlcally prov1d1ng a support plllar in the top layer (this is done by leaving a

e ‘possibly jeopardizing their strength and 1ntegr1ty ‘The' limit due‘.r .t° grOWth |

ndeﬁmtely by o

't1ny hole in the sacr1ﬁc1al layer - exposing the bottom layer) —of v'course, this

plllar may 1nterrupt the lateral growth causmg defects and: -useful area. -

s ;Etch select1v1ty is also a concern for very wide cavities since the op-- and bottom .

"-'layers will be exposed to the sacrlﬁclal layer etchant for long

_ mechanlcs is difficult to estimate due to lack of a cogent theory of’ silicon -
- 'itransport durlng selective s1hcon epitaxy. If adatom dlﬂ'usmn lengths are 1ndeed'
fon the order of 50 or 100 microns; then perhaps cavrtles thls deep can be. ﬁlled '

. ‘ ,Such an. ep1 ‘run would take at’ least.3 hours, and- deposrtlon select1v1ty must be

L made nearly perfect 1o av01d nucleatlon-mduced defects Attamlng hlgher . v
o aspect ratlos in CLSEG is. probably better Justlﬁed as a means for u de 'tandlng -
-SEG transport and growth mechamsms a ;

L4 ;Face’ting

Facetlng in SEG growth was a major concern for many years because the..'

.,‘,nonplanar facets made d1ﬁ'us1on control ‘and hthography “more dlﬂicult
~Currently: with - {001} onented seed ‘holes on <100 wafers, - SEG ‘at reduced’ L

” ;pressures and Tow. temperatures can be made facet—free qulte readrly [94]‘

1Facetmg in ELO over the mask: layer is deleterlous sinee it makes the task of‘_ o

o v:thlnnmg or planarlzatlon very dlfﬁcult Yet, 111 ELO control of facetmg by o
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: 'ad_]ustlng the HCI gas ﬂow during a selectlve epitaxy run, enabled adJacent ELO_ :

- growth  fronts to be merged without leavrng a vord at thelr juncture [38]

-Recent- work at Purdue Unrvers1ty has shown this to be poss1ble without the
~need to ‘adjust HCI gas flows [91]. ‘In CLSEG, faceting does not present a )
’ problem because the usable top surface will be kept planar by the top layer. In_
~ fact, as seen in Figure 4.5, the only facet visible in the CLSEG: ,_gl_'owth front is
© the <010> plane (perpendicular to the <100> substrate). ‘This indicates that
. within~ the cavity, for the growth condltrons used, the growth rate of the
- <001> plane is slowest (except in the corners) and thus deﬁnes the shape of the
: growth front. However, Flgure 4.7 shows an interesting cross sect1on where the -

via hole, behind the plane of the cleavage, has been overgrown by ELO ‘with its "
i'characterlstlc faceting. The shape of this ELO shows a predomlnant <011>'.‘._1‘ o
facet, 1nd1cat1ng that outside the cavrty, the <011> growth rate is ‘now the S

‘slowest. A tentatlve explanatlon of this phenomenon w1ll be oﬁ'ered in cha,pter'_. -

415 Unlformlty.

“The unlformlty of SOI film thlckness is of utmost 1mportance to theig
performance of devices. built in these films. Thickness affects’ channel moblllty'”’."»

for MOSFETS, breakdown voltages of junctions, paras1t1c resrstances, and other -

. 7. “electrlcal propertles A significant advantage of CLSEG is that the ﬁnal ﬁlm

height is 1ndependent of the ep1tax1al growth rate "'This makes CLSEG tolerant :

- to non—unlform1t1es in temperature and  gas. ﬂow which must be tlghtly- o

’controlled in conventlonal SEG. CLSEG achleves ‘this by convertmg any growth
rate 1nconsrstenc1es into changes in lateral dlmens1ons, which are typlcally less

cr1t1cal to SOI dev1ce performance. However, Saggrng and deﬂectron of the top o

layer can erode this 1mportant advantage SR v ;,

: Flgures 4.5 through 4 7 show several CLSEG growth and are falrly_'

- representatrve of observed behav1or Lifting of - the ‘top layer 1s seen in Flgure -
4.6; and a slrght decrease in: CLSEG film thickness can be observed in Figure 4.5 -

~ due to top layer sag. The sag or deﬂectlon of the top layer i is a function of ﬁlm: '_
thickness, film stress, cav1ty des1gn, and many other varlables, and can be‘ '

observed prlor to CLSEG growth under- Nomarskl-polanzed hght Ralnbow'

: bands of: color appear in the top layer as its height above- the: bottom layer-‘
changes Frgure 4.8 shows two extremes of this effect; the top photo (w1th spin-~

,on-glass as top layer) showmg enormous ﬂuctuatlons, whlle only a: few bands are : ‘L .
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Figure 4.7 SEM cross section
cavity. '

showing ELO overgrowth at end of CLSEG
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visible in ‘the bottom photo (oxide and nitride as top layer). The best results
. -observed s0 far show roughly 10% or less change in film thrckness across an 8‘ '
“micron wide SOI film, in a cavity 12 microns deep This non—umformlty is a
~ local effect and is reproducible across an entire 5 inch drametf - silicon wafer
“since it does not depend on the growth' rate. Compared to thlnned ELO, this
»{represents a trade-off in growth non-uniformity. For ELO, changes in growth -

rate across a substrate translate into non-uniformities of thrnned film thickness;
S Whereas in CLSEG these variations translate into different cavrty Wldths - aless

critical dlrnenswn The 10% local non-unlformlty of CLSEG due'to top layer
deflection - is ~ probably acceptable for circuit fabrlcatlon but - further
'lmprovements in thls area Would be very beneﬁclal ‘ '

416 Morphology and defectsiv,

‘ A great deal of information about the quality of the. epitaxy can be deduced
fronl ‘a- visual inspection. Such defects as "haze" or stacking. faults - are
1mrned1ately VlSlble under a bright light, and especially hlghhghted using
Nomarsk1 microscopy.  This holds true for CLSEG. as well: smooth surfaces, ‘
i crisp- facetlng and unlform growth fronts are generally 1nd1cat1ve of good quallty
silicon crystal ‘ SELL ’

Vlsually-good CLSEG and ELO frorn both reactors has been obtalned Yet
as Wlll ‘be discussed in’ section 4. 2. 3 devices in pancake-grown CLSEG are’
generally inferior to barrel—grown materlal The reason for this i is bel1eved to be
the hlgher ‘minimum deposition pressure for the pancake reactor, but could also -
;be caused by ‘the difference in heating methods between the two reactors, or by
‘uncertainty in the measurement of ‘the actual deposition temperature In
E prlnclple, the lower deposition pressures should lead to fewer defects and higher
electrlcal quahty epltaxy Experlments to elucldate pressure dependence are
ongomg v ‘ o ~ i »
' The observed types of defects wh1ch do ‘occur in - CLSEG ELO and
. homoepltaxy differ between the two reactors. Homoepltaxy’ »grown in’ the

- pancake reactor is ‘smooth and specular, but the facets in the ELO. reglons ‘are

'sl1ghtly scalloped with an occasional edge defect. These edge defects appear to
-be stackmg faults which originate at the seed hole edge and leave a trlangular-
. shaped notch in the ELO growth front. Pancake—grown CLSEG also experlences

o occasmnal 1rregular1t1es in the growth front which leaves a Jagged edge, in

';'extreme cases These CLSEG defects presumably orrgmate at the seed hole edge
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Figure 4.8 Photomicrdgraph of empty cavities prior to CLSEG
showing extreme deflection (top) and no deflection (bottom).
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- _,:,and then propagate along the growth front,. - as in ELO Barrel-grownv;.” |

’:homoepltaxy is shiny, but exhibits vague rounded squares W1th vxsrble dxagonals, o

- somewhat reminiscent. of stacking faults. ELO and CLSEG i in the barrel reactor

" are remarkably clear of vrsrble edge defects and have regular, even growth B
'_"'fronts ' : L

, A standard procedure in evaluatmg eprtaxy is to use a defect decoratlon_" B
: etch The erght etch is commonly used for. epltaxy in <100> silicon, and was :

"‘*,":used on barrel—growth ‘epitaxy- to reveal the nature of growth defects This ; -
: _decoratlon etch: showed ﬁrst that the rounded squares on homoepltaxy did not -

.}l.;get preferentlally etched and so are not stackmg faults.” This. phenomenon has -

- been observed by others” [38] ‘and is explained as a perturbatlon in the growth ‘

",pre-clean

. None but a rare defect is revealed in CLSEG or ELO lateral regrons by the;.’i - S
'_erght etch However, a moderate densrty of small defects are observed dlrectly L

: caused by a tiny" patch of 8102 left .on the substrate surface prlor to growth '

 The homoepltaxy overgrows th1s patch (hke ELO), and contmues growmg, non-

defective but sllghtly lagglng the growth around 1t The result is a d1vot or

‘small. depress1on in the ep1taxy surface whlch appears as a rounded square but

" is not a surface defect ‘The SiO, patch presents a problem only 1f 1ntersected E

' :_'.by a depletlon reglon, and should be removed prlor to growth by an optlmlzed-”.v

._over ‘the; seed hole: edges on CLSEG only, not on ELO These defects do not
“ . appear to propogate through the CLSEG SO .are probably not: formed at the:

S seed hole edge in the bottom layer, but may be generated by the perturbatlon in -

| '»the top . layer, as. drscussed in sectlon 3. 2.3. SEM photographs of. CLSEG,

occas1onally show 'very shallow trlangular features in- the ‘top - surface of the ..

,CLSEG over-the seed hole edge (see for example Frgure 4.5). Further, since -
"ELO is free of defects in ‘this case,- this. lends further credence to: the theory that

v ‘these CLSEG defects arise at the top layer. A p0551ble solution to- th1s source of,, :
- ‘defect is - to coat the sacr1ﬁ01al layer W1th planar1z1ng spln-on-glass before

' depos1t1ng the top. nltrlde layer This will’ help to smooth out the perturbatlon;
o in the top layer and perhaps reduce defect generatlon there e

At elther end of the caV1ty CLSEG growth front is angled, resultlng in ai:

'trapezoxdal shape to the'lateral growth Flgure 4.9 s a mlcrograph whlch shows -

v"‘,“the end effects 1n CLSEG and how devlces are formed m the center of th1s slab g
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away from the ends. Using the layout of Figure 3.3, a.nd by placlng the via
holes closer to or further from the ends of the cavity, this effect can be
exacerbated but not improved. If unavoidable, th1s end effect could be a dlstmct ‘
dlsa.dvantage to CLSEG.

For CLSEG 8 microns wide in the center, this end effect will extend 8 to 10
microns in from the end of the cavity. The slope or angle of thls leg of the
'.trapez01d measured from a line parallel to the seed hole is typlcally in the range
[35°,42°] regardless of reactor type, but is a slightly larger angle on average for
»paneake-’fgrown CLSEG. If this were a crystal facet, one would expect it to be
e:it‘her the <<110> at 45° or the intersection of the < 311> plane with the
5<‘(iO'1_y>ffsﬁrface of the bottom layer at 18.4°, both of ‘which are commonly
- observed in ELO and SEG, and depend on gas flow ratios and other conditions.
A test structure was used to investigate the effect of via hole layout on the angle
of the end effect. I, at the side end of the cavity, the edge of the via hole is
parallel to the edge of the seed hole (as in Figure 3.3), the end effect angle is at a “
maxiimu‘:m.;If'the via hole is moved away from the end of the cavity, the end
effect aﬁ‘gle becomes more acute. ‘This behavior can be explained qualitatively as
follows. Regular ELO grown from a square seed hole forms an octagonal. outline
with <110> facets defining the edges diagonally away from the corners of the
{001} onented seed holes. This facet is thus assumed to define an upper limit to
the 'ang'le of the CLSEG:end effect, at least with the current layout design.
Then, as the via hole is moved away from the cavity end, the supply of silicon
containing species causing epitaxial growth is reduced, resulting in an end effect
angle of less than 45°. In section 4.3, a new design is presented to- potentlally
correct or at least minimize this undes1reable effect.

4.1.8 Merged CLSEG

Figure 4.10 shows one of the more interesting applications of CLSEG, that of
merging the growing silicon from two facing cavities. The dark horizontal bar
:surrounded by lighter-colored material in the SEM photograph is a gap left after
the ‘bottom oxide was etched out in this cleaved cross sectlon The light
.matemal ‘above the dark bar is single-crystal silicon grown from facing cavities
‘and merged in the center. No void or preferential cleavage is evident on the
" merge plane, indicating potentially device-quality material there. The large
faceted blocks above the merged CLSEG are the ELO which grew out of the via
“holes just behind the plane of the cleave. These ELO bumps can be readily



) Micrograph of CLSEG slabs showing end effect.
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'Substrate ,,

Figure 4.10 SEM cross section of merged CLSEG with ELO in background.
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' pla.narlzed or polished off, leaving an SOI film that i is twice ,-
~ with-a single CLSEG growth (14 microns in- this case). Thls :
_;'technlque is used to advantage, as descnbed in sectlon 6 2. 1",’“%
. wafer SOI usmg a two step epitaxy process '

"LSEG merging
tc make whole- -

4;2_;Electrical Properties ol' CLSEG

L The ultlmate goal of CLSEG fabrlcatlon a.nd crystal growth is to use‘the s1llcon

as possxble

material for bulldlng semlconductor devices of . hlgh quahty Thls section &

presents the results of CLSEG characterlzatlon via electrlcal evaluatlon of
. devices . bullt in CLSEG The first two. subsectrons descrlbe the device
- construction and the measurement technlques used to extract: dev1ce3-'para.meters

"»"‘,'Followmg this- are the actual - results, together with: the effects that varlous"r' :

des1gn and process steps have on electrlcal para.meters

. 4.>2.1"-D'evice fabric‘ationi and layout L

o vThe de51gn rules for devxce la.yout ‘on CLSEG homoepltaxy, and substrate .

. silicon use a 2.0 micron minimum feature size, with an allgnment tolerance of -

1.25 microns. Mmlmum devxce sizes “are limited by contact hole d1mens1ons

. (2.0%2. 5m1crons) and by metal ‘pitch (4.5 micron hnes + 4.0 micron spaclng) L

Three microns was the. minimam spacew1dth used on dark ﬁeld masks (using -
o pos1t1ve photores1st), and CLSEG slabs were 8 microns wide w1th‘cav1ty lengths '
’ extendmg 12 microns beyond the device regions | to allow for end ¥ ﬁects S

. Each type of device fabrlcated (dlode, MOSFET blpolar ,trans1stor) was
- la1d ‘out W1th at least three sizes; a mmlmum area device followmgl”the des1gn -
rules, a shghtly larger one ‘with ‘more generous ‘tolerances, and: a-m c

e device with typically 5. tlmes the area of the minimum device: T ei‘ﬁnal devices

L required 7. ma.sk levels, three for- cavity formatlon, one each for n—type .and p-

L type regions, and one conta.ct and one metal mask. Layout of the last 4 masks,

whlch define the dev1ces, was repeated identically on a CLSEG: slab on a large
,area homoepltaxy island, and on the substrate. This allows for control devxces

. for- comparlson “with CLSEG devrces, -‘which provrde a basis for eva.luatlon of -

_ =CLSEG materla.l quality. An 1mportant note to consider. when laylng out future
i ‘mask des1gns is that photore51st will have dlﬁ'erent thlcknesses over the substratei =
L than over CLSEG than over ELO It ma.y be prudent to blas mask sizes -

‘f.accordmgly : e B -
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~ Figures 4.11, 4.12, and 4.13 show the minimum size 'laydut plus schematic
cross sections in CLSEG, homoepitaxy, and substrate silicon of the diode,
MOSFET, and bipolar junction transistor (BJT) respectively, used for this work.
- Note that the substrate silicon is actually a 5 micron n-doped epilayer grown on
a <100> CZ wafer using standard conventional epitaxy conditions. The three
' types of devices are fabricated simultaneously using the process flow described i in
"detall in Appendix A. In brief, for generic materials, these steps followmg the
n-doped CLSEG and homoepitaxy growth are: :

a) remove top layer(s)
b) optionally remove bottom layer(s)

) perform post-epi oxidation (at various temperatures)
d) mask and implant p-type region

f) anneal implants and oxidize at 900° C
) mask and etch contact windows
) ’depos1t mask, and etch metal

i) microalloy (sinter) at 450° C in N, /H,.

The boron p-type regions define the diode, the MOSFET source and drains, and
- the BJT base regions. The N7 regions are arsenic, and form the BJT emitter
and ohmic contact to the n- doped CLSEG, homoepitaxy, and substrate regions.
Typical film thicknesses are: toyqe=250 nm over the N* regions; togige=130
‘nm elseWhere, and topet,=1000 nm for Al/Cu/Si metallization. The p-channel
MOSFETs use a non-self-ahgned metal gate over the 130 nm gate oxide. .

(

(

(c

(d) m

(e) mask and implant Nt region
(

(e

(b

(

- 4.2.2 Measurement techniques

Several electrical parameters were used to make comparisoﬁs between devices
 and to assess crystal perfection. One of the most sensitive and easily compared
parameters is the junction ideality factor (1), which is extracted from the diode
forward characteristics by empirical fit to the Schockley equation:

Ip = Is[exp(qVp /nkT)-1] (3)

" ‘where Iy and Vp are the diode current and voltage, Ig is the saturation current,
- and kT/q is the thermal voltage. For the BJT, 7 for the emitter-base junction
was extracted from the Gummel plot. The Gummel plot graphs base current
_and collector current against a voltage which is applied simultaneously to the
_base and the collector with the emitter grounded. DC current gain (5) versus
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collector current is also extracted from the Gummel plot as the ratio of IC to Ig
_at a given voltage

P-MOSFET threshold voltage (VT) is obtained by measuring drain to

'-source -current (Ipg) versus gate voltage with -0.1 volts applied to the drain. |

‘The hnear region of this curve is extrapolated back to zero drain to source
‘current to find V. Carrier mobility for holes (kp) is derived from the slope of
thls curve (the transconductance g, ) using: :

_ s 3
BM T Nes L
‘ where Z and L are: the channel Wldth and length respectlvely, and C; is the gate

'capac1tance per unit area. Subthreshold slope (S) for the P-MOSFET is also
»obt_alned from this plot, allowing two important parameters to be extracted

.u'pC'VDS (4)

from the same measurement. As the channel region first begins to conduct, Ipg - '

increases exponentially at first. By measuring the semilog slope of this curve, §
is derived from: .
o S =In10xAVg /A(lly)  (5)

_Leakage currents for diodes were taken from a sweep of reverse bias; and for
BJTs and MOSFETSs as the collector-to-emitter or drain-to-source current with
the base current or gate voltage set to zero respectively, respectlvely Output
curves for BJTs and MOSFETs were set up as for leakage currents above, but a
family of curves is generated by stepping either the base current or gate voltage,
as the case may be.

Collector resistance (r¢) for BJTs was measured using Gertrue’s method
[104], where the voltage between points of equal 8 on a plot of IgversusVcg is
divided hy the difference in collector current between the points. This method
reputedly gives the best agreement with calculated values of r'C.

In the next subsection, we consider the effects of process variables on
CLSEG diode behavior in some detail. The ensuing two sections then discuss
performance of MOSFETs and BJTs in CLSEG material as compared to control
devf‘i'c,es. The final section will serve as a review for this lengthy chapter and
ys'_ummarize the conditions which have produced the best CLSEG films and

devices.
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4.2.3 Process effects on CLSEG diodes P

- Diodes ~were the primary measurlng tool used  for CLSEG' material
‘characterizations. In this subsection, processing and de81gn ‘influences on the

. diode 1deahty factor are considered predomlnantly This easrly measured devrce

parameter ( n) is a practical barometer. of crystal quality. Tt is relatlvely v
‘:”,"1nsenS1t1ve to surface effects, is 1ndependent of device dlmenswns »(for large
' enough areas, i.e. >10 microns? ), and has a small variance across .a wafer. Eta

(77) is ‘numerically equa.l to 2.0 in poor material, and approaches umty (1 0) in
- "1deal high-quality erystal; indicating that forward dlﬁ'usron current dom1nates

: recombination currents. Reverse leakage current (I, measured at -3 volts) was
- a.lso used, to. eva]uate surface effects on CLSEG diodes. - o

Table 44 is'a compllatlon of CLSEG diode data taken over a. 12 month' |
' perlod Listed by column are the wafer lot and number, the cav1ty height, the
: sacrlﬁcral layer ‘material, the reactor type used and its temperature, the

‘treatment of the bottom layer (removed or intact) before ‘the. anneal, and -

,ternperat’ureof the: post-epi anneal/oxidation, the relative size of the implant.

dose; and the implant energy. On the right is the ideality fa.ctor (77) with the -

- sample’ standard devratlon and sample s1ze, and the reverse leakage current
'den51ty, 1f apphcable ‘

“‘One persistent issue in thls study was the ch01ce of eprtaxy reactor type.

Slnce both types of reactor were used for the results below, ‘the: questron of

’,comparlng machines must be addressed. It should be noted that epltaxy

~ . conditions for either reactor were optimized solely for growth select1v1ty, no

~-attempt was made to optimize epitaxy conditions for device performance." While
CLSEG growth results are nearly identical from the pancake or the barrel:
~reactor, electrical behavior of devices may be’ different. The pancake heats the
- wafer from below, the barrel from above, and thls could cause 1mportant
"dlfferences in the silicon growth along the top cavity wall Such a dlsparagy was .
“not the sub_]ect of this work. However, several tentatlve conclusions -can be
: :,drawn ‘Results from wafer 18/2 (lot # / wafer #) agree very closely ‘with- wafer
- '21/3, both with an LTO sacrificial layer. The process flow for each lot was
vrrtually 1dent1ca1 except that lot 18 was grown in a pancake reactor at 150
E ‘Torr, and lot 21 in a barrel reactor at 50 Torr (both at 950° C) A comparlson
of 22B/7 and 24/4 with a polysrhcon sacrificial layer shows ‘similar results.
However, the excellent n values from wafer 28/8, obtained with barrel-grown,
- CLSEG at 1000° C and 50 Torr are ‘better than any results ‘so far from
B pancake-grown materlal Stlll it is very llkely that further optlmrzatlon to the
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Table44 CL_SEG diode idealitybfactors. versué proc‘:ess' aﬁd design péféxhetem
(see below for key). ‘ IR

- |.wafer | sac, R&ET | B&T | Imp _n I N _
1oa6/1 1321 | P950 | R950 | P-73 | 1.46+.06 [ 000306 6
1872 | 111 | P950 | R9o0 | P-75 | 1.22+.02 | 000617 | 6
- 21/3 11331, | B9so | R900 | P-75 | 1,23+.08 | 00106 7
22B/7 1 1,09P | B950 ! R900 | P-75 | 1.34+.05 | 000021 7
24/4 1100P | P950 | R900 | P-50 | 1.43+.05 - 7
1. 24/6 | 1,00P | P950 | R900 | P-50 | 1.43+39 | - 7
L. 25/2 11,04P | Pos0 | R900 | P-55 | 1.89+.08 - 6
L 25/7 | 035P | P950 | R900 | P-5 1.20+,02 - 5
27/4 | 098 A | P950 | 11200 | P-55 | 1.64-+04 - 4
27/8 | 098 A | P950 | R1200 | P-55 | 1.60+.10 - 7
27S/5 | Q98 A | P950 | 1450 | P-55 | 1.64-+.,08 - 10
. 1.278/5 1098A | Pes0 | R450 | P-55 | 1,23+.07 - 5
1 275/6 1 0,98 A | P50 | 1450 | P-55 | 1,53+.16 - 15
£278/6 1098 A | Po50 | R450 | P-55 | 1.20+06 [ - 9
L27T/1 1098 A | P950 | 1900 P.5 | 1.36-+.11 - 5
127T/10 1 098 A | P950 | 1450 | P-55 | 1.57+.07 - 6
1.27T/7. 1 098 A | P950 | R900 | P-55 | 1.43+.12 - 8
4-28/11 | 086A | B1000 | 1900 | P+55 | 1.05+.02 | 000137 [ - 25
[ 28/12 1 086 A | B1000 | 11000 | P+ 100 | 1.09+.02 | 00675 8
128/13 086 A | B1000 | R1000 | P-55 | 1,11+.01 | .000040 9
| 28/5 | 086A | B1000 | R900 | P-55 | 1,180 | 000010 6
| 28/6 | 086 A | B1000 | R900 | P+ 100 | 1.14-+.07 | .000627 28
1. 28/7 1086A | B1000 | R900 | P+55 | 1.14+.01 | .00832 6
28/8 | 086 A | B1000 | R1000 | P+55 | 1.05+.01 | .000056 11
8

28/9 086 A | B1000 | R 1000 | P+ 100 | 1.14+.02 | .00435

‘Notes: (1) wafer is lot#/wafer#, (2) sac. is cavity height and sacrificial layer
material; L for LTO, P for poly, and A for o-Si, 3; R&T is the reactor type
_.and temperature; B for barrel and P for pancake, (4) B&T is the bottom layer
- treatment; R for removed, and I for intact, with the temperature of the post-
epi anneal, (5) Imp. is the implant type and relative dose with the implant
“energy in keV, (6) 7 is the ideality factor with sample standard deviation, (7)
J, is the reverse leakage current density in A/cm® taken at -3 volts, (8) and N
is the sample size. Also, samples with T=450° C are Shottky diodes.



,“pancake reactor, and upgrades whlch are . currently in progress, _Wlth generate L

o ‘equlvalent results

Current understandlng of SEG sidewall leakages presumes that s1dewall v I |

-~ defects extend 0.5 to 1.5 microns from the SEG/ insulator 1nterface Viewing

f-'vx’..ﬂCLSEG as SEG in a very small seed Wrndow of great. depth one. would expect - "

. such defects to pervade the film, and that. leakage currents would be very large S
. _-.Thus, a negatlve dependence of material quahty on the cavity: helght mlght be '
S :;:;vfexpected a. pr10r1 (although in almost all cases the top layers were' removed and R IR
'v'thermal ox1de -grown on the CLSEG) Thls however, is not bourne out by the =

':favallable data Measurements of wafer 25/7 dlsplay the best average 7' Value of o

J;_all pancake—grown materlal, yet. the cavity height was only 0.35 mlcrons hlgh B
. '-&compared to ‘2 typlcal 1.0 micron helght Also, for ‘the barrel reactor, the best_:: RN
o results| were achleved with sllghtly thmner films (0.86 mrcrolls) Whrle much of -
": f*these dlfferences are certalnly due to mtentlonal and. random process varlatlons,
s ‘»,1t seems that at least smaller cav1ty helghts do not'i 1mpa1r crystal quahty 1n this . )

” -jrange of helghts This agrees quahtatlvely wrth the growth results above, Wheremb )

o growth in cav1t1es of helght down to 0.1 mlcron ‘behaved very: srmllarly

Tt was seen in Chapter 2 that SEG sidewall defects are a strong functlon of:

S 3.;,:"ﬁ’s1dewall materlal choice- and surface roughness of the. s1deWall In CLSEG -
processrng, the top wall material is _chosen approprlate to the sacrrﬁclal layer :

'-;,;used Pj:f,' nltrlde is. used on top of LTO and thermal ox1de (capped Wlth ‘LP

= n1tr1de) is. used on poly and amorphous silicon.  While* little dlfference in noo N
¥a i ,;'seen between comparable poly and oz-Sl samples, there lS a notlceable .

V' “fdlﬂ'erence’between poly and LTO. Comparmg wafers 21/3 and 22B/7 ‘the

~'_ir_f»f':process variables are- nearly identical except for the choice of sacrlﬁclal and top . |
B "layer. materlals Eta from the LTO dev1ces is lower than from the poly devrces

.thls dlﬂerence that eventually led to the use of amorphous s1hcon asa

'sacrlﬁclal layer to form a smoother thermal oxrde top layer, as. compared to the -

;roughness observed w1th ox1dlzed polysrllcon ‘Note - that ! ‘.
polycrystallme at temperatures above 600° C, but . the gram sme,,vs typlcally‘

» : much smaller than as-deposrted poly. The reverse: leakage currents are
- 'approxrmately two orders of magmtude hlgher from the LTO devices- than from '

i":._.m””‘ 1de s1dewalls (top ‘walls in thls “case) - produce diodes' with. much hlgheri .
' age currents than oxide s1dewalls - These results: 1nd1cate that. CLSEG dlode -

ormance is better w1th a smooth top cav1ty surface composed? thermally- : |

" '-"“_."""}gr wn srllcon dlox1de These prmcrples are explorted further 1n the One-mask ‘-_1 T

step :'CLSEG process descrlbe in Chapter 7 .

e

_‘thev poly devrces ThlS is to be expected from SEG studles Whlch show that o
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Flgure 4. 14 shows a plot of ideality factor (7) versus bpd.st-_epi'_‘.anﬁealf'
~ temperature (Tpost_ep,) for two cases: (1) bottom layer removed; and (2) bottom
layer left intact, before post-epi anneal. This data was taken from devices

’1mplanted into pancake—grown CLSEG at low dose and 55 keV energy, all in the .

-same wafer lot. There are several lnterestmg phenomenon evident here. First,
it is 1mporta11t to note that the values to 450° C are taken from n_on-annea,led,—
. Shottky Al-Si diodes, and may not be comparable to the junction diode values =
“at higher temperatures in Figure 4.14. At the low temperature end, removal of
the bottom layer improves 7 values considerable. This was verified by -Iiear'ly
identical results from identical wafers 27S/5 and 27S/6 which were measured
before and after bottom layer removed with no anneal other than microalloy of
the metallization. As a result, each wafer has two lines in Table 4.4 “This -
reduction in 7 value with bottom layer removal probably indicates ~the
elimination of residual thermal stress in the CLSEG'ﬁlm At elex'?a;te'd growth
temperatures, the CLSEG silicon will partially bond to the oxide walls When
this structure is cooled, the different expansion coefficients of silicon and Si0,
can then generate stress within the CLSEG. At 1200° C, the crystal quality of
the CLSEG has degraded severely, and does not appear to depend on bottom
layer treatment. At the more reasonable temperature of 900°, we see that 7 inay
be" zeduced if the bottom layer is left intact. The dependence of 1 values on
bottom layer treatment in this range is more clearly seen in the da.ta. from lot
A cursory look at the data from wafer lot 28 shows that removal of the :
bottom layer increases n values in this range of anneal temperatures
Comparing 28/11 to 28/7 and 28/12 to 28/9 shows an average increase of 0.07
in 77 with bottom layer removal. A more sophisticated analysis of this fractional
factorial data (using lot 28 wafers 6,7,8,9,11, and 12) shows that, ignoring
interactions between variables, bottom layer removal adds approximately 0.04 to -
n independent of Tpost_cpi and implant energy, within the ranges explored in lot

128. A proposed explanation of this phenomenon is discussed in Section 6.1.2.

So far, we have seen the effects of reactor type, cavity height, top layer
material, and bottom layer treatment on CLSEG diodes. Now with each of
" these four variables held constant we can assess the impact of post—ep1 anneal,
“‘natural logarithm of the implant dose (D), and the implant energy (E) on
—CLSEG diodes. This should provide direction for continued optimization of the
‘CLSEG process.. Wafers 5,6,7,8, and 9 from lot 28 vary only in these three
p:roeess:' variables, and were fit in a least squares error manner to the following
linear non-interactive model: ' '
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~'and 150 Torr.



68

n= bO + blx(Tpost-—epl T + b2X(E_E + b3X(Dln : (6)

Th1s analysm involved derivation of the least square error method to thls model
and the solution of a 4x4 matrix. The reference values (TO,EO,D ) were each.
chosen as the midpoint of the extreme values of each parameter, with the result

77—1 142 000555><(Tp0st_epl 950)+ 000948><( —77.5)—. 00856><(D1n—33 07) . (7)

A ﬁgure of merlt for goodness—of-ﬁt is the square root of the sum of the
squares of error for each data point, divided by the number of ‘data pomts, and
was. 0. 0088 for this analysis. A more practical ﬁgure of merit is simply the'
average error of individual errors, which was calculated to be 0.020.- This
indicates that, on average, the model in equation 7 will have an error of this size -
in predlctlng n under the above range of conditions. This allows us to  draw
several insights into the nature of CLSEG diodes. Foremost is the negative
dependence of 7 values on anneal temperature between 900 and 1000 C.
Although this is at odds with the wide range of temperatures covered in Figure
4.14,"it agrees well with published data on trench oxidation, Where oxidation-
- induced defects decrease at hlgher oxidation temperatures. It may be that 1200°
'C “is beyond some critical temperature at which CLSEG silicon degrades ‘This
temperature dependence of 7 values will be addressed further in Sectlon 6 1.2.

The dependence on 1mp1ant energy and (logarithm) dose agrees with a
model in which 7 values are semsitive to implant damage. Higher 1mplant :
: energxes 1mpart more damage to the crystal, hence the positive coefﬁclent on the -
'E term in equation (7). Higher implant doses (at the same energy, and recelvmg‘»

the same’ anneal) will have steeper concentration gradients, and so will . .

experlence more diffusion during the anneal. This will then drive the p-n
_junction deeper into the CLSEG, and further from the implant damage;
. resulting in improved 7 values. If one applies equation (7) to wafers 28/11 and

- 28 / 12, which have the bottom oxide intact, the measured values of 7 are smaller
‘than predicted by 0.05 and 0.09 compared to the case with the bottom oxide -
removed. On the average, this indicates that bottom oxide removal increases 7
values by 0. 07 within the specified ranges of post-epi anneal temperature,
" implant energy, and implant dose. Thus, for better CLSEG material quality in vb
this middle temperature regime, one should leave the bottom oxide intact. Such
~a practice seems to prevent the oxidation-induced defects or mechanical stresses
mcurred when growing an oxide on the underside of a CLSEG slab.

In general, n values for CLSEG diodes were equal or slightly hlgher than for
homoepitaxy or substrate diodes. A useful comparison is the nandJ, values for
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\ diodes in each of the three materials, taken from the wafer with thei best overall

, ‘.-‘}CLSEG diodes. From wafer 28/8 7 values for CLSEG, homoepltaxy, and'f.w
. substrate diodes are 1.05+. 01, 1.04+.01, and 1.07%. 01 respectlvely, with

'sample sizes of 11,12, and 12, respect1vely ‘The average values for J, were

0000555, 000840 and .000695 A /em? for CLSEG, homoepltaxy, and substrate

diodes, but the sample variances were much larger for the last two values. Tt

;appeared that these diode leakage currents were all near a common value, but-i o

that a few spurious data points increased the averages for homoepltaxy and -

substrate diodes s1gn1ﬁcantly The important point to note here i is-that 77 values

are very similar between diodes in different silicon material on the same wafer L '

This 1mphes that, to the limit of the process capability, each of these materlals R :
, 1S roughly comparable in quality, as measured by 1deal1ty factOr R

An 1mportant consrderatlon in any practical 1mplementatlon of a new

. .process such- as CLSEG is the yield and parameter variation of a large number?_ FoE
of devices. Flgure 4.15 (a ) is a histogram of 1dea]1ty factor for CLSEG diodes

both with the bottom layer removed and with the bottom layer 1ntact These-_

values come from wafers 28/6 and 28/11 which were grown in‘a barrel reactor-", o

“at 1000° C and 50 Torr, received a P* implant (3. 5x1015cmf_2) at 55° keV, and a

B post—epl ‘anneal at 900°C Figure 4.15 (b) is 2 histogram' of - reverse leakage__:.. B
currents for the same dev1ces For each wafer, data was taken from one dlode ,_‘-i**'

- per test pattern die in a 5x6 array of die, which covered approxxmately 5 cm :
' These data show both lower values and tighter clustering of those yalues- for ther‘
- CLSEG. dlodes with the bottom layer 1ntact This is a further 1nd1cat1on that

keepmg the bottom layer intact after the ‘CLSEG growth is essentlal to hlgh— o

quality. CLSEG crystal. - However, as we Wlll see in Chapter 5, there are
_important applications in which the bottom layer must be removed to take',
- advantage of the spec1a1 features of CLSEG o '

424 MOSFETS in’,CLsEG?j -

“The value of a MOSFET as an analytlc tool for evaluatlng s1hco
quallty is as a- test of the silicon. surface Extracted carrier moblhty (up) isa
, barometer of surface roughness and interface defect states, while subthreshold-. '

slope (S) is “indicative of surface properties. Because oxidation of silicon - (ie.

CLSE'G) tends to ameliorate surface defects, sample MOSFETs were prepared in
the as-grown CLSEG using the intact polyoxide top layer as the gate d1electr1c '

(top layer nitride was removed), Wlthout any high temperature steps For these-' i
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o Flgure 4.15 Hlstograms of ideality factor (a) and lea.kage current (b) with and |

without the bottom oxide layer removed for barrel- grown samples at 1000° C

and 50 Torr, with n1tr1de on oxide as the top layer, and a cavity height of 0.86
microns.



o ,{':dev1ces, ‘with 100 nm th1ck gate ox1de and bottom ox1de intact,. :.S 172 '

mV/decade ‘which “is very near the ideal for this structu

”"v”-‘data on’ fi,- was ‘not obtalnable Still, this result suggests :

o »-vmaterlal quallty may ex1st at the as-grown 'CLSEG /top oxide 1nterface Th1s in
"“;_'_an 1nterest1ng area of study, and further work could be: very rewardlng

‘ ; homoepltaxy devrces and’ 7><1014atoms /cm ]
B lsample size is N=6 for all values, except for the leakage currents whlch exclude'v. )

o CLSEG MOSFETs were fabrlcated s1multaneously W1th homoepltaxy and
o substrate devices, and ‘their characteristics compared. Table 4.5 shows these -
L results; where it is 1mportant to note the difference ‘in background channel o

Hdoprng between. the samples; which is 2><1016atoms/cm for the CLSEG and" |
' 2

o ﬂ'_one die site (so that N-—S) due to spurlously h1gh readlngs Comparlng these A
" - measured values- agalnst pubhshed results' shows .that for. both CLSEG and";

'homoepltaxy 1slands, both i, and § are very. close to the publlshed data for.
v _substrate s1hcon [105] The standard deviations are ‘also glven for each data".

S 'ipomt ‘which are averages over six devices. CLSEG devices show sllghtly better" S

: However, the = =
I unannealed P N Junctlons ‘with bottom oxide intact were very eaky and good -
that reasonable

for 'the substrate devwes The S

B values than ‘homoepitaxy devices, but this difference i is too- small to be attrlbutedf L
‘ff.much s1gn1ﬁcance It is also 1nterest1ng to note: that the leakage currents at

_ﬁ‘VDS——2 5volts divided by the channel width - (29 mlcrons) glves sub-' L

~picoamp /IIllCl‘OIl of channel width leakage currents. This is consrdered in the e

r.hterature to be an excellent result for this figure of merlt for SOI- devrces The- R

‘vmuch hlgher leakage . currents for the substrate dev1ce is due to “the lower
,‘ channel doplng as compared with the CLSEG and homoeprtaxy dev1ces At the .
channel length for these ‘devices, approx1mately 3.1 mlcrons, the substrate S

‘:' Jdevrces are close to a short channel regime. Figure 4.16 shows output curves
- and plots of ln(IDs )versus Vas (for S measurements) for representatlve dev1ces in

"f»‘.'_CLSEG and homoepltaxy silicon; ‘showing nearly identical behav1or The’ :

o prlnclpal conclusmn to be drawn here 1s that CLSEG MOSFE S
;least as well as homoepltaxy dev1ces .

425 Bipolar "transis“tOrs'in CLSEG s

Among semlconductor devmes, the blpolar Junctlon transxstor (BJT) is perhaps

, fthe most sens1t1ve to materlal quahty because of the. cr1t1cal nature of mlnorlty ,
B iv'fcarrler hfetlmes to: current ga1ns Vertlcal BJTs have been reported 1n th1n SOl
'ﬁlms whlch achleve moderate current galns (ﬁ< 100) but whlch have large
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Table 4.5 Measured parameters from MOSFETs m CLSEG, homoepltaxy, and
substrate silicon material.

~ Note:

SILICON

| MOBILITY | SLOPE LEAKAGE - Vo
MATRIX | em?/V-sec | mV/dec. PpA volts
CLSEG 283*15 2235 28+.5 -4.631.04
HOMO 257+24 254+44 . 28+1.6 -4.59 .03
YSUB 455111 1209 17486 -1.60£.03

All values are averages from 5 or more devices.
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ideality factors for one or both junctions, and large leakage currents. There is a
strong need for high quality vertical BJTs in thin films to provide current d'rive'
and analog functions in tomorrow's SOI technologies. The two main issues
- inhibiting this development are the inferior material quality (d'iscu'é'seii in
Section 2.2.2) and the high value of parasitic collector res1stance due to the lack
of a buried layer. Lowered collector resistance is addressed in the next chapter
under Advanced Device Studies, while material quality and BJT performance
are discussed in this subsection. '

: The road to high gain, low 7 value junctions in BJTs made in. CLSEG is
strewn with wildly’ varymg results. Early measurements of high current gain
derived from Gummel plots are worthless because punchthrough currents
dominated the transistor‘action‘, precluding any output curves. The best results
were achieved with the conditions described in Table 4.4 with bottom ox1dev
removed. ' This produced BJTs with maximum dec current gains averaging 400
with ideality factors averaging 7pp=1.067. These are by far the best values ever
reported for BJTs built in thin SOI films. Figure 4.17 (a) shows the Gummel
plot, (b) the [ versus I¢ curve, and (c) output curves for a typical device in
CLSEG. Of particular interest is the relatively flat value of 3 over five orders of
magnitude change in collector current. This is an indirect indication_ that
recombination currents are relatively small for these CLSEG dev1ces

Another 1nterest1ng aspect of these curves is the change in slope of the I¢
.loutput curves in Figure 4.14 (c), in the saturation region. A PISCES [106]
computer simulation was performed to see if this behavior is real. F igure 4.18
shows the I versus Vcg output curve trace for three slightly different CLSEG
BJT structures, all at 0.6 volts base-emitter voltage. The two traces with
CLSEG thickness (T) of 0.87 microns show that, independent of the interface
state density (QF) of the underside oxide, the collector current will cease
increasing at- approximately 2.5 volts. This is in excellent agreement with the
measured results of Figure 4.17 (c). However, if the CLSEG thickness is
increased to 1.07 microns, this phenonemon is not observed out to at least 5.0

~volts. Also, if the thickness is reduced to 0.7 microns, the slope change occurs at
o VCE=07 volts. A hand calculation shows based on this structure (taken from
-spreading resistance profile data) shows that the onset of this slope change
: occurs when the base-collector depletion region contacts the underside oxide at a

- base-collector »vol}tage’ of approximately 1.8 volts. This condition is reached
~ when 'the collector-emitter voltage is 2.4 volts with a base-emitter voltage of 0.6
volts, again coinciding with measured results. These results indicate that Early
 voltages may be appreciably larger for thin film SOI vertical BJTs than for a
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-l comparable dev1ce in bulk silicon. Table 4.6 compares the extracted parameters N
“":.for BJTs in CLSEG, homoepitaxy and substrate silicon. Agaln, the background :
- collector doplng and” geometry must be accounted for when comparmg rc and
. BVCEo ’

“indication of different material quality. As the comparison of dlodes w1th1n lot--.

The values of NEB among the different materials is not necessarlly an

f XP28 shows, the substrate material is of shghtly better quality than the CLSEGV o R
oor homoep1taxy material. The ngg value is more useful as an- lndlcator of the

»v.vprocessmg quahty In thls case, the lower value for CLSEG material may be due
to an increase in oxidation-enhanced diffusion resulting from the undersrde of

: the CLSEG belng oxldlzed at the same time as ‘the topside. This is supported s ,
by the diode results showing that higher implant doses (and hence greater S

diffusion) have a beneficial effect on CLSEG diodes. Breakdown voltage
‘ (BVCEO) occurs via punchthrough for BJTs i in homoepitaxy and’ CLSEG, and is

taken -as that voltage at which Ig = 1.0 pA. For the substrate dev1ce,,'

L breakdown occurs via avalanche multlphcatxon, and probably deﬁnes an: upper '
limit. to tran31stor breakdown in the epitaxy material devices. :

) Not shown in Table 4.6 are analogous results for a sample dlﬂ'erlng only in
- that Tpost—epi =1000° instead of 900°. The homoepltaxy and substrate .devices

~on this wafer were vxrtua]ly 1dent1cal to the results of Table 4 6 but- for the
CLSEG devrce Prmax=685 and 7pp=1.22. The final anneal was 1dent1cal to the
samples represented in Table 4.6, so different thermal cycles are not: able to
* explain the observed increase in ﬁmax It could be that the hlgher temperature
ox1datlon after growth induced defects which raised 7, and perhaps affected base
and em1tter diffusion coefficients. The diffusion effects could -have helped to
‘reduce the ‘basewidth i m these devices, accounting for the hlgher ,Bmax

The excellent performance demonstrated by BJTs in CLSEG glves clear
'1nd1cat10n that the cav1ty layout and’ fabrication, and the subsequent device
- processing are the best obtained to date. In the next section; the’ parameters
used ' for _this. achlevement ‘are summarlzed W1th suggestlons for further
lmprovement ’ ’ ’ ’ -

R 43 ,’,Bes’t}’Condit’i'ons for CLSEG Fabrvica.tion_b_._. iy

In obtalnmg the best results for semlconductor devices bullt in CLSEG SOIl i

materlal the layout scheme of Fi igure 3. 3 was used with the followmg process

' “parameters and con81derat10ns
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Figure 4.17 Gummel plot (a), 8 versus Ig curve (b), and transistor output

curves (c) for representative vertical bipolar transistor fabricated in local-SOI
CLSEG material.



77

z

o

2%

A o

x £ |

S g | -

Ins S 4l —+— QF=1E117=0.87
W | | o o
- : ——  QF=1E10T=0.87
o - o
9 131 . —o— (QF=1E11T=1.07

"Jé | ’ '
12 ‘|> ﬁ o : y " x

0.0 10 20 - 30 40 50

COLLECTOR - EMITTER VOLTAGE

Flgure 4.18 PISCES simulation of Ic versus VCE output curve trace Wxth
Vpg=0.6 volts for the CLSEG BJT structure of Figure 4.17. QF is the
underside oxide interface densxty in #/ C-cm ; and T is the CLSEG thxckness
in mlcrons .



78

Table 4.6 Measured parameters from blpolar _]unctlon transrstors in CLSEG
homoepitaxy, and substrate silicon material.

PARAMETER | CLSEG | HOMOEPITAXY SUBSTRATE
Bumax 400+18 404423 _ 171+9
Np | 2x10% 2x10 2105
MER 1.07 +.01 1.11+.02 1.13+.03
BVico | 38+.9 3.1+.1 13.81.1
re (kQ) 2.7+.2 |  118+7 1.3+.6
No. of samples 7 5 . 3
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(a) substrate ' <100> n- doped "standard" epi 5. 0 microns S at 2 Q-cm. -
{b) bottom layer: thermal oxide of 0.13 to 0.25 microns thickness. '
'~ (c) seed hole: RIE etched with regrown oxide, oriented along {001}.
(d)- sacrrﬁclal layer: CVD amorphous silicon roughly 1.0 microns thick. =
(e) top layer: LP CVD silicon nitride 0.11 to 0.15 microns thick over e o
- thermal ox1datron of o~Si to 0.10 microns thickness.
(f) sacr1ﬁc1al layer etch ethylene diamine.

: (g) CLSEG pre-clean: 5 min. at 975°, 50 Torr in 80 SLPM hydrogen E
o (h) CLSEG growth: barrel reactor, 1000° 50 Torr, growth rate=0.22 ,u/ mln

(i) post-epi oxidation: 900° in dry oxygen with bottom oxide layer mtact
(j) base and emitter: boron and arsenic implanted through oxide. '
(k) final anneal: 900°, 20 min. steam plus 20 min. N, anneal. 5
o metalllzatlon 1.0 microns thick srntered at 450°. ST
To further 1mprove the quahty of CLSEG silicon,r »the"_ follOWing o

,consrderatlons are suggested : T o ST

(1 ) ‘Wrap the cavrty around the end of the seed hole, or leave the

: end of. the cavity open to reduce end effects. : .
(2) Planarize the sacrificial layer to avoid a perturbatlon in the top layer _
(3 ) Make seed holes and via holes as small as possible to keep the dzstance L -
- tha.t the top layer is unsupported to a minimum. -~ '
(4) Keep deposition pressures as low as possible, prefer barrel reactor

- (5) Keep post-epi oxidation temperatures to a minimum.

‘With' the above parameters, high qua.llty CLSEG has been prepared and_r ': ':"f
evaluated: 'This demonstrates that CLSEG is suitable for 1nd1v1dual devices.
"However, to be ‘applicable to practical circuit operation, CLSEG BJTs should

_-also “possess low va.]ues of ‘parasitic’ collector resistance. The next chapter R
- presents a-new BJT structure which both shows the potential for solvrng the

" collector resistance problem, and also demonstrates the apphcabrhty of thef.
- CLSEG process to advanced devices. - . :
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CHAPTER 5 -

ADVANCED DEVICE STUDIES

With  active device regions for BJTs and MOSFETs ‘approaching
fundamental limits in scaling, more attention is being directed to alternate
methods for realizing greater functionality and speed on a semiconductor chip.
The two: principal avenues currently available to achieve this are the use of
‘nano-fabrication to make quantum devices, or three-dimensional iﬁtegi'ation ie.,
the stacking of layers of devices. In broad scope, it is towards 3-D integration
that this thesis endeavors; mainly through the fabrication of stackable SOI
layers. So far, CLSEG has been used to make local-SOI (SOI regions suitable
'o'n'lyv'for individual devices) with high aspect ratios, yielding devices with very
good characteristics. In this and the next chapter, two more key steps towards
the realization of a viable 3-D technology are presented.

_ The performance of MOSFETSs built in SOI layers has been Well—reséarched,
- and bulk quality (or better) characteristics have been reported [35]. But vertical
bipolar transistors in SOI (using SIMOX, buried nitride, or recrystallized
polysilicon) have met with only limited success due to inferior crystal quality
and high parasitic collector resistance. The results of local-SOI vertical BJTs
reported in section 4.2.5, have demonstrated the high material quality
-achievable with CLSEG. In this chapter, a SOI vertical BJT is fabricated with a
highly—doped sub-collector on the underside of the CLSEG which can
dramatically reduce collector resistance for this structure. Lowered collector
resistance is vitally important to high-gain BJTs in SOI. With such devices,
analog operation and high current drive capability can be integrated into
CLSEG SOI technologies.
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| 5.1 'F“abrication of Under-diﬁ'USed Loc&l-SOIVBJ";I‘ISY o "

One of the clalms that will be made of CLSEG in chapter 7 is 1ts suxtablhty
as a tool for advanced dev1ce construction. In this chapter, a novel fabrication
‘ :techmque using CLSEG is presented which allows a hlghly-doped layer to be
formed on the underside of an SOI ﬁlm Undersrde doping is essential in
reducmg parasitic collector resistance in high-gain SOI BJTs Although R
~underside doping can be accompllshed using other local—SOI techmques, it s

. most. readily accomphshed with CLSEG. This demonstration ‘W’lll serve as one

example of the many uses for CLSEG in new device designs.

The key fabrication steps in under51de doping are illustrated in Flgure 5.1.
- ‘The process leading up to Figure 5.1a beglns with CLSEG growth 1.2 microns
high: and 8 microns wide with a background phosphorus doping of 2><1015cm 3._
- Al top and bottom layers were completely removed and a 96 nm post-epi oxide
' was grown at 900° C. Then a mask-less boron implant (for the BJT base
nreglon) was performed with a dose of 20><1013atoms/cm at 60 keV energy.
‘This base implant covers the entire top of the CLSEG slab, and was driven-in at "
: 1000° C for 175 minutes in n1trogen to yield a junction depth of approx1mately
0. 65 mlcrons All oxides were again stripped to reach the structure shown in -
;Flgure '5.1.a. Figure 5.1.b shows the result of an anlsotroplc plasma-enhanced
silicon oxide ‘deposition. The key feature to note here is- that the gap beneath
‘the CLSEG is not filled with. plasma oxide. In Flgure 5.1.c a mask and etch step'
' _vhas been used to. expose a region on top of the CLSEG slab for the emltter, and
to unplug the opening of the gap beneath the slab. All the exposed silicon is
- now doped. N* with a solid source phosphorus deposition . at 875° C in nitrogen
_for 10 mmutes As seen in Flgure 5.1.c, this forms an under51de Nt reglon.
;,Whlch serves as a sub-collector for the ‘vertical SOl BJT Followmg the
N unders1de dlﬂ'usmn step, the thin’ phosphosilicate glass formed on the- srhcon
’ ;surfaces is etched away, and a low-temperature conformal CVD ox1de is
deposrted Contact windows and metalhzatlon were completed as descrlbed in
sectron 4.2.1. ' ‘ -

A layout-equlvalent control trans1stor for the low-res1stance deV1ce is not
avarlable with the current mask design. However, a bipolar transrstor is formed'
: ?s1multaneous1y in the homoeprtaxy material which has 1dent1cal base and
emltter doplng profiles; but which has a much larger emxtter area, and no

= nearby collector . contact. This qua51-control device is included prlmarlly as a

.check on the current galn and 1dea11ty factor of the low-res1stance CLSEG‘,
‘ "dev1ce Ergure 5.2 shows a perspective drawing (w1th varlous ox1de layers;
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E , removed) whlch 1llustrates the under-dxﬁ'used device layout as well as the cross
. section. - Note that the N*. collector region wraps around the side (end) of the
" CLSEG slab ‘making it accessrble for tops1de contact. Note that ‘the current -
'desrgn focuses primarily on reducing rC ‘but -the collector - to ‘substrate

' 'capacrtance Ccs will be qulte large due to the large area of the underdlﬂ‘used Nt

region.: This latter problem can be reduced’ dramatlcally by electrrcally isolating

“the CLSEG slab with the device from the substrate. This can be achieved by a : -

R -s111con etch or local oxrdatlon of the CLSEG srhcon d1rectly over the seed hole
5.2 Results of Undei-‘-:diffused:BJ':I‘ f

In Table 5.1, averaged values for the N+ under-drﬂ'used transrstor in
n CLSEG and its quasr-control device are presented Output curves for the low- : .
resrstance dev1ce are shown ln Flgure 5.3 which verify tranSIStor actron of this -

'novel transistor structure. These results are meant to demonstrate the

o "feaS1b111ty of the neW technlque used to dope the underside of the CLSEG and, "

have not been optimized either for transistor performance or devrce layout The

. current gain is fairly hlgh (ﬁmax-—158), but the ideality factors are not as low as o
~ for. the devices’ reported in Section 4.2.5 where the bottom layer was. left intact. o

" The large value of ngp is 31mrlar to both the CLSEG and the control devrces, ‘
' ‘and may be due to the N* diffusion process 1tself which does not 1nclude a high

e "»"’vtemperature anneal after the diffusion. The higher 7cp in the low-resistance
i r_dev1ce is probably due in part to oxidation-induced stress at the 1nsrde corner of -

‘the gap. underneath ‘the CLSEG slab during - the Nt deposition. - -Such an ‘
oxidation is similar to- the - oxrdatron of trench isolation srdewalls > and can.
: -generate defects in the surroundlng materral [9].-

The measured rc values for the lowered-resrstance under-drﬂ'used devrces 1n,_

. CLSEG 1.2 microns thick ranged from 1.9 to 3.0 k with an average of- 2 24 k. i

"Thls is a- rather large value for this parameter, and calls into question the use. of |
: low-resrstance as a descrlptor Yet this’ re value is lower (sllghtly) than that':
. for- the hlgh—galn devices: from Sectlon 4.2.5, desplte the much lower collector

background doplng Thls suggests that the under—dlﬂ'used N+ has served to" o

‘ N lower the. collector resxstance of this partlcular structure, hence: the use: of low--

resrstance . Although thls in. 1tself is good ev1dence for the presence of the‘ -

. unders1de dlﬂusron, the layouts of either: the hrgh-galn or. the’ qua31-control g
o devrces are’ too drﬁ'erent to make a drrect comparlson, s0 further verlﬁcatlon was
e :sought ‘ ‘ " : L
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Table 5.1. Measured parameters from under-diffused ~bipolar  junction
transistors in CLSEG material compared to a non-under-diffused device in
. homoepitaxy material. ‘

PARAMETER |  CLSEG HOMOEPITAXY |
v v N* under-diffused | no underside Nt |
Brnax 171495 72.344.9
Np %10 2x10'°
‘underside N* 3x1018 E - 1
" "B | 1.40+.02 | 1.35+.03. | °
BVico 1.11+.33 9.2+.1
re (kQ) 9.24+.5 1534111
No. of saniplés 5 B R 6
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Flgure 5.3 Transistor uoutput curves for under-diffused vertical bipolar

transistor in CLSEG local-SOI material.
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Spreading resistance profiles or groove-and-stain measurements were not
possible for this structure because the unsupported CLSEG cantilevers broke off
during the grind steps. Instead, a spreading resistance profile was taken of the
N7 region in the substrate directly beneath the broken-off CLSEG (the bottom
of the gap in Figure 5.1.c). The surface here should have received the same
~doping treatment as the underside of the CLSEG film. This analysis showed an
N* region in the substrate 0.4 microns deep with a sheet resistance near 250
1/square. Additional evidence for underside doping is that under-diffused -
devices built in CLSEG only 0.9 microns high exhibited ohmic emitter to
collector short circuits, indicating a joining of the topside and underside Nt

5.3 PISCES Computer Simulation

To study collector resistance further, the two-dimensional device simulation
program PISCES [106] was used. Since the low-resistance ‘device structure of
Figure 5.2 has no axis of symmetry, it is not directly adaptable to- a 2-D -
simulation. Instead, to model collector resistance, the N* collector regions m
the under51de, side, and top of the CLSEG slab were laid out flat, and modeled
as a 2-D resistor. This 2-D resistor was treated as a slab of sﬂlcon doped at
2x10'%em™3 and 0.3 microns thick, while the actual N* region ,fol_low_s an error
function with peak doping of 3.2x10'®cm™ and a junction depth of 0'4' microns.
These should give nearly the same sheet resistance for . this caleulation. ‘Corner
effects were ignored, and contacts were placed in the 2-D re51stor beéneath where
the emitter and collector contacts would be in the actual device. The collector
region is 46 microns long and 10.7 microns wide except at the collector contact
area where the width is 14.7 microns. The computed collector resistance for this
structure is 2.56 k) which agrees quite well with the measured value of 2.24 k(.
Then, using the error function doping approximated by a Gaussian profile,
collector resistance was computed for a device with the cross sectlon shown at
the near end of Figure 5.2, but with a stripe geometry For thls optlmlzed
structure, the emitter and collector contacts are parallel and extend the entu‘e
length of the device. For such a transistor 46 microns. long, the collector
resistance was calculated as 74 ). This is a very acceptable value, and 1nd1cates
that the under-diffused N* process. is capable of producing vertlcal b1polar
- transistors in thin films. w1th very low parasitic collector re51stance It is also
interesting to note that the PISCES- computed punchthrough voltage at 1.0 upA
was 1.27 volts for this accurate cross section, which agrees well w1th the actual
value of 1.11 volts. '
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CHAPTER 6

DISCUSSION

In. this chapter, the results of the last two éhapter‘s are summarized and
hypotheses are made to explain them. The second half of this chapter compares
~ CLSEG to other SOI technologies in the light of these results, and discusses how
CLSEG could be used in varlous applications. :

8.1 Discussion of Results

6.1.1 Growth results

- Observations of selective silicon growth within cavities has revealed
interesting and ﬁnexpected new phenomenon. In this subsection, the
implications of these discoveries on our understanding of selective growth
mechanics is discussed. '

When CLSEG fills a cavity, its crystal orientation follows that of the
< 100> substrate, even as it grows laterally through the cavity. ELO growth
has . this property also, implying that the top layer does not affect the
‘Crystalldgraphic properties of the CLSEG silicon. The growing CLSEG does not
alter the shape of the top layer; specifically the top layer is not (generally)
pushed up as the growth front encounters it. This implies that epltaxy proceeds
by deposition, not "growth”. When the growth reaches the top wall, the process
- gasses are prevented from initiating further growth in the vertical direction.
~ Then, CLSEG will conform to the shape of a cavity to the extent allowed by
faceting and/or defects. This is a desireable property especially when using
CLSEG over non-planar structures. '

CLSEG growth rates are virtually equal to ELO growth. rates, and are

' ‘invdependenrt of both cavity height and cavity width (depth), for the ranges
investigated. This suggests that the transport and deposition mechanisms are
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 the -sameas for ELO, regardless'of the presence of the cavity. fI‘hisis sur'prising
because it has long been assumed [100, 88, 84, 40, 81, 65] that gaseous diffusion

-accounts for silicon transport to the SEG growth fronts. If diffusion is the

transport mechanism, one would expect reduced - deposition in " thmner and
’ _deeper cavrtxes The reasoning behind this rationale i is explamed below '

» The inadequacy of gaseous diffusion due  to concentratlon gradlents to
) ,account entirely for silicon transport into a CLSEG cavity arises. because of the
- i“smallness of cavity dlmensmns compared to the mean free path (IVIFP) of the

o gas.: In a very large cavity (smallest d1mens1on >> Iv[FP) diffusion takes place‘ o
~ freely, as it does for whole wafer epitaxy; for example. On the other hand, in a

very minute cavity (largest dimension < < MFP) any molecules enterlng the -
cavity are unhkely to encounter other such “molecules. (s1nce the cavrty_

- dimensions are smaller than the average spacing between molecules), so-diffusion
is no longer an accurate treatment of this case.. In the extreme, if the cavity .

" dimensions approach the size of the gas molecule, the pressure 1n31de the: cav1tyf‘
‘ :wrll approach zero.” Thus, as cavity dimensions’ (especlally at the opemng) go .
below the MFP of the gas molecules, the “pressure” in the cav1ty is: reduced and
gdlﬁ"uswe transport 1nto the cavity is curtailed. More preclsely, class1cal dﬂfusron’ v
. models are no longer adequate to represent species transport. ' S

Table 6.1 lists the MFP of the SiCl; molecule in the epi reactor, beheved to
carry’ s1llcon ‘atoms from the gas phase to the surface, under ‘the" range of -
‘,"condltlons used for the results in Chapter 4. The MFP ) of an. ldeal ‘gas is

E glven by )\——————74 Where d is the molecules dlameter, and wn s the
, (1.4147d"n) . el
o ' ' AN AP
, number densrty of molecules in the gas, computed as n__V—‘—R_T- ‘where A is

' Avagadro s number R is the gas constant P is pressure, and T 1s absolute

‘»"temperature [107] These values assume ldeal gas behav1or, a” molecular L

:dlameter of 5 Angstroms, and do not account for partial pressures of: the varlous'
‘gasses: .. Slnce cav1ty he1ghts in the range [0.25, L 2] microns are of the same
' ‘order as the gas MFP, one would expect, to see a notlceable dependence of
, CLSEG growth rates on cavrty width and cav1ty height if diffusion’ accounts for .
all’ ‘the SlllCOIl transport. ance no such dependence on caV1ty drmensrons is
' ‘observed, it is p0331ble that. some other transport mechanism is srgnlﬁcant in

v CLSEG growth. As dlscussed in- Chapter 2, many authors have noted. the hlgh co

; surface moblhty of sﬂlcon adatoms, and have cited surface dlffusmn d1stances up

" to 100 microns. This is. based on the observatlon that, even in- not—perfectly »

j selectlve growth a denuded zone free of polysﬂlcon nucleates on the mask layer
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- Table 6.1 Mean free path of SiCl, at various deposition conditions for selective
epitaxial growth.

“Temperature (C) | 50 Torr | 150 Torr

950° 2.28 ym | 0.76 um
1000° | 2.37 ym | 0.79 um
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exists surrounding the ELO to approximately these distances. "It seems
reasonable to hypothesize that silicon atoms adsorbed on the SEG mask surface
can wander about for long distances, even into cavities too small for a gas
molecule to enter. These mobile adatoms are then free to-deposit wrthm CLSEG
cavities Just as for ELO, thus accounting for the equality of growth ra.tes ‘and
the mdependence of cavity dimensions. These conclusions are drawn: from data
which does not adequately rule out other possibilities, and should be considered
with some caution. Clearly, more rlgorous study in thls area is needed to make
a. deﬁmtlve case. BRI

No facets are seen in lateral CLSEG from {001} orlented seed holes, Whlch
is in agreement with vertlcally-growmg SEG in such seed holes. Thus, much of
- the understanding of SEG faceting can be applied to CLSEG. Interestlngly, .
ELO faceting does not seem to follow the same rules as for SEG and CLSEG.
This in in qualltatlve agreement with a faceting model [108] Whrch states that _
. the presence of a dielectric sidewall in {001} seed holes aﬁ'ects the faceting by
influencing the relative growth rates of different crystal planes.. The end effect is
probably caused by the same faceting mechanism that produces corner facets i in
{100} SEG and makes octogonal ELO outlines. This phenomenon is a serious
' dlsadvantage to all three selective epitaxy techniques. However, : CLSEG
provides many de31gns for the placement of the cavity walls that are not possrble
with SEG or ELO. Although it is not clear how at this time,: there may. be a
' way. to avoid the end eﬁ"ect/ corner facet in CLSEG by approprlate cavrty des1gn o

6.1.2 Electrical results

CLSEG material quality; as evidenced by diode ideality factors (7), 1s very
sensitive to process variations both in cavity comstruction and post-epi
~processing. The choice of silicon nitride over thermal polyoxide “from a:
- deposited «-Si sacrificial layer was found to yield the best results from the
structures compared in this work. ‘This arises from two main consxderatrons
. First, thermal oxide is far less likely to generate defects in the near-wall CLSEG »
- (or SEG) than is nitride [69, 72] Second, when the inside surface of th\lsoxrde
top layer -is not microscopically ‘parallel to the <100> plane (as yvith' a
polysilicon sacrificial layer) the likelyhood of generating defects 1ncreases, as
- discussed in section 2. 3.3. Silicon nitride prov1des needed’ stlﬁness to the top
“layer which sﬂlcon oxide alone does not prov1de for the thicknesses 1nvest1gated
' 'Thls stlffness prevents saggmg or deﬂect1on of the top layer, keepmg it from -
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being non-parallel to the <100> plane, and creating conditions favorable for
defect formation during CLSEG growth. The combination of nitride and oxide
as a top layer seems to provide the best -results,‘ as can be seen from Table 4.4.

Thermal and oxidation-induced stresses have strong influences on the final
CLSEG material quality. In section 4.2.3, it was reported that in unannealed
CLSEG, 7 values dropped dramatically after removal of the bottom oxide.
Since no high temperatures were involved, and since defects are unlikely to
disappear, one infers that residual thermal stress has a negative impact on 7,
which is released upon removal of the bottom oxide. In the above case the top
layers were removed as well, but the bottom oxide seems a more likely site for
stored thermal stress; since the top layers are free to deform plastically, while
the bottom oxide is sandwiched between the substrate and CLSEG silicon, and
must experience a shear stress upon cooling from the epitaxy temperature.
Therefore if the CLSEG is never annealed at high temperatures, the bottom
oxide should be removed for best film quality.

On the other hand, Table 4.4 shows that bottom oxide removal causes
larger 7 values if moderate temperature (900 to 1000°) post-epi anneals and/or
oxidations are performed. This effect is likely caused by oxidation-induced
stress, especially at the inside corners of the gap under the CLSEG, as would be
expected from studies of trench isolation oxidation. Another factor can be the
hydrostatic forces generated by the growth of the oxide layer in the confined
space beneath the CLSEG. This oxide can act to pry up the CLSEG canitlever,
much as silicon nitride is pried up during a LOCOS oxidation. Studies of trench
oxidation show that thermal oxides grown at higher temperatures (T= 1000°C)
undergo viscous flow which can relieve stress due to oxidation. This model can
explain the improvement in 7 values observed for the least square fit model in
the temperature range of 900 to 1000° C. But the data at 1200° indicates that
some other mechanism is at work in this regime. A possible cause for this may
be that any defects already present in the CLSEG, especially at the top layer
perturbation, will become more mobile at higher temperatures. These defects
can grow or they can glide along slip planes until they extend into the lateral
SOI portions of the CLSEG. In this case, an increase in defect density would

cause the higher 7 values at the highest post-epi anneal temperatures. Further
studies of this effect would benefit CLSEG technology, and could probably be
applied to SEG and ELO as well.

For the SOI BJTs fabricated in CLSEG, a reduction in the slope of the
collector current was observed at a collector-emitter voltage of approximately
2.5 volts. A PISCES computer simulation showed that this change in output
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characteristics occurs when the base-collector depletion  region reaches the
“underside oxide layer of the CLSEG SOI slab. This reduction in slope
corresponds to an increase in the Early voltage for the device; implying that the
~effect of basewidth modulation is reduced in some way. ‘To explain this,
consider- that, once the CLSEG collector region beneath the base is fully
" depleted, further increases in electric field will cause the base—collector' depletion
region to extend laterally down the CLSEG slab. Now, the change in the
“'depletion layer width in the base is changing only in the lateral direction, where
very little bipolar current is flowing. Since much of the current is still crossing
the base where the presence of the emitter,makes the baseWidth very small, and
since the base depletion layer is no longer changing much in this area, we would
expect that basewidth modulation would be lessened. This principle can be used
to artificially increase the output resistance of a SOI BJT for analog drive
: applicatlons However, by makmg the CLSEG slab thinner to increase Early

voltage, collector resistance, and hence- output current will suffer A second -

 PISCES simulation (not shown) did indeed show that lncrea.smg the CLSEG
slab helght from 1.07 to 1.5-microns thickness resulted in an- 11% increase in
~output current but with. a correspondmg 40% reduction in. Early voltage. A
desrgn mcludmg a low resistance collector region, as described in chapter 5 could
potentlally be used to comblne the beneﬁts of hlgh output res1stance Wrth hlgh
: fcurrents

6.1.3 Advanced device. results
o Tll'le_fabricationv of the under-diffused BJT for lower_iug collector resistance
- was sufﬁcieut to demonstrate the concept. But to truly realize the high-gain, -
: l'ow-’r’esistatice device suggested in Chapter 5, several design and"'process
: 1mprovements are needed. A stripe geometry layout was shown, by PISCES
: computer simulation, to greatly lower the parasitic collector re51stance This
. was not feasible with the current design rules (see section 4.2. 1) but with more
- aggresswe contact and metallization hthography, should be rea.dlly achlevalbe v

L To reduce paras1t1c ‘capacitances and avoid defect regions in the CLSEG the

base reglon should be masked, instead of being blanket-lmplanted as in the
'fabncated device. The emitter for the fabricated structure was dlﬁused along‘ R
w1th the collector for process . s1mp11c1ty But for best. control of the critical

- emltter doplng proﬁle, this region should be formed separately from the collector

o by usmg an ion lmplant Better performance of the under—dlﬂused dev1ce can bev v
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‘being non-parallel to the <100> >plane, ‘and creating conditions favorable for
defect formation during CLSEG growth. The combination of nitride and oxide
as a top layer seems to provide the best results, as can be seen from Table 4.4.

Thermal and oxidation-induced stresses have strong influences on the final
CLSEG material quality. In section 4.2.3, it was reported that in unannealed
"CLSEG; 7 values dropped dramatically after removal of the bottom oxide.
Since no high temperatures were involved, and since defects are unlikely to
disappear, one infers that residual thermal stress has a negative impact on 7,
which is released upon removal of the bottom oxide. In the above case the top
layers were removed as well, but the bottom oxide seems a more likely site for
stored thermal stress; since the top layers are free to deform plastically, while
the bottom oxide is sandwiched between the substrate and CLSEG silicon, and
must experience a shear stress upon cooling from the epitaxy temperature.
Therefore if the CLSEG is never annealed at high temperatures, the bottom
oxide should be removed for best film quality.

On the other hand, Table 4.4 shows that bottom oxide removal causes
larger n values if moderate temperature (900 to 1000°) post-epi anneals and/or
oxidations are performed. This effect is likely caused by oxidation-induced
stress, especially at the inside corners of the gap under the CLSEG, as would be
expected from studies of trench isolation oxidation. Another factor can be the
hydrostatic forces generated by the growth of the oxide layer in the confined
space beneath the CLSEG. This oxide can act to pry up the CLSEG canitlever,
much as silicon nitride is pried up during a LOCOS oxidation. Studies of trench
oxidation show that thermal oxides grown at higher temperatures (T= 1000°C)
undergo viscous flow which can relieve stress due to oxidation. This model can
explain the improvement in 7 values observed for the least square fit model in
the femperature range of 900 to 1000° C. But the data at 1200° indicates that
some other mechanism is at work in this regime. A possible cause for this may
be that any defects already present in the CLSEG, especially at the top layer
* perturbation, will become more mobile at higher temperatures. These defects
can grow or they can glide along slip planes until they extend into the lateral
SOI portions of the CLSEG. In this case, an increase in defect density would
cause the higher 7 values at the highest post-epi anneal temperatures. Further

" studies of this effect would benefit CLSEG technology, and could probably be
applied to SEG and ELO as well.

. For the SOI BJTs fabricated in CLSEG, a reduction in the slope of the
collector current was observed at a collector-emitter voltage of approximately
2.5 volts. A PISCES computer simulation showed that this change in output
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'characterlstlcs occurs when the base—collector depletlon reglon reaches the
' unders1de oxide layer of the CLSEG SOI slab. This- reductlon in - slope
: corresponds to an increase in the Early voltage for thevdevrce,.lmplylng:that the
effect of basewidth modulation is reduced - in some way. To explain this,
“consider that, once the CLSEG collector region beneath the hase i fully
depleted, further increases in electric field will cause the base-collector depletion
* region to extend laterally down the CLSEG slab. Now, the change in the

depletlon layer width in the base is changmg only in the lateral d1rect10n, where , '

very little bipolar current is flowing. Since much of the current is still cross1ng4
the base where the presence of the emitter makes the basewidth very small, and
* since the base depletion layer is no longer ‘changing much in this area, we would
expect that basewidth modulation would be lessened. This principle can be used
to artificially increase the outputresistance of a SOI BJT for analog drive
applications. However, by making the CLSEG slab thinner to increase Early
voltage, collector resistance, and hence output current, will suffer. A second -
PISCES simulation (not shown) did indeed show that increasing the CLSEG
slab height from 1.07 to 1.5 microns thickness resulted in an 11% increase in

‘output current but with a corresponding 40% reductlon in Early voltage A
‘des1gn 1nclud1ng a low resistance collector region, as descrlbed in chapter 5 could ’
potentlall)r be used to comblne the beneﬁts of high output res1stance w1th hlgh

currents R ' ;

6.1.3 Advanced dev‘i'ce_ results

The fabrication of the under-diffused BJT for lowering collector: resistan'cev' ’
“Was sufficient to demonstrate the concept. But to truly realize the: hlgh-galn,
low-remstance device suggested in Chapter 5, several design: and ‘process
' 1mprovements are needed. A stripe geometry layout was shown, by PISCES

computer simulation, to greatly lower the parasitic collector re81stance ThlS‘
'_ was not feasible with the current design rules (see section 4.2. 1), but with ‘more
- aggressive contact and metalhzatlon lithography, should be readll)r achlevalbe v

. To reduce para81t1c capacitances and avoid defect regions in. the CLSEG the

i base reglon should be masked, instead of being blanket-lmplanted ‘as. in the
fabrlcated device. The emitter for the fabricated structure was dlffused along
‘with the collector for process. 81mpllc1ty But for best control of the ‘critical
'emltter doplng proﬁle, this region should be formed separately from the collector
. by usmg an ion 1mplant Better performance of the under-dlffused dev1ce can be .
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being non-parallel to the <100> plane, and creating conditions favorable for
defect formation during CLSEG growth. The combination of nitride and oxide
as a top layer seems to provide the best results, as can be seen from Table 4.4.

Thermal and oxidation-induced stresses have strong influences on the final
CLSEG material quality. In section 4.2.3, it was reported that in unannealed
CLSEG, 7 values dropped dramatically after removal of the bottom oxide.
Since no high temperatures were involved, and since defects are unlikely to
disappear, one infers that residual thermal stress has a negative impact on 7,
which is released upon removal of the bottom oxide. In the above case the top
layers were removed as well, but the bottom oxide seems a more likely site for
stored thermal stress; since the top layers are free to deform plastically, while
‘the bottom oxide is sandwiched between the substrate and CLSEG silicon, and
must experience a shear stress upon cooling from the epitaxy temperature.
Therefore if the CLSEG is never annealed at high temperatures, the bottom
oxide should be removed for best film quality.

On the other hand, Table 4.4 shows that bottom oxide removal causes
larger 7 values if moderate temperature (900 to 1000°) post-epi anneals and/or
oxidations are performed. This effect is likely caused by oxidation-induced
stress, especially at the inside corners of the gap under the CLSEG, as would be
expected from studies of trench isolation oxidation. Another factor can be the
hydrostatic forces generated by the growth of the oxide layer in the confined
space beneath the CLSEG. This oxide can act to pry up the CLSEG canitlever, |
much as silicon nitride is pried up during a LOCOS oxidation. Studies of trench
oxidation show that thermal oxides grown at higher temperatures (T= 1000°C)
undergo viscous flow which can relieve stress due to oxidation. This model can
explain the improvement in 7 values observed for the least square fit model in
the temperature range of 900 to 1000° C. But the data at 1200° indicates that
some other mechanism is at work in this regime. A possible cause for this may
be that any defects already present in the CLSEG, especially at the top layer
perturbation, will become more mobile at higher temperatures. These defects
can grow or they can glide along slip planes until they extend into the lateral
SOI portions of the CLSEG. In this case, an increase in defect density would
cause the higher 7 values at the highest post-epi anneal temperatures. Further
studies of this effect would benefit CLSEG technology, and could probably be
applied to SEG and ELO as well.

For the SOI BJTs fabricated in CLSEG, a reduction in the slope of the
collector current was observed at a collector-emitter voltage of approximately
2.5 volts. A PISCES computer simulation showed that this change in output
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o characterlstlcs occurs when the base—collector depletion reglon reaches the
: undersrde oxide layer of the CLSEG SOI slab. This reductlon in slope-
corresponds to an-increase in the Early voltage for the dev1ce, 1mply1ng that the
- effect of basewrdth modulation is reduced in some way. To expla.ln this,
consider that, once the CLSEG collector region beneath ‘the base i§ fully
depleted further increases in electric field will cause the base-collector depletlon_- B
: ','v,reglon to extend laterally down the CLSEG slab.- Now, the change in the -
‘ depletlon layer width in the base is changlng only in the lateral d1rect1on, .where-
very httle bipolar current is flowing. Since much of the current i is still cross1ng"
the base where the Ppresence of the emitter makes the basewidth: very small, and
since the base .,depletlon layer is no longer changing much in this area, we Woul_d '

o ‘expect that basewidth modulation would be lessened. This principle can be. used_

~to artificially increase the output resistance of a SOI BJT for analo:g“ drive

applications. However, by making the CLSEG slab thinner to increase Early = o

voltage; collector resistance, and hence output current, will suffer. A second -

PISCES simulation (not shown) did indeed show that increasingthe '”CLSEG_‘

" “slab he1ght from 1. 07 to 1.5 microns thickness resulted in an 11% increase in =

output current but with a corresponding 40% reductlon in Early voltage A

' gdes1gn 1nclud1ng a low resistance collector. reglon, as descr1bed in chapter 5 could

' potentrally be used to combme the beneﬁts of hlgh output res1stance w1th h1gh
currents : o o

" 613 Advancedvdeir'ice results.

' The fabrication of the under-diffused BJT for lowering collector :'resistance'_
‘was sufficient to demonstrate the concept. But to truly realize the hlgh—galn,’v
low—res1stance device suggested in Chapter 5, several design and process
1mprovements are needed. A stripe geometry layout was shown, by PISCES
computer simulation, to. greatly lower the parasitic collector -resistance.. ThlS'
Y was ot feasrble with the current design rules (see section 4.2. 1), but wrth ‘more

"aggresswe contact and metalhzatlon lithography,: should be readlly achlevalbe
- To: reduce paras1t1c capacrtances ‘and avoid defect regions in.the CLSEG the
base reg1on should be masked, instead of being blanket-lmplanted as in the
* fabricated dev1ce The em1tter for the fabricated structure was dlﬁ'used along>
with- the collector for process 51mp11c1ty But for best control. of the critical

" emitter doplng proﬁle, this region should be formed separately from the collector

: -’by usrng an: 1on 1mp1ant Better performance of the under-drﬁ'used devrce can be -



92

being non-parallel to the < 100> plane, and creating conditions favorable for
defect formation during CLSEG growth. The combination of nitride and oxide
as a top layer seems to provide the best results, as can be seen from Table 4.4.

Thermal and oxidation-induced stresses have strong influences on the final
CLSEG material quality. In section 4.2.3, it was reported that in unannealed
CLSEG, 7 values dropped dramatically after removal of the bottom oxide.
Since no high temperatures were involved, and since defects are unlikely to
disappear, one infers that residual thermal stress has a negative impact on 7,
which is released upon removal of the bottom oxide. In the above case the top
layers were removed as well, but the bottom oxide seems a more likely site for
stored thermal stress; since the top layers are free to deform plastically, while
the bottom oxide is sandwiched between the substrate and CLSEG silicon, and
must experience a shear stress upon cooling from the epitaxy temperature.
Therefore if the CLSEG is never annealed at high temperatures, the bottom
oxide should be removed for best film quality.

On the other hand, Table 4.4 shows that bottom oxide removal causes
larger 7 values if moderate temperature (900 to 1000°) post-epi anneals and/or
oxidations are performed. This effect is likely caused by oxidation-induced
stress, especially at the inside corners of the gap under the CLSEG, as would be
expected from studies of trench isolation oxidation. Another factor can be the
hydrostatic forces generated by the growth of the oxide layer in the confined
space beneath the CLSEG. This oxide can act to pry up the CLSEG canitlever,
much as silicon nitride is pried up during a LOCOS oxidation. Studies of trench
oxidation show that thermal oxides grown at higher temperatures (T= 1000°C)
undergo viscous flow which can relieve stress due to oxidation. This model can
explain the improvement in 7 values observed for the least square fit model in
the temperature range of 900 to 1000° C. But the data at 1200° indicates that
some other mechanism is at work in this regime. A possible cause for this may
be that any defects already present in the CLSEG, especially at the top layer |
perturbation, will become more mobile at higher temperatures. These defects
can grow or they can glide along slip planes until they extend into the lateral
SOI portions of the CLSEG. In this case, an increase in defect density would
cause the higher 7 values at the highest post-epi anneal temperatures. Further
studies of this effect would benefit CLSEG technology, and could probably be
applied to SEG and ELO as well. ’

For the SOI BJTs fabricated in CLSEG, a reduction in the slope of the
collector current was observed at a collector-emitter voltage of approximately
2.5 volts. A PISCES computer simulation showed that this change in cutput
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characterlstrcs occurs when ' the base—collector depletlon regron reaches the

" underside- oxide layer of the CLSEG SOI slab. This reductlon in" slope
. corresponds to an increase in the Early voltage for the. deV1ce, 1mply1ng that the -
. effect of: basew1dth ‘modulation is reduced in some way. . ‘To explaln this,

,con31der that, ‘once the CLSEG collector reglon beneath the base 8 fully
depleted, further increases in electric field will cause the base-collector depletlon

":reglon to extend laterally down the CLSEG slab. Now, the- change in the "~
'depletlon layer width in the base is changlng only in the lateral dlrectlon, where Ny

~ very little bipolar current is flowing. Slnce much of the current 1s stlll cross1ng:‘ '

“the base where the presence of the emltter makes the basew1dth Very small, and',' B

e _:s1nce the base depletion layer is no longer: changing ‘much in this area, we would o

expect that basewidth modulation would ‘be lessened. ThlS prlnclple ¢an be. used

L to artificially increase the output ,res‘lstance of a vSOI BJT  for vanalo_g drive .

apphcat1ons However, by making the CLSEG slab, ’thinner to increase Early' -

"voltage, collector re31stance, and hence output current, will suffer. A second .- S

fPISCES simulation (not shown) did indeed show that. 1ncreasmg “the. CLSEG

~ slab: helght from 1.07 to 1. 5 microns thickness resulted in an 11% increase in . .

"‘output current but w1th a . corresponding 40% reduction in- Early Voltage A

: -desrgn 1nclud1ng a low res1stance collector region, as ‘deseribed in chapter 5 could,
" potentlally be used to comblne the. beneﬁts of hlgh output res1stance W1th h1gh B
- currents_ e : L TR : ‘

- "fl_.i6.'1'.3" Ad,Van'c,ed.devi’ce*rés:ults’ E

The fabrlcatlon of the under-dlﬁ'used BJT for lowerlng collector resmtance‘

g’was suﬂiclent to demonstrate the concept. But to truly realize ‘the hlgh—gam, :

low-resrstance devrce suggested in Chapter 5, several des1gn and ‘process
- improvements are needed. A stripe geometry ‘layout was shown, by PISCES :
»Vcomputer s1mulat10n, to greatly lower the parasitic collector’ res1stance This
- was not feasrble with the current design rules (see section 4 2. 1), but w1th more

j};: ',‘aggresswe contact and metalllzatlon lithography, should be readrly achlevalbe -
“To. reduce paras1t1c capacltances and avoid defect regions 1n the CLSEG the

g base reglon should be- masked, instead of being. blanket-lmplanted as 1n the

L ;v_"fabrlcated dev1ce The emltter for- the fabrlcated structure was dlﬁ sed along .
- W1th the collector for process s1mp11c1ty But for- best control of the'crltlcal

emltter dop1ng proﬁle, th1s region should be formed separately from the collector

: by us1ng an 1on 1mplant Better performance of the under-dlﬁ'used dev1ce can be . ::
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“attained if the CLSEG slab is made thicker. This allows an N~ 1ntrm51c
collector regions next to the base Junctlon which Wlll increase the punchthrough'
- voltage and reduce the ba.sew1dth modulation. - o

The under-diffused region 1tself in the fabrlcated device is nearly as thm as  :
can be produced with the phosphorus solid diffusion source used for this work.
Part of the low collector resistance computed for the stripe geometry was due to
the length of the device (r¢ = 74 ) for 46 microns long). This value increases
quickly for very small devices, so that a more highly doped under-diffused region
will be needed. This can be done by further increasing the CLSEG slab
thickness to accomodate a deeper under-diffused region; or by using an arsenic
solid or gaseous diffusion source. Arsenic-doped spin-on glasses might be used

for this purpose. Finally, for a very high performance device, the under-diffused - :

- collector process could be combined with "concepts from advanced BJT
structures (such as SST or SICOS) which optimize the base and emitter portions
of the device. :

- To produce a reliable circuit using the under-diffused technique, the gap
beneath the CLSEG would need to be filled with a non-conductive material. It
is observed that the CVD low-temperature oxide deposited immediately after the.
N+ diffusion step filled this gap to some extent. An optimized CVD oxide step
' 'could potentlally fill this gap without voids. Alternatives are to close off the gap
~ with a thermal oxide, or to use trench fill techniques currently used in trench
isolation. Once, filled, the CLSEG should be mechamcally stable and ready for
3D integration if desired.

8.2 Comparison to Current Technology

CLSEG, in its simplest context, is an extension of SEG, but as a technology
.in its own right can be evaluated from three fields of inquiry. As shown in
Chapters 3,4, and 5, CLSEG can be used as an isolation technology, as a means

of studying crystal growth and quality, and as a tool for the fabrication of new

device structures. In each of the next three subsections, the utility of CLSEG
for the application is discussed as a basis of comparlson with other related
technologies.
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6.2.1 CLSEG as an isolation technology

In the prev1ous chapters CLSEG has been used as a local—SOI techmque
~where a separate SOI region is made for each individual device or set of devices.
‘One:of the advantages of this technique is that electrical connectlon to the_
: jsubstrate can be ‘made while still benefitting from reduced  parasitic
capacitances. Alternatively, in local-SOI, this substrate conmection can be
veliminated by etching the silicon over the seed hole, or by consuming it'in a
local - oxidation step In" this subsection, a method is presented for -forming

- whole-wafer SOI using CLSEG. In whole-wafer SOI, the silicon slab extends

across the entire wafer, and in general does not have a.connection to the -
suh_strate. In addition to the SOI advantages listed in section 2.2.1, whole-wafer
'SOI ‘has the further advantage of being transparent to circuit -and layout
) 'designers ‘With whole-wafer SOI‘ isolation of a device is as simple as etching a
hole or moat all around the device, whose d1mens1ons are in no way hmlted by .
the SOI technology (as it is in local—SOI) : ’

The local-SOI method shown in Figure 3 1 can be adapted to who]e—wafer
SOI usmg the two-step epitaxy process [50, 42] shown in Figure 6. 1. 'CLSEG: is

first grown in back to- back cavities, and merged with CLSEG growmg from a

’ facmg cavity, as depicted in Figure 6.1(a). The dashed vertical. line" represents
the p]ane along which the CLSEG growth fronts coalesce. F1gure 4.10 is an
SEM- photograph of such a merged structure, and shows the ELO overgrowth
B v1szble in Flgure 4.10 and mdlcated n Fi igure 6. 1 »

“After the first CLSEG merge step, the s111con and the top layer materlal :
above the seed holes are etched down to the substrate.. Silicon nitride (SigNy)
sidewall spacers are then formed on the exposed sides of the remaining CLSEG
silicon, as shown in Figure 6.1(b). An oxidation step is now used to oxidize the
,' vs.u_bst‘rate and the via hole overgrowth along the CLSEG merge ‘plane; after
which the nitride s'idewalls"‘ are removed to form the structure of F 'iguré 6.1(c)
Now a second selective epitaxy. step initiates growth from the exposed CLSEG
"s1dewalls, Wthh proceeds until it merges w1th the growth from a facmg sxdewall
as. shown in Figure 6.1(d). The overgrowth protrusions above each merge plane
can . be: read1ly removed by chemical-mechanical pohshmg or: conventlonal v
‘ p]asma etch back.. ‘The result 1s contmuous SOI ﬁlm over an unhmlted large

area, or whole—wafer SOL. : : e

, Thls concept can be repeated mdeﬁnltely in prmclple, to produce 3D
. stacked layers of c1rcu1ts As research mto very low temperature (Tepl <800°C) o
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_epi continues, it may soon be possible to grow selective epitaxy:with almost no
impact on existing dopant profiles.. Since CLSEG allows a substrate (or previous
~SOor layer) connectlon even in whole-wafer SO1 (by not etching over a given seed

" hole in Figure 6.1 (b)) this makes CLSEG 2 prime candidate for 3D integration
of 1ntegrated circuits.’ The very low processing temperatures that are potentially

“achievable with CLSEG is a significant advantage over certain other SOI

_} technologles Buried insulator technologles and polysilicon recrystallization both -

- require high temperatures and may involve large thermal gradients i in the 8111cou
wafer. These factors tend to preclude their ‘use from 3D integ'ration The -
primary ‘advantage of CLSEG as an isolation technology - is the geometnc ‘
freedom and dimensional control, coupled with design flexibility.

6.2.2 CLSEG as a device construction tool =

CLSEG seems to encourage the creative process in device designers because

‘of ‘the variety of shapes and configurations it can provide. With appr‘{opriate o

: microfabrication ‘techniques applied to the CLSEG sacrificial layer, cavities of

varying thicknesses, shapes, and widths are poss1ble These cavities can be .-

stacked, merged, overlapped; or several layers can be grown at. once. Access to :
o "the unders1de of CLSEG slabs opens us an entirely new range of dev1ces )

Some of the devices that have been conceived using’ CLSEG are the

| ‘followmg “novel DRAM concepts; buried dram DMOS structures, two—mded Lt

"CCDs, burled channel MOSFETSs; ' piezoresistive sensors; mlcromachxned ’
g cantllevers, low res1stance base and emitter contact for advanced BJTs; a doubly
- self-aligned shared-gate CMOS structure, and others. Most of these applications

can be realized in one or another of the SOI techmques ‘mentioned in Section
2.2.2. The advantage that CLSEG offers is the ease and Hexibility of forming

. the silicon slab. Virtually any thlckness of silicon can be formed; extremely thin. -

’layers by using oxidation to consume the CLSEG SlllCOIl, or thlcker /layers by
: growmg ‘homoepitaxy on' top of the CLSEG slab.. Control: of thrckness
'unlformlty of. CLSEG films can be very good since it follows the shape of the
‘ r,sacrlﬁc1al layer, provided the top layer does not sag. Sagging mlght be av01ded ’
, by more sophlstrcated designs of the top layer, certainly thicker materlals would
“be helpful and multi-layered structures mlght be made with neghglble sag. The
_cavity can be made conformal to underlylng structure, or by usmg planarlzatlon
"techmques, the cav1ty can be formed with a- flat top surface. The substrate

. connectlon at the seed hole in CLSEG can be used as an electncal contact as a



‘mechanical support, or as a piezoresistive material. With CLSEG theré is a I

wide. ch01ce of thicknesses possible for the bottom oxide layer, unhke buried -
insulator or OPS. Very thin bottom oxides can be used as a bottom side MOS
”A“gate 1nsulator for 3D integration. CLSEG cavities can be stacked w1th a
,common seed hole so that multiple- layers can be formed in a s1ngle epi run.
CLSEG can also be grown in cavities of different heights across a smgle wafer

‘ vFor example, a 2 micron cavity for BJTs could be grown simultaneously w1th a "

0.2 micron cavity for MOSFETs. These apphcatlons give a flavor of the. wide
range ‘of uses for CLSEG. No other SOI technlque offers so much varlety andi' '
_‘ﬂex1b1]1ty of design with such straightforward processmg : -

.23 CLSEG for growth studies

o The utlhty of CLSEG for growth studies has already been shown by the
new insight into silicon transport in SEG discussed above. A number of

experiments are possible with CLSEG and ELO which can further elucidate the

behavior of sﬂlcon-contalnmg species in an epitaxy reactor. Another field of
study is into the defects formed at SEG sidewalls, which are (arguably) similar
to CLSEG top and bottom walls. The sidewall gate-controlled diode of Figure
2.6 is very difficult to process, and may unduly influence the very properties it
 intended to examine. However, with CLSEG, the same goals ca.n"be easily
‘accomplished by forming a gate-controlled diodes on top of a CLSEG slab whieh
is identical in layout to a substrate gate-controlled diode. It was observed that,

in many ways , the principles of SEG apply to CLSEG, so that it seems likely
that data extracted from CLSEG gate-controlled diodes could be used to
enhance or understanding of SEG sidewalls.. Other possibilities for basic studies-
using CLSEG include: (1) effects of stress on device performance; (2) lateral
- diffusion characterization (by diffusing up from the CLSEG underside); (3)
-oxidation of shaped surface with perpendicular sides (not possible with trench
etching); (4) and nucleation or growth of defects in low temperature and
pressure s1]1con _epitaxy.
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CHAPTER 7

'CONCLUSION

7.1 Significance of Results

CLSEG is a new epitaxy technique with many significant advantages when
compared - to current state-of-the-art in epitaxy, device isolation, and advance
device construction. CLSEG can be used to form local-SOI or whole-wafer SOI
~silicon suitablé for the fabrication of semiconductor devices. The aspect ratio of
‘the as—grown smgle-crystal slabs can be at least 14:1 with a 10% or less local

 variation in thickness. No facets are observed in CLSEG growth fronts within

the cavity (except for the end effects), which allows growth fronts to be merged,
doubling the effective aspect ratio. The large variation in growth rates across a
5 inch diameter wafer is to be expected from epitaxy reactors optimized for
homoepitaxy. However, CLSEG film heights are independent of growth rate,
making this critical paramters more easily controlled than with other epitaxy
techniques. Virtually no visible defects are found in the lateral SOI portions of
CLSEG films; however, directly above the seed hole edge, a shallow defect region
- is formed. This defect region is presumably due to the perturbation in the top
layer 'cause'd"by the cbnformality of the o-Si sacrificial layer used, and may be
avoided with appropriate planarization. The only serious drawback to CLSEG
is the end effect at either end of the cavity. This is probably caused by the:
natural faceting which also detracts from SEG aﬁd ELO technologies. Yet, with
CLSEG, there is hope to ehmmate or at least mlmmlze this facetmg with clever .
cavity de51gn S

. Dlodes, metal-gate MOSFETS, and vertlcal blpolar transistors have been
: ’formed in ‘the lateral SOI regions of CLSEG films. Values of the parameters 7,
tps S, and Bp,.c are found to be equal in CLSEG and in homoepitaxy island
silicon. Because of differences in background doping concentrations, these values
could not be directly compared to substrate values. However, previous work in
SEG [102]"ha,s_ demonstrated that homoepitaxy island material can be grown
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with values of 7 and B,,,, which are equal to substrat-e values. By induction, it
can be stated that device parameters in CLSEG can be made equal to de:v\ice-‘
quality substrate material. This implies that CLSEG crystal quality is on a par
- with manufacturer-prepared silicon device wafers. A new process using CLSEG
has been introduced for doping the underside of a local-SOI film. This is the
first report of such a method. This under-diffusion technique is very useful in
reducing the collector resistance of vertical bipolar devices in thin silicon films.
With the combination of high-quality material, and such fabrication techniques
as under-diffusion, potentially very high performance dev1ces and circuits can be
realized using the CLSEG technology ‘ ‘

7 .2 F;u'rthe‘r Investigafibn Pbssib‘ilit'ies‘

The CLSEG technology has many a.v_eﬁues opén for further investigation.
A breif list of further possibilities is: (1) achieving high aspect ratios; (2) study
of radiation hardness; (3) study of latch-up resistance in local-SOI; (4)
fabricating ultra-thin SOI layers for high-performance MOSFETSs or quantum
devices; (5) study of stress effects in silicon; (6) study of growth mechanisms in
selective epitaxy; (7) study of CLSEG defects and sidewall phenomenon; (8)
achieving whole-wafer SOI; (9) 3D integration, or stacking of devices; (10) study
of end effects and their minimization; (11) improvement in top layer rlgldlty for
better uniformity; (12) elimination of defects by planarlzmg the sacrificial layer;
(13) study of oxidation-induced effects in silicon; (14) fabrication of high-
performance (speed, gain, power) circuits in SOI using the under-diffused
process; and (15) thin film silicon membranes for p1ezores1st1ve sensor elements

The CLSEG process that has been described to thls point uses three
masking steps to benefit from all the advantages listed. Yet by using three
masks {or four for whole-wafer SOI), CLSEG becomes less attractive because of
'the added cost, time, and lower yield due to these lithOgraphy steps.. To address
this concern, a CLSEG technique was invented which uses only a single mask
step, or two mask steps for whole-wafer SOI. This process is illustrated in
Figure 7.1 and described below. Beginning with a P* substrate, or a substrate
with a P buried layer, an N~ epitaxy layer is grown on top. “The thickness of
this epilayer will approximately determine the CLSEG thickness. A thick oxide
layer is thermally grown on the top surface, and optionally coated with silicon
nitride (not shown) for added support. The mask step is then used to etch a
hole through the thermal oxide (and nitride, if any) as shown in Figure 7.1(a).
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This forms the equivalent of the via hole in the three mask-step version. Now,
using an preferential silicon etch, the N~ epilayer is etched down to the P*
substrate. This etch is formulated and electrlcally biased to etch N-type silicon
selectlvely over P-type silicon. By extending thlS etch the top oxide layer is

undercut by removing the N- epilayer beneath it. “This- is ‘shown in Figure

7.1(b). Next, the structure is oxidized, which forms different oxide thicknesses
- over the exposed P* and N™ regions. The objectlve here is to form a thicker
oxide on the P* substrate than on the N epilayer, while both are thinner than
the top layer oxide, as illustrated in Figure 7.1(c). Note that N and P are
interchangeable, and their choice will depend on the properties of the silicon
etch and the relative oxidation rates of the layers for the conditions chosen. In
Figure 7.1 (d), a breif (timed) oxide etch is used to remove all the oxide covering
the N™ epilayer, while leaving oxide on the P* substrate and leaving the top
layer intact. Thls step forms the CLSEG ecavity, where the exposed N- epilayer
acts as the seed hole in the three mask-step process. Now, during a selective
growth step, this cavity will fill with silicon, formmg the local-SOI slab.

The tradeoffs of three mask versus one mask CLSEG are that in this”
simpler process, the cavity is formed on all sides of the via hole. As a
consequence, the CLSEG slab will grow towards the via hole from all four sides
(a,ssumlng a rectangular hole). While this may be 1nconvement for local-SO], it
is an adva.ntage for whole-wafer SOI since the facmg cav1t1es are formed at the
same time. Other possible disadvantages of the one mask-step process are that
the silicon seed material may not be {100} oriented due to the silicon etch. It is
not clear whether this would adversely affeet the crystal quality, since very little
work has been done on SEG on non-{100} material. The silicon etch itself is a
non-standard process step, and obviates the three mask-step advantage of being
performed with easily obtained equipment and materials. Other than these
concerns, the one mask-step process bnng CLSEG on a par with thinned ELO
and polysﬂlcon recrystallization in this important conmderatlon

' 7.3 Summary of Thems _

In this work, considerations needed to -eiraluate,' a new epitaxy technique
were reviewed. CLSEG was compared to existing'technologies used for scaling
of device sizes, for devnce isolation, and for forming advanced epltaxy layers by
SEG and ELO. This background provided a basis for the motlvatlons whlch
- gave rise to the CLSEG process.
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The methods for using CLSEG for either local-SOI or whole-wafer SOI have
‘been described in detail using either the more-flexible three mask step technique,
or the simpler one-mask step technique. The various issues related to material
choices and epitaxy growth were covered in detail. An extensive
characterization of the growth properties of CLSEG silicon was disclosed,
covering all major are‘as of interest. A full i'eport_has been made of the method
by which various semiconductor devices were fabricated in CLSEG material.
These devices were tested to extract parameters which were used to assess the
material quality of the grown material. The results of these studies showed very
~interesting behavior ~which ~might not have been expected prior to this
undertaking. The final result was that CLSEG material quality can possibly be
- made equal to substrate silicon quality, ensuring that the full range of
semiconductor devices can be formed in CLSEG silicon. To demonstrate this
~ ability, a new device structure was created and fabricated using CLSEG. With
~ the new  technique of under-diffusion, high-performance bipolar junction

transistors can at last be formed in thin SOI films. '

. Several new insights into the understanding of selective ep1tax1al growth
, havg lbeen revealed with the advent of the CLSEG technique. It has further
revealed valuable insights into the effect of processing on thin silicon films,
- which will be useful as the semicOnduc_to'i' ‘industry advances towards 3D
~ integration. .CLSEG has been compared to other SOI techniques, and been
found to be superior in many ways to the ‘current-state-of-the-art in device
isolation. In the course of bringing these advantages, CLSEG has opened up
hew opportunities for valuable studies of the fascinating field of selectlve
epitaxial growth.
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APPENDIX
CLSEG Process Flow

S PROCESS FLOW :
_CLSEG MATERIAL CHARACTERIZATION

LOT X_P28
, REVISION DATE: 25 Sept 89
For YB3D/97M Test Chip

CLSEG PROCESS -
LOT # N # wafers: _Starting Date__

| Startmg Materlal N+ <100> with <100> ﬁat

" N- Epltaxy . whole Wafer 5 u 35 Ohm—cm Hi temp
Thlckness— v - resistivity= :

. 2. Initial oxide >== 2500 A 105900 C Wet—2280 A
- For A1,7 950 DRYO02, 2.89 A/min

- {(furnace ramp rates less than +/- 8 deg/ mm)

:' Thlckness——

T 3 SEED mask. Pos.i,tivb*eI photoresist. 'Pla,sma etch for.vertical si-de%ralls.'. -
' (Scribe wafer numbers in resist ) THICKNESS= S
~ Measure (eritical dimensions)CDs. Monitors need this for later alignment!" o

4. Seed hole ox1dat10n ﬁry- 900 C DRYC2 for . 20 ‘mvinru_tes, abvoutv200> A.
rHHCKNEss_,, — | o
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5. AMORPHOUS s111con depos:tlon (T 580 C) Smoothness of top layer ’

is essential for low stacklng fault density. Thickness = 10,000 for BJTs
Silicon thlckness must exceed thickness of oxidation in step 9

6. H.MDS all wafers before resist coating_.'

7. BLCK ‘mask, resist thickness = 2.2 microns.
(2-part etch, 135 C bake not needed with Tegal 801

_ Tegal 801 @ 90 watts. ER’s: ox=>500, poly—1500-2000,

photoresist=1000 A/ sec. Takes about 4 minutes for 10, 000A.
) Stnp re51st wet

' 8 Svtl‘ir_p‘bac‘kside poly in plasma etcher“Tegalj‘ 701.

: ‘9 Ox1d1ze Poly ngher temps, dry oX gives smoothest ox1de -
Must be thicker than seed hole oxide. :
Do at least 1000 A. Try 1000 C Dry for 2'40". -
. Note that amorphous becomes poly above 600 C
g 'THICKNESS (thin, over uncovered seed holes).
" THICKNESS (thick)- L

i 10 Dep051t top layer n1tr1de 1100 to 1500 A.

'Use LPCVD st01ch10metr1c mtrlde Wlth low stress if pos31b1e

. Thlckness—-— :

11. Strip backside nitride on 701. Wet strip backside oxide.
12 HMDS ‘ before_resisty.ap;ilvi(:ation.{ very necéssary!!!"' |

’_.13 VIAL mask.
- Bake 135 C for 30 mmutes
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Plasma etch mitride 901 or 701.
~ Plasma etel oxide on: LAM, g’head and overetch.
Careful, tends to be non-uniform. Watch for dewet.
Strip resist wet, do: BHF dip quickly. - ‘

4. L .* N G Poly etch v Several choices...

R-52 (ethlyene diamine solution) USE NEW SOLUTION

or get silicon: precipitates. 86 C etches 11 um in k2 minutes.

~ OR - Nitric + Ammonium Floride 5:50ml NHA4F controls ER, -
expect 2um/14 min. May let resist stick around. =

* 8i E.R. =.95u/1.1min.  oxide E.R. =13A/13min.

N f. "NING Hand Dry all wafers!
DCN’T use spm driers (top layers can be fragile at thlS~ pomt)
'A clean ﬁrst to get rid of slag and particles

1 ' Seed hole Ox1de etch See step 4. Be: very careful .
,about 45 sec for 330: A in 10:1. Use thicker oxides:
in Nanometries: for endpoint detection.

"A" clean Many rinses, hand dry!!! ! May not be necessary to hand dry
ADD MONITORS P- < 100> for resistivity calculation and as etech dummies. -

16.. CLSEG: N- 81.~/1,mz lateral growth: include P-,
- Do a checkout run with 2 wafers: expect ELO growth: rate
about 0:17 um/min for Purdue reactor. near non-selective.
Use Ni<1003> for G.R., use P-<100> for resistivity . Parameter
'PURDUE DELCO | |
Temp 950: 1000
~ Pressure: 150 Torr 50 Torr:
H2flow  60LPM 80'LPM
DCS flow .22 LPM A LPM
- HClflow = L26LPM
N-Dopant: N/A
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DO use HCI etch if at Purdue
Continue with P-» <100> wafer as substrate monitors.
Thickness=__ Lateral=

17A. Nitride top layer strip. o :

Strip nitride in hot phospheric acid. about 60 min.

17B. Oxide strip - several choices

Definitely remove top layer oxide (from oxidized amorphous)
Probably remove field oxide so substrate devices see same oxide as CLSEG.
Maybe remove bottom oxide (1:1 BHF 10 min) for underside access.

18. Healing ox1de 750 A.
Try 26’ Wet @ 900 THICKNESS~—
Ramp up 5/min, down 7/min

- HMDS all wafers.....

»19,."PBVSE mask. KEEP RESIST for Implant include P-
EXPOSE for 47 seconds. * Descum 3.5 minutes to remove residue.
LINEWIDTH, ELO(T,C,B)= __SUB= '

20. Boron Ion Implant thru bealing oxide P- '
For MOSFETs P+ 5.0E15 @ 100 keV ( or 55 kev for shallower junctions)
For Bipolars P- 1.5E13 (@ 55 keV - Strip resist wet.

*. Hexamethyldisilazane (HMDS) all wafers

21. NEMT ma.sk ALIGNI\/IENT IS CRITICAL - P-

= Account for undercut of resist during oxide etch and heat shrmk
of res1st during implant when choosing exposure doses

Use P- monitors for timing of etch

* Descum re51st plasma, wet etch pattern Etch time=P-
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Con51der dry etch'
Etch Back oxide to 360 A. HAND RINSE BEFORE QWUICK DUI\/r
'-KEEP RESIST! Be very careful with- etch-back...
,,ETCH TIME= OXIDE THICKNESS: :
.LINEW]DTH ELO(T C ])— : SUB=__.

‘22, Arsemc Emitter I thru thin ox1de 3.5E15 @ 100 keV. P-
‘Strlp re51st plasma, then Wet to remove residue...

20." Anneal and Oxidize ~ TUBE A5

50’ 650-900 N2 + 20’ 900 WET + 20’ 900 N2 + 75’ 900-650 N2.
Profile tube first, or check data. Maybe run P- first l
THICKNESS [P+]
THICKNESS [N+]

23. S before resist application, if doing plamsa etch.

24 CNTX mask Use very thick resist to cover steps.  P- .
Begm with plasma etch, then finish Wet etch. _
Be careful since oxide thicknesses will be different !

Also, watchout for different window sizes, can be hazardous

LINEWIDTH ELO(T,C,B)= SUB=

25. Strip resist wet. "A" clean, 2-5 min "Q" etch to dewet.
26. METAL deposition. Use 10 kA w/heat to cover CLSEG steps.

27. 'M?ETL ‘mask. 200 bake for 30 ’ first unless very fresh. :

Expect significant undercut with wet etch. May choose liftoff process.
Need EBR for Tegal, use prog. 2,2 at 3.5 krpm or 3,2 resist. '

Condition resist to plasma etch either (1) Prist, 200 C bake for '

30 mmutes or {2) Deep UV program H to 200 C



Do hard overetch on FABII LAM.

Tegal 1512e, 40 second overetch on '10k prog. NO passivation.

Rinse wafers after etch to remove chlorine. ‘Dry strip resist.
. USEA LONG EXPOSURE TIME..

_ 28. Microally. Rinse first. 450 C for 45" in H2/N2.

END OFFPROCESS Date finished

120



VITA



	Purdue University
	Purdue e-Pubs
	5-1-1990

	Study of a New Silicon Epitaxy Technique: Confined Lateral Selective Epitaxial Growth
	Peter J. Schubert
	Gerold W. Neudeck

	tmp.1542052450.pdf.Y4eQN

